
 

 

 

 

USE OF PIEZOBALL PENETROMETERS FOR MEASURING SHEAR 

STRENGTH AND CONSOLIDATION CHARACTERISTICS OF SOFT SOIL 

by 

Cathal Colreavy 

BEng (Hons)  

 

 

 

 This thesis is presented for the degree of 

DOCTOR OF PHILOSOPHY 

at 

THE UNIVERSITY OF WESTERN AUSTRALIA 

Centre for Offshore Foundation Systems 

School of Civil and Resource Engineering 

July 2017  



 



 

 

 

 
 

DECLARATION FOR THESES CONTAINING PUBLISHED WORK AND/OR 

WORK PREPARED FOR PUBLICATION 

 
 

1.  This thesis does not contain work that I have published, nor work under 

review for publication. 

Student Signature 

............................................................................................................................ 

2.  This thesis contains only sole-authored work, some of which has been 

published and/or prepared for publication under sole authorship. The 

bibliographical details of the work and where it appears in the thesis are 

outlined below. 

Student Signature 

............................................................................................................................ 

3.  This thesis contains published work and/or work prepared for 

publication, some of which has been co-authored. The bibliographical 

details of the work and where it appears in the thesis are outlined below. 

The student must attach to this declaration a statement for each 

publication that clarifies the contribution of the student to the work. This 

may be in the form of a description of the precise contributions of the 

student to the published work and/or a statement of percent 

contribution by the student. This statement must be signed by all authors. 

If signatures from all the authors cannot be obtained, the statement 

detailing the student’s contribution to the published work must be signed 

by the coordinating supervisor. 

Published work and/or work prepared for publication: 

The bibliographical details of published work or work prepared for 

publication in this thesis are detailed below.  

 

Colreavy, C., O’Loughlin, C.D., Long, M., Boylan, N. and Ward, D. (2010). Field 

experience of the piezoball in soft clay. In Proceedings of 2nd International 

Symposium on Cone Penetration Testing – CPT ‘10, Huntington Beach. (Chapter 

3) 

The estimated percentage contribution of the candidate is 70%. 



 

Colreavy, C., O’Loughlin, C.D. and Ward, D. (2012). Piezoball testing in soft lake 

sediments. In Proceedings of 4th International Conference on Geotechnical and 

Geophysical Site Characterisation – ISC ‘4, Recife, Brazil, 597–602. (Chapter 4) 

The estimated percentage contribution of the candidate is 80%. 

 

Colreavy, C., O’Loughlin, C.D., Bishop, D. and Randolph, M.F. (2016). Effect of 

soil biology and pore water chemistry on a lakebed sediment. Paper submitted to 

Géotechnique in November 2016. (Chapter 5) 

The estimated percentage contribution of the candidate is 80%.  

 

Colreavy, C., O’Loughlin, C.D. and Randolph, M.F. (2016). Experience with a 

dual pore pressure element piezoball. Published in International Journal of 

Physical Modelling in Geotechnics, 16(3), 101–118. (Chapter 6) 

The estimated percentage contribution of the candidate is 85%.  

 

Colreavy, C., O’Loughlin, C.D. and Randolph, M.F. (2016). Estimating 

consolidation parameters from field piezoball tests. Published in Géotechnique, 

66(4), pp. 333–343. (Chapter 7) 

The estimated percentage contribution of the candidate is 85%.  

 

Colreavy, C. and O’Loughlin, C.D. (2012). Characterisation of soft Irish soils 

using a piezoball penetrometer. In Proceedings of Bridge and Concrete Research 

in Ireland – BCRI ’12, Dublin, Ireland, 133–140. (Appendix A) 

The estimated percentage contribution of the candidate is 90%.  

Student Signature 

……………………………………………………. 

Coordinating Supervisor Signature. 

………………………………………………….. 



 

  Declaration of Candidate Contribution  

 

 

i 

 

DECLARATION OF CANDIDATE 

CONTRIBUTIONS  

In accordance with the University of Western Australia’s regulations regarding Higher 

Degrees by Research, this thesis is presented as a series of papers that have been 

published, accepted for publication, submitted for publication but not yet accepted or have 

been prepared as manuscripts for future publication. The contributions of the candidate 

of the candidate for the papers comprising Chapters 3 to 7 and Appendix A are hereby set 

forth.  

Paper 1 

This conference paper is presented in Chapter 3, first authored by the candidate, co-

authored by Dr. Conleth D. O’Loughlin, Dr. Mike Long, Dr. Noel Boylan and Darren 

Ward and published in the Proceedings of the 2nd International Symposium on Cone 

Penetration Testing: 

 Colreavy, C., O’Loughlin, C.D., Long, M., Boylan, N. and Ward, D. (2010). Field 

experience of the piezoball in soft clay. In Proceedings of 2nd International 

Symposium on Cone Penetration Testing – CPT ‘10, Huntington Beach. 

The candidate carried out extensive field testing at two sites in Ireland assisted by the 

fifth author (Mr. Darren Ward) and interpreted the measured data. While preparing the 

manuscript under the supervision of Dr. Conleth O’Loughlin, Dr. Mike Long and Dr. 

Noel Boylan, the candidate compared strength and consolidation test results for the 

piezoball and T-bar with previously published field and laboratory results.  



 

Declaration of Candidate Contribution 

 

 

ii 

 

Paper 2 

This conference paper is presented in Chapter 4, first authored by the candidate, co-

authored by Dr. Conleth D. O’Loughlin and Mr. Darren Ward and published in the 

Proceedings of the 4th International Conference on Geotechnical and Geophysical Site 

Characterisation: 

 Colreavy, C., O’Loughlin, C.D. and Ward, D. (2012). Piezoball testing in soft lake 

sediments. In Proceedings of 4th International Conference on Geotechnical and 

Geophysical Site Characterisation – ISC ‘4, Recife, Brazil, 597–602.  

The candidate carried out piezoball, T-bar and piezocone tests as well as extensive 

laboratory analysis at a very soft lakebed site and interpreted the soil data. The candidate 

analysed the soil data to make an initial geotechnical evaluation of the geotechnical 

properties of the soil and compared resistance profiles for all three penetrometers tested. 

Under the supervision of Dr. Conleth O’Loughlin and with input from Mr. Darren Ward, 

the candidate prepared the manuscript.  

Paper 3 

This manuscript is presented in Chapter 5, first authored by the candidate and co-

authored by Dr. Conleth D. O’Loughlin, Dr. Daniel Bishop and Professor Mark F. 

Randolph. The manuscript was submitted for publication in Géotechnique in November 

2016:  

 Colreavy, C., O’Loughlin, C.D., Bishop, D. and Randolph, M.F. (2016). Effect of 

soil biology and pore water chemistry on a lakebed sediment. Submitted: 

Géotechnique. 



 

  Declaration of Candidate Contribution  

 

 

iii 

 

The candidate carried out further field and laboratory testing on the soil described in Paper 

2 above. With input from Dr. Daniel Bishop and Dr. Conleth O’Loughlin, the candidate 

assessed the organic content, microfossil content and ionic bonding in the soil and studied 

the effect of these on the unusual geotechnical properties first described in Paper 2. Under 

the supervision of Dr. Conleth O’Loughlin and Professor Mark Randolph, the candidate 

compared piezoball and piezocone results from field and 1g laboratory penetration and 

dissipation tests, and assessed the effect of ionic bonding on the derived strength and 

consolidation parameters.  

Paper 4 

This journal paper is presented in Chapter 6, first authored by the candidate, co-authored 

by Dr. Conleth D. O’Loughlin and Professor Mark F. Randolph and published in 

International Journal of Physical Modelling in Geotechnics:  

 Colreavy, C., O’Loughlin, C.D. and Randolph, M.F. (2016). Experience with a dual 

pore pressure element piezoball. International Journal of Physical Modelling in 

Geotechnics, 16(3), 101–118.  

The candidate designed a new centrifuge scale dual pore pressure element piezoball and 

tested it in reconstituted kaolin clay in a series of geotechnical centrifuge tests. The 

candidate analysed the test data and compared the performance of the new device with 

piezocone tests, placing particular focus being on the dissipation data. The candidate 

interpreted the piezoball dissipation data using recently developed numerical solutions 

and demonstrated the effect of the drainage condition during penetration prior to a 

dissipation phase on the derived consolidation parameters. The candidate prepared the 

paper under the supervision of Dr. Conleth O’Loughlin and Professor Mark Randolph.  



 

Declaration of Candidate Contribution 

 

 

iv 

 

Paper 5 

This journal paper is presented in Chapter 7, first authored by the candidate, co-authored 

by Dr. Conleth D. O’Loughlin and Professor Mark F. Randolph and published in 

Géotechnique:  

 Colreavy, C., O’Loughlin, C.D. and Randolph, M.F. (2016). Estimating 

consolidation parameters from field piezoball tests. Géotechnique, 66(4), pp. 333–

343. 

The candidate designed a new triple element pore pressure element piezoball and used it 

in tests at the Ballina soft soil field testing facility in New South Wales, Australia and 

analysed the test data. The candidate assessed the effect of strain rates on derived strength 

and consolidation parameters. The coefficient of consolidation was determined from 

piezoball dissipation test data using the numerical solution utilised in Paper 4, and 

compared with conventional determinations from the piezocone test. Piezoball dissipation 

data were added to the database of tests from the publications in this thesis and elsewhere 

in the literature and a new empirical method of interpreting consolidation coefficients 

from piezoball dissipation results was developed. Under the supervision of Dr. Conleth 

O’Loughlin and Professor Mark Randolph the candidate prepared the manuscript.  

Paper 6 

This conference paper is presented in Appendix A, first authored by the candidate, co-

authored by Dr. Conleth D. O’Loughlin and published in the Proceedings of Bridge and 

Concrete Research in Ireland Conference:  



 

  Declaration of Candidate Contribution  

 

 

v 

 

 Colreavy, C. and O’Loughlin, C.D. (2012). Characterisation of soft Irish soils using 

a piezoball penetrometer. In Proceedings of Bridge and Concrete Research in Ireland 

– BCRI ’12, Dublin, Ireland, 133–140. 

The candidate compiled and analysed the data from the three field testing programs 

described in Papers 1 to 3. The candidate assessed the performance of the piezoball during 

penetration, cyclic remoulding and dissipation testing. The ratio of the net piezoball 

penetration resistance to the net piezocone penetration resistance was shown to change in 

different soil layers. Under the supervision of Dr. Conleth O’Loughlin, the candidate 

prepared the paper.  

Paper 7 

This journal paper is presented in Appendix B. The paper is a collaborative work between 

the University of Newcastle and the University of Western Australia and the candidate is 

the fifth of nine authors. The paper is published in Australian Geomechanics: 

 Kelly, R., O’Loughlin, C.D., Bates, L., Gourvenec, S.M., Colreavy, C., White, D.J., 

Gaone, F.M., Doherty, J.P. and Randolph, M.F. (2014). In situ testing at the national 

soft soil field testing facility, Ballina, New South Wales. Australian Geomechanics, 

49(4), pp. 15–28.  

The candidate carried out and analysed the piezoball and T-bar tests described in the 

paper. The results were used to derive strength and consolidation characteristics for the 

site. Under the supervision of Dr. Conleth O’Loughlin, the candidate prepared the 

sections of the paper which detail the strength and permeability analysis as well as the 

parts of the introductory sections which give a background to full-flow penetrometer 

testing.  



 

Declaration of Candidate Contribution 

 

 

vi 

 

The stated contributions above have been agreed with the co-authors and full permission 

has been granted by each co-author to include the relevant papers within this thesis.  

 

DECLARATION BY CANDIDATE 

I certify that, except where specific reference is made in the text to the work of others, 

the contents of this thesis are original and have not been submitted to any other university.  

 

Signature:  

Cathal Colreavy 

July 2017 

 

 

 



   

  Abstract  

 

 

   vii 

 

ABSTRACT 

Offshore site characterisation is difficult, particularly in deepwater where the sediments 

are usually fine-grained, have low strengths and are normally consolidated. Also, suitable 

deployment vessels used for these tests are expensive, which results in costly testing 

campaigns. Traditional tests, such as the vane shear or cone penetration test have some 

drawbacks; the former does not provide continuous measurements, while the latter can be 

difficult to interpret in soft soil. The quest for more accurate and efficient test methods 

led to the development of full-flow penetrometers, namely the T-bar and ball. These 

devices have been used in geotechnical centrifuge testing for several years and are now 

ubiquitous in deepwater site investigations. One advantage of these devices is that 

strength and sensitivity can be measured in a single test. The addition of pore pressure 

sensors can give further information on soil stratigraphy and consolidation parameters.  

This study has compiled a database of in-situ full-flow penetrometer test results at a 

number of soft soil sites, with a particular focus on the performance of the piezoball, a 

ball with pore pressure sensors. These field tests are complemented by laboratory and 

centrifuge scale tests. Early tests showed the usefulness of the T-bar and piezoball in 

measuring the undrained shear strength of soft and very soft soils. Tests at two soft clay 

sites showed that using a bearing factor of 10.5 for the T-bar and piezoball resulted in a 

reasonable estimate of strength while the choice of cone bearing factor was more difficult. 

At a very soft lakebed site, where the soil properties were found to be unusual, the larger 

T-bar and piezoball were more accurate than the piezocone. This lakebed sediment was 

found to have a structure that could not be explained using the mechanical interaction of 

soil particles. The depositional environment and water chemistry suggested the structure 

comes from a matrix of biofilm, enhanced by cross-linking due to cations in the water. 
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Tests using a piezoball that measured pore pressure at a single location showed that the 

normalised dissipation time at the piezoball equator was faster than the piezocone and 

recommended that the diameter of the piezoball be reduced. Based on these and other 

published findings, a centrifuge scale dual element piezoball that could simultaneously 

measure pore pressure at the mid-face and equator positions was developed. A similar 

field scale device, which measures pore pressure at the tip, mid-face and equator positions 

concurrently, was designed and tested at a soft clay site. Results using these devices 

showed that dissipation is quicker at the mid-face position, compared to the equator 

position and the piezocone. Numerical solutions of piezoball mid-face dissipations were 

found to give coefficient of consolidation values that are comparable to the results from 

other tests. This suggests the mid-face is the optimal location to measure pore pressure 

during dissipation tests. However the equator sensor is likely to be more sensitive to 

changes in drainage condition and soil type.  

Variable rate tests highlighted the influence of changing penetration rates on subsequent 

dissipation tests; partially drained dissipations can potentially lead to an overestimation 

of the coefficient of consolidation while penetrations in the undrained region can distort 

subsequent dissipation profiles. Also, penetration at rates above or below the fully 

undrained rate will lead to an overestimation of the undrained shear strength. It is 

therefore important to identify the drainage conditions during a penetration test. Results 

from the centrifuge and field show that the piezoball pore pressure parameter, measured 

at either the mid-face or equator position, has the potential to identify when penetration 

is taking place in fully undrained conditions. Finally, the database of piezoball dissipation 

tests collected during this study was used to develop a new method of interpreting 

consolidation parameters from piezoball tests.  
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CHAPTER 1. INTRODUCTION 

1.1 MOTIVATIONS 

The global demand for offshore hydrocarbons continues to increase year on year (Figure 

1.1). This demand, coupled with a reduction in the capacity of shallow water reserves 

means that more developments are being placed in deeper waters (Figure 1.2) where the 

sediments encountered are generally fine grained and soft (Randolph, 2004). Soft soil 

presents a unique challenge to geotechnical engineers; this challenge is underpinned by 

the difficulty in accurately determining the available undrained shear strength of the soil 

and accurately assessing the rate at which this strength will increase during consolidation. 

Soil strength is a key parameter for the geotechnical design of foundations, and 

quantifying the consolidation characteristics of the soil are important when this strength 

takes time to fully develop or when the rate of loading affects the mobilised strength.  

Soil is generally characterised using a combination of in-situ tests and laboratory tests on 

samples obtained from the site. In soft soil, obtaining samples of sufficient quality for 

strength and consolidation determinations is difficult. Even if high quality samples are 

taken, the stress change the sample undergoes from the ground conditions to the 

laboratory (Figure 1.3) means that laboratory tests on these samples may not be 

representative of the in-situ conditions. Offshore, particularly in deeper water, bringing 

soil samples to the water surface means this stress relief can be very high (Lunne et al., 

2001). The difficulties associated with obtaining high quality samples places a greater 

reliance on in-situ testing, particularly offshore. Offshore site investigations are 

expensive, with suitable vessels costing up to $0.5 million/day (Randolph et al., 2005). It 

follows that “test efficiency” becomes important, and in-situ tests that are capable of 
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providing accurate measurements of more than one geotechnical parameter become 

attractive.  

The most common testing techniques used offshore in soft soils are the vane shear and 

the cone penetration test. The vane shear test is a mature technology that has been used 

onshore for almost 100 years and offshore for over 50 years. The benefit of the test is that 

it can measure both the intact and remoulded shear strength. However the drawback of 

the test is that measurements are made at discrete depths and the test is time-consuming.   

Unlike the vane shear, the cone penetration test gives a continuous profile of resistance 

with depth, from which a profile of soil strength may be derived. The cone is also 

generally equipped with a number of sensors that can give further information on soil 

properties other than soil strength. However, there is often difficulty in establishing 

appropriate bearing factors that link the cone penetration resistance to the undrained shear 

strength and calibration against laboratory data on a site by site basis is often relied upon. 

Another drawback of the cone penetrometer is that the measured penetration resistance 

must be corrected for overburden pressure and pore pressure. These corrections can be 

quite significant offshore as water pressures are high and soil strength is often low. 

Currently most cone penetration testing uses piezocones, cone penetrometers with pore 

pressure sensors. Piezocone dissipation tests, where the penetrometer is halted for a 

period to allow excess pore pressure to dissipate, are the most common means of 

estimating the coefficient of consolidation in-situ. 

There are arguments for replacing the conical tip of a piezocone with a full-flow probe, 

such as a cylindrical T-bar or spherical ball (Randolph, 2013): 
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 The simple shape of the T-bar and ball probes make them more amenable to plastic 

limit analysis while the resistance has been shown to be independent of the soil pre-

yield stiffness.  

 The existence of accurate analytical solutions can potentially lead to reduced reliance 

on site-by-site correlations to derive appropriate bearing factors.  

 The large projected area of full-flow probes compared to the shaft area reduces the 

measured penetration resistance corrections required (compared to the cone 

penetrometer).  

 This larger area gives full-flow devices greater accuracy in soft soil (compared to the 

cone penetrometer).  

 Remoulded resistance and sensitivity can be evaluated through cyclic remoulding 

tests.  

The early research on full-flow devices has focused on the interpretation of undrained 

shear strength and several studies have shown that full-flow devices give comparable 

measurements of strength to the vane shear and cone penetrometer (e.g. Stewart and 

Randolph, 1994; Chung and Randolph, 2004). Early studies into the T-bar and ball 

suggested bearing factor for these devices were lower than that for the cone (e.g. 

Randolph, 2004). However more recent studies (e.g. Lunne et al., 2005; Low et al., 2010) 

have shown that the range of bearing factors for the T-bar and ball are only slightly lower 

than that for the cone. Like the cone, there is still a reliance on site-by-site correlation 

with laboratory data to derive appropriate bearing factors for both the T-bar and ball.  

One area of full-flow technology that has shown great potential yet remains relatively 

unexplored is the use of pore pressure sensors on the device. Since their inception, pore 

pressure sensors have often been included on full-flow penetrometers, particularly on the 
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ball. Incorporating pore pressure measurement can potentially give further insight into 

soil stratigraphy or soil behaviour type. Kelleher and Randolph (2005) showed that a ball 

penetrometer with pore pressure measurement at the equator position had good potential 

in identifying soil stratigraphy while Boylan and Long (2006) demonstrated that a ball 

penetrometer with pore pressure measurement at a location between the tip and equator 

could identify peat humification. Perhaps the most exciting potential for full-flow 

penetrometers with pore pressure measurement is the ability to estimate consolidation 

characteristics. Recent experience (Low et al., 2007; DeJong et al., 2008) has shown that 

the piezoball, a ball penetrometer with pore pressure measurement, is potentially superior 

to the piezocone when determining the coefficient of consolidation due to faster 

dissipation times when the different probe diameters are accounted for.  

Industry has been slow to adopt the piezoball. This is partly because the industry is slow 

to change, and to revert from the extensively used piezocone, but also due to a lack of 

published experience using the piezoball (in comparison to with the piezocone). While 

the tendency has usually been to measure pore pressure at the equator (Kelleher and 

Randolph, 2005; Low et al., 2007; DeJong et al., 2008; Boylan et al., 2010) various other 

positions have also been tested in the past including on the shaft (just above the sphere) 

or the mid-face of the front face (Peuchen et al., 2005), one-third of the ball diameter from 

the tip (Boylan and Long, 2006) and at the tip (Boylan et al., 2010). Meanwhile recent 

studies advocate for measuring pore pressure at more than one position simultaneously 

(Mahmoodzadeh and Randolph, 2014). Such disparity has not helped embed the piezoball 

as an in-situ tool within industry. A more logically considered approach would alleviate 

this issue.  
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1.2 RESEARCH OBJECTIVES 

The main objective of this study is to provide experimental evidence that will lead to 

recommendations on the most appropriate locations for pore pressure measurements on 

the piezoball. While the main focus of this work will be on interpreting the consolidation 

characteristics of soft soil using the piezoball penetrometer, it also aims to extend the 

current understanding of interpreting the undrained shear strength using full-flow 

penetrometers. Specifically, the study aims to: 

 Qualitatively demonstrate the advantages of full-flow penetrometers in measuring 

strength and consolidation characteristics through a series of field studies at several 

soft soil sites and laboratory studies using reconstituted soil.  

 Compile a database of piezoball dissipation tests in soils with a range of consolidation 

characteristics.  

 Develop recommendations for piezoball design including probe diameter and 

appropriate locations for pore pressure measurement.  

 Provide guidance on selecting the penetration rate such that the penetration response 

is undrained.  

 Assess the accuracy of recently developed numerical solutions for determining the 

coefficient of consolidation from piezoball dissipation data.  

If the above aims can be achieved, it is envisaged that there will be a greater acceptance 

of piezoball technology in industry and the device may become an alternative or 

companion testing technology for soft soil investigation.  
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1.3 RESEARCH METHODOLOGIES 

The methodology to be adopted in this thesis is experimental, including field and 

laboratory studies. This study will primarily involve in situ piezoball testing at a number 

of soft soil sites. The field data will be complemented with reduced scale centrifuge tests 

on kaolin clay and laboratory tests on reconstituted samples taken from some of the field 

sites. As part of this study, field and centrifuge scale piezoballs will be developed and 

tested. Whilst strength determination from the piezoball will be considered, the focus of 

this study will be on interpreting consolidation characteristics from piezoball tests.  

1.4 THESIS OUTLINE 

This thesis is presented as a series of papers that have been published, accepted for 

publication or have been prepared for publication. This thesis comprises eight chapters 

including this introductory chapter. The structure of the thesis is shown in Figure 1.4 and 

described below.  

 Chapter 2 reviews the techniques and challenges involved with offshore in-situ 

testing methods. Shortcomings in the current knowledge of full-flow penetrometers 

will be identified. The remainder of the thesis will attempt to deal with this 

knowledge gap.  

 Chapter 3. Colreavy, C., O’Loughlin, C.D., Long, M., Boylan, N. and Ward, D. 

(2010). Field experience of the piezoball in soft clay. In Proceedings of 2nd 

International Symposium on Cone Penetration Testing – CPT ‘10, Huntington 

Beach. 

This chapter presents the results from field investigations at two soft soil sites in 

Ireland. A quantitative study is carried out on the usefulness of full-flow 
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penetrometers in measuring strength and consolidation parameters by comparing the 

results with other field and laboratory tests. Dissipation tests using the piezoball are 

compared to similar piezocone tests with a particular emphasis of comparing the 

dissipation times for the two devices.  

 Chapter 4. Colreavy, C., O’Loughlin, C.D. and Ward, D. (2012). Piezoball testing 

in soft lake sediments. In Proceedings of 4th International Conference on 

Geotechnical and Geophysical Site Characterisation – ISC ‘4, Recife, Brazil, 597–

602. 

This chapter presents the results from a field investigation in a soft lakebed site in 

Ireland. Following on from the advantages of full-flow penetrometers identified in 

Chapter 3, Chapter 4 considers the potential of the piezoball and T-bar in very soft 

soil.  

 Chapter 5. Colreavy, C., O’Loughlin, C.D., Bishop, D. and Randolph, M.F. (2015). 

Geotechnical characteristics and engineering properties of a fossiliferous lakebed 

sediment. Paper submitted to Géotechnique (November 2016).  

The soft lakebed sediment introduced in Chapter 4 is explored further in this chapter. 

Geotechnical characterisation tests identify some very unusual soil properties that are 

linked to the very high diatom content in the soil. Strength determination, both in-

situ and in the laboratory, show that the soil has a remarkably high undrained strength 

ratio (in excess of unity) that cannot be explained by the mechanical interaction of 

the lithic component of the sediment. The influence on the organic content and water 

chemistry on the geotechnical properties of the sediment are explored. This chapter 

provides further evidence with the piezoball penetrometer, both from in-situ and 

laboratory tests. Particular emphasis is placed on the dissipation times for the 
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piezoball compared to the piezocone and approaches for determining the coefficient 

of consolidation from the piezoball.  

 Chapter 6. Colreavy, C., O’Loughlin, C.D. and Randolph, M.F. (2015). Experience 

with a dual pore pressure element piezoball. Published in International Journal of 

Physical Modelling in Geotechnics, 16(3), 101–118. 

The results in the preceding chapters confirmed that non-dimensional dissipation is 

quicker around the piezoball compared to the piezocone. Other studies indicate a 

preference for the mid-face location, whilst noting the merit in measuring pore 

pressure at more than one location. With this in mind, a new centrifuge scale dual 

pore pressure element was designed. This chapter describes this new piezoball 

penetrometer, which concurrently measures pore pressure at two locations (the mid-

face and equator). The performance of this new device is assessed in centrifuge tests 

on kaolin clay and compared with T-bar and piezocone results. The focus is on the 

performance of the piezoball during dissipation tests.  

 Chapter 7. Colreavy, C., O’Loughlin, C.D. and Randolph, M.F. (2015). Estimating 

consolidation parameters from field piezoball tests. Published in Géotechnique, (4), 

pp. 333–343. 

The success of the centrifuge scale piezoball (with pore pressure measurement at two 

locations) discussed in Chapter 6 led to the device being scaled up to field scale. 

Chapter 7 describes the results of piezoball tests carried out at the national soft soil 

testing facility at Ballina (New South Wales, Australia) using a piezoball that 

measures pore pressure simultaneously at three positions; the tip, mid-face and 

equator positions. Results from penetration and dissipation tests are used to assess 
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the most appropriate location (or locations) to measure pore pressure on the piezoball. 

Parameters measured during a piezoball test that were shown to indicate drainage 

conditions during penetration in Chapter 6 are further considered in this chapter. 

Collectively the results from Chapter 6 and this chapter lead to a means of assessing 

drainage conditions during a piezoball penetration test. This is shown in this chapter 

to influence both the strength and consolidation determinations. Finally the piezoball 

dissipation results from this chapter and the previous chapters are compiled in a 

database from which a new empirical method of interpreting consolidation 

parameters from piezoball results is described. 

 Chapter 8. This chapter summarises the main outcomes and conclusions of this work 

and gives suggestions for future research.  

 Appendix A. Colreavy, C. and O’Loughlin, C.D. (2012). Characterisation of soft 

Irish soils using a piezoball penetrometer. In Proceedings of Bridge and Concrete 

Research in Ireland – BCRI ’12, Dublin, Ireland, 133–140. 

The paper presented in Appendix A summarises field results from the three sites 

detailed in Chapter 3 and 4. 

 Appendix B. Kelly, R., O’Loughlin, C.D., Bates, L., Gourvenec, S.M., Colreavy, C., 

White, D.J., Gaone, F.M., Doherty, J.P. and Randolph, M.F. (2014). In situ testing at 

the national soft soil field testing facility, Ballina, New South Wales. Australian 

Geomechanics, 49(4), pp. 15–28.  

The paper presented in Appendix B compares the penetration and dissipation results 

from Chapter 7 to a range of other in-situ test data.  
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Figure 1.1.  Past demand and future outlook of energy demand (BP, 2015) 

 

Figure 1.2.  Future trend of hydrocarbon developments (BP, 2013) 
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Figure 1.3.  Hypothetical stress path during tube sampling and specimen preparation (from 

Ladd and DeGroot, 2003) 
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CHAPTER 2. LITERATURE REVIEW 

The design of foundations for offshore structures in soft soils requires an accurate 

knowledge of the relevant soil properties. Typically, design is more focused on capacity 

rather than deformation as small settlements are generally not a concern. In these cases it 

is important to establish the strength of the soil. In the case of seabed infrastructure, such 

as pipelines or mudmats, the design will be based on a drained, partially drained or 

undrained response which will be defined by the consolidation characteristics of the soil. 

Therefore two of the most important properties to establish during a site investigation are: 

(1) the undrained shear strength, su, both in the intact and remoulded state and (2) the 

consolidation characteristics of the soil. Onshore, soil properties are assessed through a 

combination of in situ tests and laboratory testing on high quality samples taken from the 

site. Taking good quality samples offshore is difficult. In deepwater sites the problem is 

exacerbated, where the sediment is often soft, normally consolidated and has low 

strengths (Lunne et al., 2011) which places a greater reliance on in situ tests.  

There are numerous tools that may be used to measure geotechnical parameters (Figure 

2.1). Several of these tools are used offshore soft in clays and Table 2.1 lists the main 

tests along with their applicability. The two most common tests in offshore investigations 

are penetration tests, where the resistance required to push a probe vertically into the 

ground at a constant rate is measured, or the vane shear test, where a vane is pushed into 

the ground and then turned slowly to shear the soil. The vane shear test is useful as it can 

provide a measurement of both the intact and remoulded undrained shear strength. 

However, measurements can only be made at discrete depths and the test is time 

consuming. Penetration tests, the most common type being the cone penetration test 

(CPT), are advantageous as they give a continuous profile of measurements (e.g. tip 
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resistance, pore pressure, sleeve friction) with depth. However, the CPT has the 

disadvantage of having uncertainty over how to link the measured penetration resistance 

to the undrained shear strength (Chung and Randolph, 2004).  

Full flow devices, such as the ball penetrometer, are becoming more common in 

investigations on soft soil. The benefit of these devices compared to the CPT is that there 

is less uncertainty over how to link the resistance values to undrained shear strength 

(Chung and Randolph, 2004). Also, unlike the CPT, these devices allow measurement of 

the intact and remoulded strength and consolidation characteristics in a single test. This 

chapter will review the current in situ techniques used in deepwater soil characterisation 

studies and in particular the assessment of the undrained shear strength and consolidation 

characteristics of soft soils. While a number of methods exist to determine su in the 

laboratory, each with a number of advantages and drawbacks, these techniques are not 

covered in this thesis.  

2.1 OFFSHORE SITE INVESTIGATION TECHNIQUES 

As stated earlier, there is generally a greater reliance on in situ testing in the offshore 

environment. The main difference between onshore and offshore in situ testing is in the 

complexity of carrying out tests offshore, particularly in very deep (>1,000 m) waters. 

This complexity leads to high costs. Offshore, there are two deployment methods used; 

seabed deployment where the device is penetrated using a submersible rig sitting on the 

seabed and downhole deployment where the test is carried out at the bottom of a borehole.  

The following sections detail both seabed and downhole deployment methods and 

describes the main instruments used for testing seabed soils.   
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2.1.1 Deployment Methods 

2.1.1.1 Seabed Deployment 

Seabed deployment with submersible rigs that sit on the sea floor are often quicker and 

more cost effective than downhole methods, particularly in very deep waters. Although 

the maximum penetration depths are lower than downhole methods (up to 40 – 50 m) this 

depth is generally sufficient for the design of foundations for platforms and ancillaries at 

deepwater sites.  

Some of the seabed deployment rigs developed over the last 40 years are shown in Figure 

2.2. Fugro developed one of the first seabed rigs, Seabull, in the late 1960s (Zuidberg, 

1974). This large rig was replaced by a simpler and robust rig, Seacalf, which has a push 

capacity of 20 tons and could carry out 5 – 10 tests per day (Zuidberg, 1974). The Seacalf 

was used in water depths of up to 3,000 m. At about the same time, McClelland developed 

the Stingray (McClelland, 1975), which worked on much the same principle as the 

Seabull and Seacalf, whereby the cone is pushed in with repeated strokes of a hydraulic 

ram.  

An alternative seabed testing method was developed by Delft Soil Mechanics 

Laboratories that included a diving bell on the seabed frame (Vermeiden, 1977). It was 

designed to allow operators to work inside the bell and achieve a maximum penetration 

of more than 60 m in water depths of up to 200 m and was used on a limited number of 

industry projects.   

These early rigs pushed the cone in a discontinuous manner with a stroke length of up to 

0.9 m (Lunne, 2001). This changed in the early 1980s when A.P. van den Berg built the 
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ROSON system, a wheel-driven, continuous penetration system. The wheels on either 

side of the rods are used to drive the cone.  

The next major development in offshore penetration testing was the introduction of coiled 

rod systems. Prior to this, the push rods were generally constructed prior to lowering the 

rig and required a tower or constant-tension winch (Lunne, 2001) to keep the rods erect. 

The introduction of coiled rods led to smaller “mini-rigs”. These lightweight rigs are 

generally quicker and more efficient than the previous rigs and can be deployed using 

smaller less expensive ships. Although some lightweight rigs are now available for 

penetration depths of 45 – 50 m, the real potential of these rigs is for pipeline studies 

where multiple shallow tests are required. DATEM developed the lightweight Neptune 

rig which uses a coiled rod system and has a maximum penetration of 20 m in 3,000 m of 

water. Seafloor Geotech (a joint venture between Gregg Marine and Fugro) developed 

the deepwater Seafloor Cone Penetration Testing (DCPT) system. The rig weighs less 

than 5,500 kg in air and creates extra reaction force using suction skirts on the base, 

allowing for a reaction force of up to 20 tons. The rig can operate in water depths of up 

to 3,000 m with a maximum penetration of 50 m (Boggess and Robertson, 2010).  

Perhaps the most advanced seabed test rig is the Portable Remotely Operated Drill 

(PROD) developed by Benthic (Kelleher et al., 2008). PROD is an independent unit that 

is capable of rotary drilling and sampling and penetration testing. When lowered to the 

seabed, the rig uses three outriggers to level the rig on uneven ground (of up to 20 degrees) 

and to distribute the rig load away from the penetration zone. This prevents disturbing the 

shallow soil in the test area, which is a problem with other seabed rigs as shallow soil 

properties are important in many design problems (e.g. for pipelines). Tilt sensors and 

thrusters allow precise rig positioning. The PROD uses a robotic system to assemble the 
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drill string and penetration rods. Two rotary magazines hold sampling barrels, test tools, 

rods and casings. Cameras allow operators to watch the drill operations in real-time. 

Whereas penetrations can be achieved to depths of 100 m, drilling and sampling to depths 

in excess of 130 m. The PROD can operate in waters of up to 3,000 m.  

Originally developed by Gregg Drilling, the Seafloor Drill (SFD) is a seabed robotic 

drilling and testing rig. Like the PROD, the SFD is efficient and cost effective (both can 

fit into a 6 m shipping container). The current version of the SFD (operated by Fugro) 

can operate in waters of up to 4,000 m and can penetrator a tool to a depth of 150 m. The 

rig uses four independent jacking legs to level the rig (on slopes up to 25 degrees) and 

prevent disturbing the soil under the rig. Like the PROD, the SFD is compatible with a 

number of different in situ testing tools including full-flow penetrometers.   

A new development in offshore testing is the use of remotely operated vehicles (ROVs). 

GeoMarine developed geoROV, a lightweight penetration rig that can be mounted on a 

standard working-class ROV. The rig, now called ROVDrill and owned by Canyon-

Geomarine, can accommodate cone and ball penetrometers and allows rock coring. The 

rig can work in water depths of up to 2,500 m and achieve a maximum penetration depth 

of 60 m. The SFD also uses an ROV but only for power.  

2.1.1.2 Downhole 

The main advantage of the downhole deployment method is that deep penetrations 

(> 150 m) are achievable while any hard layers encountered during testing can be drilled 

through. In downhole deployment, the test tool is lowered to the bottom of the borehole, 

where it latches onto the drill string and is pushed hydraulically. Generally the push stroke 

is limited to 3 m. 
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Fugro developed a wireline CPT tool in the early 1970s called WISON which could be 

used with drilling. The device locks into the bottom of the drill pipe and a chamber behind 

the cone is filled with oil to push the penetrometer into the soil. An umbilical links the 

device to the ship and provides an electrical, data and hydraulic connection. Later versions 

of the device had a stroke of 3 m.  

The early downhole devices were restricted in the water depths they were used in. 

Because of the need to connect the device to the surface with a hydraulic oil line the 

depths were limited to 600 – 700 m. McClelland developed the Dolphin system, a remote 

system without an umbilical, to overcome this problem. The device is allowed to free fall 

in the drill string and latches onto the bottom of the drill pipe. The drill string is closed 

and mud pressure is used to push the penetrometer in. The device has a stroke of 3 m. At 

about the same time, Fugro developed a similar system called WISON-XP which had a 

stroke length of 1.5 m.  

The problem with both the Dolphin and WISON-XP systems is that the data is stored on 

the device and downloaded when the device is retrieved with no real-time data available. 

Fugro developed the WISON-EP system (Peuchen and Raap, 2007) which used the mud 

pressure system to push the penetrometer and also has real-time data output.  

Cone Penetration Testing While Drilling (CPTWD) was developed by a joint venture 

between the Italian drilling company SPG and the Swedish equipment manufacturer 

ENVI as a means of performing CPTs in a borehole (Sacchetto et al., 2004). During cone 

penetration testing, the cone protrudes in front of the drill bit. When drilling is required, 

the cone is retracted and if sampling is required, is replaced with a barrel sampler. In 

addition to the standard CPT data which is recorded, the drilling parameters (e.g. bit load, 
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torque and rate of penetration) are also logged, providing further information for data 

interpretation.  

A number of the rigs described in the previous section can use the downhole deployment 

method to achieve deeper penetrations. McClelland’s Stingray system locks the cone into 

the bottom of a drill string and is pushed. The PROD and SFD systems can be used in 

drilling mode when samples are required or a hard layer is encountered and the 

penetrometer can be pushed through the bottom of the borehole.  

As stated above, seabed deployment is often easier, cheaper and more efficient for 

deepwater characterisation of shallow sediments compared to downhole methods. Seabed 

rigs that are largely independent of ship movements meaning the soil is less likely to be 

disturbed. Experience has also shown that seabed mode gave better results than downhole 

mode since the drilling involved in downhole testing causes soil disturbance. Randolph 

(2004) compares profiles from seabed and downhole methods for the same site (Figure 

2.3). The profile from the seabed rig shows a higher resistance, less scatter and gives 

better definition of the intercept resistance at the seabed.  

2.1.2 Vane Shear Test 

The vane shear was first used in Sweden almost 100 years ago and has been used 

extensively throughout the world since the 1940s (Chandler, 1988). A standard procedure 

for carrying out vane shear tests was established by Cadling and Odenstad (1950). The 

push for offshore hydrocarbon development in the last half century has increased the use 

of the vane shear test in the offshore environment. The first known offshore vane shear 

test was carried out in 1952 (Young et al., 1988).  



 

Literature Review 

 

 

20 

 

The vane shear test equipment has stayed essentially the same over the last 100 years; a 

number of vanes welded to a vertical rod are pushed into the ground and rotated slowly 

and the torque required to shear the soil is measured. Now the tool is standardised to four 

vanes arranged orthogonally with a length, Lvane, to diameter, Dvane, ratio of 

Lvane/Dvane = 2, although other sizes and shapes are sometimes used. In recent years, 

electric vanes have been introduced that can measure and record torque and rotation 

downhole at the point of application. According to Chandler (1988), the standard vane 

has a thickness, t, of 2 mm, Lvane of 130 mm and Dvane of 65 mm. Smaller vanes can be 

used in stronger soils. The rate of rotation is 6 – 12 °/min after a wait time of up to 5 

minutes.  

The main advantage of the vane shear test is that it gives a direct measurement of the 

undrained shear strength in situ. In addition, the test can be extended to establish the 

remoulded strength (and hence sensitivity) of the soil at the same depth. The main 

drawback of the test is that it gives values at discrete depths (vane tests can only be carried 

out at 0.5 m intervals during the same penetration) and can be time consuming when deep 

profiles or remoulded shear strengths are required. Assessing the intact and remoulded 

shear resistance at a single depth using the vane shear will take in excess of 20 minutes 

(Peuchen and Mayne, 2007).  

Accuracy issues associated with vane shear tests include insertion effects, waiting times 

after insertion and rate of vane rotation (Chandler, 1988). The effect of these factors on 

the measured undrained shear strength will be discussed in Section 2.2.1.  

Some of the issues with vane shear tests have been overcome by the introduction of 

electric field vanes.   
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2.1.3 Cone Penetration Test 

The cone penetration test has been carried out on land for approximately 80 years while 

it is estimated that over 95% of offshore investigations include cone testing (Lunne, 

2001). The test involves pushing a conical penetrometer, with a tip angle of 60°, vertically 

into the soil at a penetration velocity of 20 mm/s. The cone commonly has a diameter of 

35.7 mm (projected area of 1,000 mm2) but cones with areas as small as 100 mm2 or as 

large as 1,500 mm2 are also common offshore. Smaller cones are generally used in cases 

where the penetration rig reaction force is restricted while the larger cone size has greater 

sensitivity in soft soil. Figure 2.4 shows a typical cone penetrometer geometry. Various 

readings are taken during penetration and subsequent pauses in the penetration, allowing 

strength and deformation characteristics to be estimated, either using empirical 

correlations or theoretical solutions. The main application of CPT in site investigations 

are (Lunne et al., 1997): 

1. determination of sub-surface stratigraphy and identify materials present, 

2. estimate geotechnical parameters, and 

3. provide results for direct geotechnical design 

Broms and Flodin (1988) gave a comprehensive review of the cone penetration test. The 

test was first carried out as in the 1930s, with the first cone developed by P. Barentsen at 

the Department of Public Works in the Netherlands. The cones were mechanical and had 

limited capabilities. Electric cones, which could give a continuous recording of resistance 

with depth, were later developed. The first record of an electric cone penetrometer is 

during the Second World War (Broms and Flodin, 1988) although they did not become 

commonplace until the 1970s.  
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Fugro, in collaboration with the Dutch State Research Institute, developed an electrical 

cone in the 1960s (de Ruiter, 1971). The shape of this cone, which measured tip resistance 

and sleeve friction using two separate load cells, provided the basis for the later testing 

standards (ISSMFE, 1989).  

Modern electric cones are fitted with additional sensors such as inclinometers to ensure 

the probe remains vertical during insertion, or geophones for seismic measurements. In 

the early 1970s, piezocones (cone penetrometers with pore pressure measurement) were 

introduced and the potential for these new devices was recognised.   

Schmertmann (1974) and Janbu and Senneset (1974) both presented the results of cone 

penetration tests which were carried out with adjacent pore pressure measurement 

piezometer tests. Schmertmann (1974) used a piezometer with a pore pressure filter one 

diameter above the conical tip. The study recognised that there is high excess pore 

pressure gradient around an advancing cone and recognised the importance of pore 

pressure on the interpretation of the tip resistance. Janbu and Senneset (1974), who also 

recorded pore pressure above the conical tip of a piezometer, showed the generation of 

significant excess pore pressures during cone penetration in clay compared to similar tests 

in sand. Both Schmertmann (1974) and Janbu and Senneset (1974) observed the change 

in pore pressure after stopping a penetrating penetrometer. Both studies showed that 

dissipation in clay is slow while Schmertmann (1974) suggested that observing the 

dissipation of pore pressure may be impractical. Both also showed an initial rise in the 

pore pressure at the start of dissipation. Schmertmann (1974) pointed out that this was not 

due to poor saturation and was a real pore pressure response. Their penetration results in 

a clayey sand show negative excess pore pressures at the cone shoulder, which is not 

unexpected due to the dilative response of a clayey sand. Given the technology at the 
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time, proper saturation would have been an issue. In later studies of piezocone dissipation 

tests, this response was associated with dilative or overconsolidated soils which may 

partly explain the Schmertmann (1974) response where the soil is slightly 

overconsolidated (OCR = 2).  

The early researchers recognised that the addition of pore pressure sensors on the cone 

penetrometer can provide extra information on soil type and stratigraphy. Wissa et al. 

(1975) designed a conical probe to measure pore pressure at the tip. Schmertmann (1980) 

used this Wissa-type piezometer to evaluate the liquefaction potential of fine sands. 

Baligh et al. (1980) used a Wissa-type penetrometer with various filter locations and 

coupled this with adjacent cone penetration tests. Their results suggested that pore 

pressure measurement together with cone resistance values had potential in identifying 

soil stratigraphy and the overconsolidation ratio (OCR).  

In the studies described in the preceding paragraph, pore pressure was measured in 

separate tests adjacent to normal cone tests meaning additional time was spent on testing. 

One of the first modern piezocones, which simultaneously measured tip resistance and 

pore pressure, was reported by Roy et al. (1982a). They studied the development of excess 

pore pressure around an advancing cone by using a cone that had interchangeable tips and 

pore pressure sensors. Their work showed that the pore pressure at the tip (in the failure 

zone) was greatest while it was lower on the shaft (in the transition or failure zone). In 

addition, when the penetration was halted and the excess pore pressure was allowed to 

dissipate, the pore pressure measured on the cone face reduced faster than the pore 

pressure on the shaft. In a companion study, Roy et al. (1982b) studied the effect of 

changing the penetration rate on the excess pore pressure. They showed that the pore 

pressure generated at the shaft was more sensitive to changes in penetration rate than at 
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the cone face, which suggests that the pore pressure measurement on the cone shaft is 

more responsive to changes in drainage conditions. Roy et al. (1982a, 1982b) suggest that 

the most suitable position to measure pore pressure is the cone face, in the soil failure 

zone, but given the potential for damage of filters in this area recommend that it would 

be advantageous to use the shoulder position, just behind the conical section.  

Many pore pressure filter positions, from the cone tip to several diameters behind the 

conical section, were tested in the early days of piezocone testing (see Figure 2.4). The 

standard location for the pore pressure filter on the piezocone was not decided until the 

shoulder (also known as the u2) position was reccommended by the ISSMFE (1989) 

standards and now most piezocones used measure pore pressure at this position. Some 

piezocones are available that measure pore pressure on the cone face (u1) and above the 

friction sleeve (u3). The u2 position is useful as it allows for correction of the penetration 

resistance. Because of the cone geometry (see Figure 2.4), pore pressure will act on the 

shoulder of the conical section affecting the penetration resistance. Other locations also 

have benefits. The u1 position has a greater sensitivity to changes in stratigraphy (Lunne 

et al., 1997). A piezocone that can measure pore pressure at two or more positions 

concurrently can yield further informationan such as OCR. 

In addition to the stratigraphication potential, one of the biggest advantages of the 

piezocone is that it allows the consolidation characteristics of the soil to be assessed. 

Levadoux and Baligh (1986) were one of the first to recognise the potential of dissipation 

tests, where the penetration is halted and pore pressure allowed to dissipate, in assessing 

the coefficient of consolidation. Since then, dissipation tests have become common 

practice in piezocone tests.  
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The measured piezocone resistance, q, is not the resistance due to soil shearing around 

the advancing probe as the hydrostatic and overburden pressure will also act on the cone 

face. This unequal area effect can be corrected using the following relationship Lunne et 

al., 1997) 

 )1(
2

 uqq
t

 (2.1) 

where qt is the corrected penetration resistance. α is the unequal area ratio, the ratio of the 

inner area to the total area of the cone, is usefully calibrated in a pressure chamber and is 

typically in the range of 0.55 to 0.90 (Lunne et al., 1997). As Equation 2.1 shows, a 

smaller α will result in a larger correction.  

The net tip resistance, qcnet is calculated as  

 
vtcnet

qq   (2.2) 

where v is the in situ total vertical stress.  

In the offshore environment where the ambient hydrostatic and overburden pressures are 

high, the corrections applied to the penetration resistance can be significant and are a 

potential source of error in cone penetration testing. Also the force on the sensors at the 

beginning of the test will be large and in soft clay, the penetration resistance will only be 

a fraction of this starting value leading to poor resolution.  

2.1.4 Full Flow Penetration Test 

Introduced in the early 1990s, full-flow penetrometers are so-called because during 

penetration, soil flows all around the probe (meaning near equal pressure above and below 

the probe) instead of being displaced past the conical cone penetrometer. Since their 

introduction, full-flow penetrometers have become more common in ground 
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investigations, particularly in soft soils or offshore where their advantages over traditional 

piezocone testing make them particularly suited. Stewart and Randolph (1991) first 

developed the T-bar penetrometer, a horizontal cylindrical rod connected perpendicularly 

to the end of the vertical penetration rod (Figure 2.6), as an alternative strength profiling 

tool for the centrifuge. Earlier devices such as the vane and CPT failed to adequately 

interpret su in centrifuge samples. While the vane gives a direct su measurement, the size 

cannot be adequately scaled down for shallow centrifuge samples (Stewart and Randolph, 

1991). The cone gives a full resistance profile but there is uncertainty in interpreting su 

from the new penetration resistance, meaning that calibration against laboratory tests is 

often required. The rationale behind the introduction of full-flow penetrometers is that 

accurate plasticity solutions exist that relate the penetration resistance to the undrained 

shear strength. This means that (in theory) shear strength measurements from full-flow 

penetrometer tests do not need to be calibrated against laboratory derived measurements.  

Stewart and Randolph (1991) showed that (in the centrifuge) T-bar undrained shear 

strength profiles were be in better agreement with results from the vane shear test and 

triaxial tests than the cone penetrometer. The T-bar was also shown to be less dependent 

on OCR. The success of the T-bar at laboratory scale led to the device being scaled up 

for use in the field (Stewart and Randolph, 1994). The field tests similarly showed that su 

derived from the T-bar, which had a diameter of 50 mm and a length of 200 mm giving a 

projected area of 10,000 mm2 (i.e. ten times that of the standard 1,000 mm2 piezocone), 

were similar to su from in situ vane shear tests and laboratory triaxial results. Two 

potential applications for the T-bar were also identified: the design of laterally loaded 

piles and subsea pipelines. The first offshore application of the T-bar is described by 

Randolph et al. (1998). As with the previous centrifuge and onshore studies, the T-bar 

resistance results were found to be generally close to those from the piezocone, although 
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at deeper depths there is some divergence between the piezocone and T-bar profiles. This 

was attributed to the low α for the field piezocone.  The study also identified the potential 

for assessing the remoulded strength of the soil by cycling the probe up and down in the 

soil until a residual resistance value was reached.  

The potential for bending along the cylindrical T-bar was identified in the Stewart and 

Randolph (1994) study and the design included a shear pin that would break if there was 

bending on the T-bar. The potential for bending led to the later development of the 

spherical ball penetrometer (see Figure 2.6) for the centrifuge (Watson et al., 1998). The 

shape of the ball also makes it more compatible for downhole penetration testing. Those 

tests indicated that the ball showed good correlation with su profiles obtained from both 

the T-bar and piezocone.  

A circular flat plate penetrometer was also trialled (Chung and Randolph, 2004) as a 

potential full-flow penetrometer. However this device has not been used extensively as 

the shape of the penetrometer tends to carry soil with it during penetration and extraction 

which can give erroneous resistance values, particularly in layered soils.  

Like the cone penetrometer, pore pressure sensors have been added to full-flow 

penetrometers in an attempt to extract extra information on the soil properties. Early full-

flow penetrometer tests were carried out by removing the conical tip from the cone 

penetrometer and replacing with the cylindrical T-bar or spherical ball probes. As a 

consequence, those early tests usually included pore pressure measurement at the u2 

position. Results showed that close to zero excess pore pressure was measured at this 

position during T-bar and ball testing. In contrast it would be expected that positive excess 

pore pressure would be generated on the bottom faces of these devices where the soil 

would be subject to large compressive forces.  
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The first T-bar used offshore included pore pressure measurement sensors along the 

neutral axis, one at the centre and one towards the end (Randolph et al., 1998). In these 

tests the pore pressure parameter, B = Δu/q, for both locations on the T-bar was found to 

increase with depth approaching a steady state of 0.4 after 15 m of penetration. At the 

same site, the ratio for the piezocone (which measured pore pressure at the u1 position) 

remained relatively constant with depth at B = 0.8. In contrast Peuchen et al. (2005) found 

that using the same T-bar design at another offshore site, measurement of pore pressure 

resulted in B = 0.7, similar to the piezocone u2 response at the same site.  

Peuchen et al. (2005) was also the first offshore use of a ball penetrometer, at the 

Chinguetti Field located on the continental shelf of Mauritania in water depths of over 

600 m. Those tests showed excellent agreement between the ball, T-bar and cone.  

The shape of the ball penetrometer makes it more amenable to the inclusion of pore 

pressure sensors. Early results from piezoball (a ball penetrometer with pore pressure 

measurement) studies have showed the potential for these devices in profiling and 

interpreting various soil parameters. However, much like the debate over the correct 

measurement location for the piezocone, there is no consensus on the optimal location on 

the piezoball. In general, three positions have been considered (Figure 2.7); at the ‘tip’ of 

the ball, one quarter diameter from the tip (the ‘mid-face’ position) and one half diameter 

from the ball tip (the ‘equator’ position).  

Kelleher and Randolph (2005) showed that a piezoball with equator pore pressure 

measurement showed a greater sensitivity to changes in soil stratigraphy than the 

piezocone. A piezoball with pore pressure measurement one third above the ball tip (close 

to the mid-face position) showed potential in differentiating humification of peat (Boylan 

and Long, 2006). Several studies (Low et al., 2007; DeJong et al., 2008; Colreavy et al., 
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2010) showed that the consolidation time (the time accounting for probe diameter) of 

dissipation tests for the piezoball equator position were lower than those for the piezocone 

u2 position. Meanwhile a centrifuge study from Mahmoodzadeh and Randolph (2014) 

found the actual time for dissipation at the piezoball mid-face position was quicker than 

the piezocone, despite the piezoball having a diameter 1.5 times that of the piezocone.  

Because there is near equal hydrostatic and overburden pressure acting on full-flow 

probes, earlier researchers did not carry out any corrections on the penetration resistance. 

However, because of the presence of the shaft behind the probe, the pressure acting 

around the probe is not quite equal. To correct for this small effect, Chung and Randolph 

(2004) introduced a relationship similar to that for the cone: 

   
psvTnetbnet

AAuqqq /1or  
0

   (2.3) 

where qbnet and qTnet are the net ball and T-bar penetration resistance respectively and 

As/Ap is the ratio of the shaft to probe projected area. Since As/Ap is generally less than 

0.2, the correction is small. The hydrostatic pressure u0 is used (instead of u2 in Equation 

2.2) since it was found that only small excess pore pressures are generated at the shoulder 

position during full-flow tests. Chung and Randolph (2004) showed that applying 

Equation 2.3 resulted in a reduction in T-bar penetration resistance of 7% compared to a 

reduction of over 20% for a cone at the same site when it is corrected. Randolph et al. 

(2007) introduced a more refined version of Equation 2.3: 

 
 

psvTnetbnet
AAuqqq /'or  

2
 

 (2.4) 

Equation 2.4 corrects the penetration resistance for the vertical effective stress resulting 

from the penetration of the penetrometer, 'v, and the actual pore pressure measured at 

the u2 shoulder position, which are the stresses that would act on the probe if the shaft 
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was not present. Although Equation 2.4 will give a more accurate net penetration 

resistance, Randolph et al. (2007) acknowledge that in typical conditions, the difference 

between Equation 2.3 and Equation 2.4 is less than 3% during penetration. Given that u2 

is not generally measured during full-flow penetrometer testing and the difficulty in 

estimating the effective stress resulting from the penetration of the probe, it is deemed 

that Equation 2.3 will calculate the net penetration resistance with sufficient accuracy.  

2.2 ASSESSMENT OF UNDRAINED SHEAR STRENGTH IN SOFT 

CLAY 

The soil property most often (and perhaps most important) measured in the field is the 

undrained shear strength (Wroth, 1984). Undrained shear strength is also routinely 

measured in the laboratory but as stated earlier, requires high quality samples. As Table 

2.1 shows, the tools usually used for assessing su in situ are the piezocone, the vane shear, 

full-flow penetrometers, pressuremeter and dilatometer. The following section will focus 

on the most widely used tools used offshore; the vane shear, the piezocone and the more 

recent full-flow penetrometers that are becoming more widely used.  

Unfortunately the undrained shear strength of soil does not have a unique value and will 

depend on the test adopted to measure it. The undrained shear strength su will vary 

depending on several factors including strain rate, strength anisotropy and soil 

microstructure. These factors will be dealt with in the following sections that detail the 

interpretation of su from the vane shear, piezocone and full-flow penetrometer.  

2.2.1 Interpreting su from the Vane Shear Test 

The vane shear test undrained shear strength, suv, can be determined by the torque, Tvane, 

acting on a cylindrical failure surface (Figure 2.8): 
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Equation 2.5 is based on the assumption that there is uniform shear stress mobilised 

simultaneously on the ends and cylindrical failure surfaces. However, Chandler (1988) 

pointed out that due to strength anisotropy and non-uniform stress distribution, Equation 

2.6 may underestimate the actual su.  

Originally, su was calculated based on a cylindrical failure surface around the edge of the 

vane which were based on observations of Cadling and Odenstad (1950) who studied the 

shape of the failure surface in the laboratory. Veneman and Edil (1988) also conducted a 

laboratory investigation of the shape and diameter of the failure surface around a rotating 

vane. In the latter study, it was found that the failure surface was not a sharply defined 

surface but rather a thin shear zone. This shear zone may or may not have fully developed 

when the required torque reaches a maximum, and depends on the consistency of the soil 

(as indicated by the liquidity index). Gylland et al. (2013a) carried out a micro-level 

investigation, using a polarised light microscope of the failure geometry of a shear vane 

in sensitive clay. Their study showed that the shape of the shear surface is a rounded 

square and the failure zone is characterised by a complex pattern of minor shears. 

Furthermore, it has been shown that the thickness of the shear surface varies with the 

shearing rate, due in part to the drainage conditions (Gylland et al., 2013b). Given the 

complexity of the shearing, an su calculation based on a fully developed, sharply defined 

shear surface may underestimate the soil strength. However, given the complexity of 

accounting for this thin shear zone, it remains common practice to estimate su based on a 

fully developed cylindrical surface.  



 

Literature Review 

 

 

32 

 

Skempton (1948) found that the diameter of the shear surface was larger than the vane 

diameter and that the effective diameter of the shear surface is 5% larger. Meanwhile in 

peat, Landva (1980) showed that the failure surface extended far beyond this due to the 

presence of fibres, which leads to strength values that are higher than the true soil strength.  

In addition to the uncertainty over the size of failure surface and indeed uncertainty over 

the stress distribution, there are several other factors that will influence the measured 

undrained shear strength.  

The insertion of a vane into the soil will cause disturbance of the soil fabric and 

displacement of the soil particles, which will cause a reduction in the undrained shear 

strength.  

There are two consequences of the soil particle displacement during vane insertion 

(Chandler, 1988): 

1. local destruction of interparticle bonds within the soil causing a reduction in the 

available undrained shear strength; 

2. Displacement of soil particles around the vane causes an increase in pore pressure, 

which after dissipation will result in an increase in effective stress and a subsequent 

reduction in undrained shear strength.  

These two factors are partially compensating but overall there is generally a reduction in 

the undrained shear strength. The reduction in available undrained shear strength due to 

destruction of interparticle bonds is linked to the soil sensitivity. Higher sensitivities 

result in a greater reduction in the undrained shear strength. In highly sensitive, low 

plasticity Norwegian clays, a vane strength reduction of 25% due to insertion disturbance 

can be inferred (Chandler, 1988).  
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Cadling and Odenstad (1950) introduced the perimeter ratio, αv, which expresses the vane 

thickness as a ratio of the failure surface to attribute the soil disturbance to the vane size: 

 vane

v
D

t




4


 (2.6) 

The ratio indicates that a small vane or thicker vanes will cause more disturbance than a 

larger vane or thinner vanes. LaRochelle et al. (1973) and Cerato and Lutenegger (2004) 

both investigated the effect of vane thickness (and hence perimeter ratio) on the measured 

undrained shear strength by carrying out field vane shear tests with four vanes of the same 

size but with different vane thicknesses. Both found an inverse linear relationship 

between the measured undrained shear strength and the perimeter ratio, and extrapolated 

the data to v = 0 (i.e. assuming a case where the soil is not disturbed) resulted in an 

undrained shear strength that is 15 – 16% higher than the undrained shear strength 

measured using the standard vane. Roy and Leblanc (1988), who carried out similar tests 

at the same site as LaRochelle et al. (1973), found that using tapered vanes results in a 

measured undrained shear strength using the standard sized vane that is only 6.5 – 9 % 

lower than the v = 0 case.  

As stated above, the insertion of the vane causes an increase in the pore pressure. If the 

soil is sheared immediately, the increase in pore pressure will cause a decrease in the 

undrained shear strength. This reduction in undrained shear strength is recovered 

somewhat by allowing a rest period between insertion of the vane and rotating the vane. 

Current standards recommend a waiting time of up to 5 minutes prior to shearing. This 

time will allow some of the excess pore pressure to dissipate. Chandler (1988) presents 

vane shear tests using the standard method, with waiting times ranging from the standard 

5 minutes up to 7 days. The tests carried out after a waiting period of 24 hours showed a 
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20 – 50% increase in the undrained shear strength when compared to the tests after a 

waiting period of 5 minutes. Soils with higher sensitivities showed the largest increase in 

the undrained shear strength over a 24 hour period. Compared with the data from 

LaRochelle et al. (1973), which suggest that the underestimate of undrained strength due 

to disturbance of the clay fabric is up to 15%, this suggests that a waiting period of 24 

hours will actually overestimate the undrained shear strength. Therefore it is important 

that the waiting period is not too long. The rate of strength increase will be linked to the 

coefficient of consolidation and the required waiting period is actually dependent on the 

soil being tested (Roy and Leblanc, 1988).  

Several researchers (e.g. Biscontin and Pestana, 2001; Peuchen and Mayne, 2007) have 

shown that an increase in vane rotation rate will cause an increase in measured torque. 

The increase in su with increased strain rate is usually expressed using a semi-logarithmic 

(Equation 2.7), a hyperbolic sine (Equation 2.8) or a power law (Equation 2.9) function 

as follows:  
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where γ  is the strain rate at which the su is measured, su,ref is the su corresponding to the 

reference strain rate, 
ref
γ  and μ, λ and β are the rate coefficients for semi-logarithmic, 

hyperbolic sine and power law relationships respectively.  
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Graham et al. (1983) carried out triaxial compression tests on a wide variety of lightly 

overconsolidated natural soils and found the data fitted the semi-logarithmic law 

(Equation 2.7) using μ = 0.1 – 0.2. Similarly Kulhawy and Mayne (1990) created a large 

database of triaxial compression tests on normally and overconsolidated clay and found 

μ typically is 0.1 while Lunne and Andersen (2007) fitted data for several Norwegian 

clays using μ = 0.1 – 0.2.  

Strain rates during field testing will be several orders of magnitude higher than those in 

the laboratory; Randolph (2004) showed that strain rates during vane shear testing are 

typically 104 times greater than a standard laboratory testing rate of 1%/hour. It has long 

been recognised that the rate of shearing will affect the measured vane strength. Roy and 

Leblanc (1988) investigated the effects of changing the rotation rate on the measured 

undrained shear strength by carrying out vane shear tests at rates of 0.01 – 2 °/s (above 

and below the standard test rate of 0.1 – 0.2 °/s). The results showed that tests performed 

at rates below the standard rate (< 0.1 °/s) showed a significant increase in measured 

undrained shear strength (at 0.01 °/s the undrained shear strength was 1.18 times that 

measured using the standard rate of 0.1 – 0.2 °/s). In contrast, for rates higher than the 

standard value, the increase in undrained shear strength was not as significant. It can be 

assumed that at rates of 0.2 °/s and above, the fully undrained shear strength is measured 

while at rates below 0.1 °/s the drained shear strength is measured. At rates above the 

fully undrained rate, higher undrained shear strengths are mobilised due to viscous strain 

rate effects. At low rates, consolidation takes place as the soil is sheared which also leads 

to higher mobilised strengths. The rate of increase in undrained shear strength will depend 

on the viscous properties of the soil while the coefficient of consolidation controls 

whether the response during shearing is drained or undrained (Peuchen and Mayne, 

2007).  
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Biscontin and Pestana (2001) and Peuchen and Mayne (2007) both found that at rotation 

rates below approximately 300 °/min (5 °/s), the strain rate dependency of vane tests over 

a wide range of rates can be captured using μ = 0.1. However, at higher rates, the data fits 

better using μ = 0.2 which implies that the soil strength increases more rapidly than can 

be described using a semi-logarithmic function (O’Loughlin et al., 2013). The data in 

both cases fit better with a power law function, where the power law coefficient, 

β = μ/ln(10), with a μ range of 0.1 – 0.2 equivalent to a β of 0.04 – 0.09.  

As Bjerrum (1973) concluded, the undrained shear strength mobilised in a soft clay is a 

function of time (i.e. strain rate) and that this effect is greater for a soil of higher plasticity. 

This finding was further supported by Chandler (1988) who assessed vane shear tests at 

varying rotation rates from several studies and found an apparent link between the soil 

plasticity and strain rate factor. As a result, su from vane shear tests is often higher than 

the strength mobilised under foundation failure, especially in soils of high plasticity. A 

vane correction factor was proposed by Bjerrum (1973) to account for these effects. The 

correction factor, which is commonly used onshore, varies between unity for low 

plasticity soils to 0.6 for soils with high plasticity (Figure 2.9). Aas et al. (1986) carried 

out a detailed review of vane correction factors and recommend that the best correlation 

was with the vane strength ratio, suv/'v, with the correction decreasing from unity for a 

suv/'v of 0.2 down to 0.6 at a suv/'v of 0.6 (Figure 2.10). Young et al. (1988) carried out 

a detailed study of offshore vane testing practice and provided recommendations on 

appropriate correction factors for normally consolidated clays with suv/'v in the range of 

0.2 – 0.3; 0.8 – 0.9 for slope stability problems, 0.7 – 0.8 for the design of axially loaded 

piles and 1.0 for the development of p-y curves. Vane strength corrections remains 

empiric (and somewhat controversial) and the choice of correction factor should depend 
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on the problem. However, it remains rare to correct vane strengths in offshore practice 

(Kolk et al., 1988) which can be justified by the fact that softening from vane insertion 

will be partially compensated by strain rate effects (Randolph, 2004).  

2.2.2 Interpreting su from the Cone Penetration Test 

Although the cone penetrometer does not give a direct measurement of the undrained 

shear strength, interpretations exist that relate the penetration resistance and excess pore 

pressure to su (Lunne et al., 1997): 
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where Nkt, Nke and NΔu are bearing factors that relate the undrained shear strength to the 

net cone resistance, the effective cone resistance and the excess pore pressure 

respectively.  

The effective cone resistance is not widely used as a means of assessing su. Since qt and 

u2 are often close, qe is generally small. However there is an advantage to using qe to 

assess su since no correction for overburden stress or hydrostatic pressure is required. Any 

error in measuring tip resistance and pore pressure results in large errors in the derived 

su. The excess pore pressure relationship was suggested as giving the best estimate of su 

(Lunne et al., 1997; Karlsrud et al., 2005). In very soft clays where the measured tip 

resistance can be low (leading to a high potential of inaccurate readings), the excess pore 
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pressure will generally be positive and give higher readings. However, Low et al. (2010) 

showed a strong dependency of NΔu on the rigidity index of the soil and recommended 

that Δu2 should not be used to derive su without site specific information.  

Of the three correlations, the estimation of su from the net penetration resistance is the 

most widely used. Several theoretical solutions have been developed to derive Nkt factors. 

The main theoretical solutions are summarised in Table 2.2. Early solutions are based on 

bearing capacity theory while later solutions show Nkt as a function of the soil rigidity 

index, Ir, interface friction ratio, αs, and deviator stress, Δ. Nkt as a function of the rigidity 

index is problematic since Ir is itself a function of su. Not only are the solutions in Table 

2.2 difficult to implement in practice, since cone penetration is a complex process, each 

solution includes certain simplified assumptions. Also the majority of solutions are based 

on simple soil models that do not consider real soil behaviour, including effects from 

strain rates, strain softening, stress history and strength anisotropy.  

Several empirical correlations have been developed to derive appropriate bearing factors. 

Most empirical studies have linked Nkt to the soil plasticity index, Ip. Aas et al. (1986) 

showed an approximate linear relationship between Nkt and Ip, where Nkt is the net 

penetration resistance divided by the average laboratory soil strength, su(lab) 

[= (suc+suDSS+sue)/3, where suc, suDSS and sue are the undrained shear strengths from triaxial 

compression, direct simple shear and triaxial extension respectively] with Nkt increasing 

with increasing soil plasticity. Powell and Quarterman (1988) observed a similar 

relationship between Nkt (which varies between 10 and 20) and Ip, with su based on triaxial 

compression tests.  

Since su is not a unique value, it is important to use appropriate methods to derive su when 

calculating Nkt and the method should be noted when reporting Nkt. Karlsrud et al. (1996) 
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showed su from triaxial compression tests on block samples gave the closest value for in 

situ conditions. Karlsrud et al. (2005) compiled data for soft to medium stiff clays across 

17 sites, with sensitivities of 3 – 200 and plasticity indices in the range of 10 – 50%. Using 

triaxial compression tests on Sherbrooke block samples, they developed empirical 

correlations for cone bearing factors based on plasticity, overconsolidation ratio and 

sensitivity (Table 2.3).  

With so much uncertainty over the correct bearing factor to choose, the cone factor is 

generally calibrated against laboratory data. The range of reported Nkt factors is often 

large. Table 2.4 shows some values of Nkt reported in previous studies. The data covers a 

wide range (4 – 29) and also show the importance of using high quality soil samples; the 

range of Nkt based on high quality block samples is generally smaller. This in particular 

is a drawback of using the piezocone in deepwater, where it is difficult and expensive to 

obtain high quality samples.  

Like the rotation rate effect on the measured torque in vane shear tests, the rate of 

penetration during a penetration test will affect the penetrometer resistance. Several 

studies have assessed the effect on cone penetration test results (e.g. Randolph and Hope, 

2004; Schneider et al., 2007; DeJong and Randolph, 2012) and the response is now well 

understood. Figure 2.11 shows a typical response of changing penetration velocity on 

cone penetration resistance in fine grained soils. As the cone penetration rate is reduced, 

the resistance reduces due to reduced viscous effects in the soil. At a certain penetration 

velocity, dependent on the consolidation properties of the soil, the resistance will reach a 

minimum value. When the penetration rate reduces further, the penetration resistance will 

again begin to rise due to partial consolidation occurring in the soil ahead of the advancing 
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cone. Eventually, the cone resistance will reach a maximum when the penetration rate is 

fully drained.  

Cone tests are generally carried out at 20 mm/s (Lunne et al., 1997). At this rate, tests in 

clay using the standard cone diameter of 35.7 mm, are expected to be fully undrained 

while in sand the penetration is expected to be drained (Lunne et al., 1997). However in 

intermediate soils, the test may be in partially drained conditions depending on the 

coefficient of consolidation. The transition from undrained to drained will be dependent 

on the non-dimensional velocity (Finnie and Randolph, 1994): 

 
c

vD
V   (2.13) 

where v is the penetration velocity, D is the penetrometer diameter and c is the coefficient 

of consolidation, either in the vertical or horizontal direction, cv or ch respectively.  

By compiling data from several studies of cone penetration rates, Lunne et al. (1997) 

showed that cone tip resistance will increase by between 7.5 and 20% per log cycle 

increase in penetration velocity in the fully undrained range. Since none of the theoretical 

solutions to derive Nkt described above account for viscous effects, tests in clay can 

potentially overestimate su by this amount. Despite this, the viscous effects are rarely 

considered in cone penetration tests. At a minimum however, the non-dimensional 

velocity in Equation 2.13 should be checked in order to see the likely drainage conditions 

during a test.  

2.2.3 Interpreting su from Full-flow Tests 

As with the cone, su can also be derived from a full-flow T-bar and ball net penetration 

resistance profile: 
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where NT-bar and Nball are the bearing factors for the T-bar and ball respectively. The 

simple geometry of the T-bar and ball make them more amenable to the derivation of 

theoretical solutions for bearing factors. Several studies have been conducted to derive 

appropriate NT-bar and Nball factors – as described in the following section.   

The cylindrical shape of the T-bar was originally used so the results could be interpreted 

using a previously defined solution for the limiting pressure on a cylindrical pile moving 

laterally through cohesive soil (Randolph and Houlsby, 1984). The plasticity solution 

results in a simple expression for the limiting resistance acting on an infinitely long 

cylinder: 

 barT

u

N
Ds

p
  (2.16) 

where p is the force per unit length on the cylinder and D is the diameter of the cylinder. 

The bearing factor was shown to be dependent on the roughness of the cylinder surface 

described by the interface friction ratio, αs. Randolph and Houlsby (1984) developed 

upper bound (Equation 2.17) and lower bound (Equation 2.18) solutions for NT-bar which 

vary with the αs. Unlike the theoretical solutions derived for the piezocone shown earlier, 

the T-bar factor from Randolph and Houlsby (1984) is independent of rigidity index and 

deviator stress, making the solution much simpler.   
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where Δ=arcsine(αs) and ψ=π/4–Δ/2.  When first published, it was believed that Equations 

2.17 and 2.18 were exact plastic solutions. Subsequently it was found that there was an 

error due to a region where the shear strain rate derived from the kinematic mechanism 

was of opposite sign to the lower bound solution. It was shown by Martin and Randolph 

(2006) that a very simple mechanism comprising counter rotating rigid crescents centred 

at a radius λr (where λ is a function of the friction and r is the T-bar radius) on the 

horizontal axis of symmetry gave much improved upper bounds for low values of α. The 

upper bound solution from this is given by: 
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The new upper bound solution is virtually indistinguishable from the lower bound 

solution. There is a maximum separation between the upper and lower bound solutions 

of 0.65% at αs = 0.  

A comparison of cone and T-Bar factors was made by Lunne et al. (2005) for both 

offshore and onshore sites. N factors derived empirically from su(lab) were found to be in 

the range of 8 – 17.5 and 7.2 – 14.3 for the cone and T-bar respectively. The range for 

NT-bar is slightly narrower than Nkt and are close to the range derived from Equations 2.18.  

It is encouraging that the factors derived from the plasticity solution are close to the 

empirically derived factors. However, there are some aspects of soil behaviour that are 

not taken into account in the plasticity solution. Other factors, namely high strain rates 
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and remoulding, have been investigated in finite element analyses (Zhou and Randolph, 

2009b) and field studies (e.g. Boylan et al., 2007) but their effects are more difficult to 

capture in closed form analytical solutions. 

Randolph et al. (2000) were the first to attempt to derive a plasticity solution for a 

spherical penetrometer using upper and lower bound approaches supported by finite 

element analysis. This analysis gave bounds of 10.97 and 11.60 for αs = 0 and 15.10 and 

15.31 for αs = 1 (giving a difference between upper and lower bounds of 7.5% for a 

perfectly smooth ball and 2.9% for a perfectly rough ball).  

Figure 2.12 compares the theoretical bearing factors for the cone (Lu et al., 2004), T-bar 

(Randolph and Houlsby, 1984; Martin and Randolph, 2006) and ball (Randolph et al., 

2000) penetrometers. The difference in the upper and lower bounds is greater for the ball 

than the T-bar but is much narrower than that for the cone. It may be seen that the range 

of N factors for differences in αs (from zero to unity) is around ±7% for both the ball and 

T-bar. However α will rarely exceed 0.3 for undrained penetration (Randolph, 2004) 

meaning the actual difference will be closer to 5%. The difference in the cone Nkt factor 

for varying αs is less than that for the T-bar or ball but the difference in the upper and 

lower bound solutions is much larger.  

The simple geometry of the T-bar and ball penetrometers make them more amenable to 

plastic analysis (Randolph, 2013) compared to the cone penetrometer, which has 

highlighted the important influence of rate effects on the tip resistance during penetration 

(Zhou and Randolph, 2009b). The plasticity solutions relating the penetration resistance 

to the undrained shear strength shown earlier are somewhat inadequate as they do not take 

into the significant effect of strain rate and strain softening. Einav and Randolph (2005) 

investigated the compensating effects of high strain rates and strain softening and 
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developed expressions to consider these effects (on the bearing factor) combining upper 

bound and strain path methods.  

Einav and Randolph (2005) investigated the effect of strain rate on bearing factors for a 

standard T-bar and ball penetrating at the standard rate of 20 mm/s and taking the 

reference strain rate, γref, as 1%/hour. It was found that for any value of αs, the average 

increase in T-bar and ball factors may be expressed as a proportional increase of ~6.7µ 

(as µ ranges from 0.05 and 0.20) and 4.8µ respectively, where µ is the rate coefficient for 

a semi-logarithmic expression for an increase in su with strain rate. 

While strain rates will cause an increase in the measured su, this will be partially 

compensated in a reduction in su due to strain softening. Einav and Randolph (2005) 

calculated the isotropic strength reduction, δ, as: 

    remremremrem
pe 

 95/3
1


  (2.20) 

where δrem is the fully remoulded strength ratio, ξp is the average shear strain per passage 

of the penetrometer, ξ95 is the cumulative plastic shear strain required to cause 95% 

reduction in shear strength and Δrem is the remoulded penetrometer resistance normalised 

by the initial resistance.  

By considering the compensating effects of strain rate and strain softening, Einav and 

Randolph (2005) developed an approximate analytical expression for the first passage of 

the penetrometer through the soil:  
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where NT-bar-ideal and Nball-ideal are the values derived for an ideal rigid-plastic material. The 

first bracketed term in both equations accounts for the influence of strain rate effects while 

the second bracketed term accounts for the gradual strength degradation.  

A number of workers have considered these effects in isolation (e.g. Randolph, 2004; 

Yafrate and DeJong, 2005; Lehane et al., 2009) and have reported results that are in line 

with current expectations. However, Boylan et al. (2007) used field penetration tests to 

compare the N factors estimated from the method of Einav and Randolph (2005) with 

experimentally derived values. The tests showed that the theoretical N factors from Einav 

and Randolph (2005) were higher than the experimentally derived factors. This would 

imply that a more rigorous solution is required for T-bar and ball factors.  

Zhou and Randolph (2009b) analysed the Einav and Randolph (2005) upper bound 

solution by comparing it with a large deformation finite element approach. An FE 

approach was used to independently assess strain rate and strain softening effects on 

penetration resistance. These were then coupled to assess the combined effect. The results 

of the FE analyses were matched to the upper bound solution of Einav and Randolph 

(2005) by adjusting the rate coefficients (6.7 in the case of T-bar and 4.8 in the case of 

the ball) and the softening parameter (ξp). In the case of the T-bar, the rate coefficient was 

reduced from 6.7 to 4.8 and ξT-bar was reduced from 3.85 to 3.7 while in the case of the 

ball, the rate coefficient remained at 4.8 and ξball was increased from 2.05 to 3.3. 
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The relationships compare reasonable with the results from FE analysis as shown on 

Figure 2.13.  
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Despite having relatively robust theoretical solutions, there is still a reliance on 

correlating the resistance profiles with laboratory data on a site-by-site basis, partly 

because of the embedded culture of using laboratory calibration for the cone penetrometer 

(Randolph, 2013). Like the cone penetrometer, there are several studies that have 

published laboratory derived bearing factors for the T-bar and ball. A range of bearing 

factors for full-flow penetrometers from several published studies are shown in Table 2.5. 

NT-bar and Nball cover a similar range; 5.6 – 18.6 and 6.5 – 20 for the T-bar and ball 

respectively. These ranges are lower than those for the cone as shown in Table 2.4, 

although the range of cone factors cover many more sites. Studies that have derived 

bearing factors for the cone and full-flow penetrometers show that NT-bar and Nball cover 

only a slightly smaller range than Nkt (e.g. Lunne et al., 2005; Low et al., 2010; DeJong 

et al., 2011). In fact some studies (Chung and Randolph, 2004; Boylan et al., 2007) have 

shown that T-bar and ball resistance profiles are generally indistinguishable. In very 

sensitive clays, differences of up to 16% have been reported (Randolph, 2013). The 

former finding is at odds with theoretical solutions which suggest that Nball is 20 – 40% 

higher than NT-bar, while the latter finding may partly be attributed to a greater reduction 

in T-bar resistance due to strain softening compared with the ball (Einav and Randolph, 

2005). Overall, when the T-bar and ball resistance profiles are compared over a wide 

range of sites, the ball resistance is generally 5 – 10% higher than the T-bar resistance 

(Low et al., 2010; DeJong et al., 2011).  

As mentioned previously, one of the advantages of full-flow penetrometers is that they 

allow the remoulded strength, sur, and hence sensitivity, St [= su/sur] to be estimated during 

a penetration test by cycling the penetrometer up and down over a discrete depth for at 

least 10 cycles and measuring the fully remoulded penetration resistance. Although early 

studies (e.g. Chung and Randolph, 2004; DeJong et al., 2004) have linked the remoulded 
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resistance to sur using the same resistance factor as the intact case, later work by Yafrate 

and DeJong (2006) found that the bearing factor for the remoulded case is not equal to 

that for the intact case.  

A limited number of studies (Randolph and Andersen, 2006; Yafrate and DeJong, 2006; 

Low et al., 2010) have assessed remoulded bearing factors, Nrem,T-bar and Nrem,ball, for the 

T-bar and ball respectively by comparing the fully remoulded resistance to sur, generally 

derived from vane shear tests in the field or remoulded fall cone tests in the laboratory. 

These derived bearing factors generally show wide scatter, and occupy a range that is 

larger than for the intact case; the data in Table 2.6 show that Nrem,T-bar and Nrem,ball range 

from 5 – 39. Yafrate and DeJong (2009) linked increasing Nrem with increasing sensitivity 

to explain the large scatter of remoulded bearing factors. The large range of derived 

factors is likely due to difficulty in measuring resistance in fully remoulded conditions; 

in a very sensitive soil (St > 20), the remoulded resistance is likely to be very low.   

Table 2.6 also shows that remoulded strength bearings factors are higher than the intact 

strength bearing factors. Since the remoulding process removes strain softening effects, 

whilst preserving strain rate effects, bearing factors interpreted from Equations 2.23 and 

2.24 will be lower in the remoulded case. This is also in line with large deformation finite 

element analyses reported by Zhou and Randolph (2009a), which linked the lower 

remoulded bearing factors with soil sensitivity and a brittleness parameter. Yafrate and 

DeJong (2009) have developed several empirical relationships linking the remoulded 

strength and sensitivity to cyclic remoulding test results. However, as this study was based 

on a limited dataset, validity of these relationships is not proven. Although strength 

sensitivity cannot be derived directly from cyclic remoulding data, the ratio between the 

intact and fully remoulded resistance, qin/qrem where qin and qrem are the intact and 
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remoulded resistance respectively, is still a useful parameter for the design of structures 

subject to cyclic remoulding.  

2.3 ESTIMATION OF CONSOLIDATION PROPERTIES 

Consolidation characteristics dictate whether a soil-structure interaction problem is 

drained or undrained. The coefficient of consolidation (usually cv although sometimes ch) 

is typically measured in the laboratory in incrementally loaded or constant loading 

oedometer tests. However, like laboratory strength tests, the accuracy of the results 

depend on sample quality. In situ dissipation tests, where the excess pore pressure that 

builds during penetration is allowed to dissipate during a pause in the penetration, may 

be used to estimate a coefficient of consolidation – generally referred to as ch. The most 

common method of estimating ch in the field is the piezocone dissipation test using the 

Teh and Houlsby (1991) solution, although equivalent solutions are not available for the 

piezoball (Mahmoodzadeh et al., 2015).  

2.3.1 Interpreting ch from Piezocone Tests 

Piezocone dissipation tests are routinely used to assess the coefficient of consolidation in 

the field, both onshore and offshore. As with the interpretation of su from piezocone tests, 

interpretation of ch from dissipation test results is complicated as the penetration and 

dissipation of pore pressure around a piezocone is dependent on the soil stiffness a 

parameter that is difficult to assess. Also, ch measured during piezocone dissipation 

differs from cv in one-dimensional laboratory consolidation tests.  

Following a pause in penetration, the excess pore pressure generated around the 

advancing penetrometer was found to decay logarithmically (Figure 2.14). Over the years, 

several theoretical and semi-empirical solutions have been developed to determine the 
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coefficient of consolidation from piezocone dissipation results. From an early stage, the 

time taken to reach 50% excess pore pressure dissipation, t50, has been linked to the 

coefficient of consolidation. Jones and Van Zyl (1981) presented an empirical method to 

evaluate the coefficient of consolidation by plotting t50 against cv measured in laboratory 

oedometer tests. Linear regression of the data resulted in the relationship, cv=50/t50, where 

cv is in m2/yr and t50 is in minutes (Figure 2.15). That study was based on limited data and 

the authors recommended that more data was needed to improve the relationship.  

Senneset et al. (1982) developed a method to assess the coefficient of consolidation from 

piezocone dissipation tests based on the logarithmic distribution of the initial excess pore 

pressure that has dissipated, using a solution to the one-dimensional consolidation 

equation. The coefficient of consolidation can then be calculated as ch = λcr2[(δu/δt)/Δui] 

where λc is a pore pressure dissipation rate factor, r is the piezocone filter radius, δu/δt is 

the measured rate of pore pressure dissipation and Δui is the initial excess pore pressure.  

Early theoretical solutions for dissipation around a cone used linear uncoupled one-

dimensional consolidation to compute the dissipation of pore pressures using cylindrical 

or spherical cavity expansion. Torstensson (1975, 1977) developed an interpretation 

method based on cavity expansion theories and suggested that the coefficient of 

consolidation be interpreted at t50 using: 

 
50

2

50

t

rT
c   (2.25) 

where T50 is the non-dimensional time factor for 50% dissipation. Cylindrical and 

spherical cavity expansion theory was subsequently used by several other researchers 

(e.g. Randolph and Wroth, 1979; Battaglio et al., 1981; Burns and Mayne, 1995).  
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Levadoux and Baligh (1986) and Baligh and Levadoux (1986) used the strain path method 

to carry out the most comprehensive study of dissipation of pore pressure around a 

piezocone. Levadoux and Baligh (1986) drew the following conclusions from their work: 

1. The dissipation around a piezocone is essentially controlled by consolidation in the 

horizontal direction, ch.  

2. Simple uncoupled solutions can provide a reasonably accurate prediction of the 

consolidation process.  

3. The initial distribution of excess pore pressure has a significant impact on subsequent 

dissipation and uncertainties in the initial excess pore pressure will have implications 

on the interpreted ch.  

4. Consolidation around the piezocone is predominantly in the recompression mode.  

ch estimates using the Baligh and Levadoux (1986) solution in Boston blue clay were 

shown to be satisfactory in the lower less permeable soil but were not as good in the 

shallower more permeable soil.  

Perhaps the most widely used analysis method for interpreting piezocone dissipation data 

is that proposed by Teh and Houlsby (1991). They incorporated stain path theory and the 

finite element method to estimate the excess pore pressure generated during penetration. 

Subsequent dissipation was modelled using a finite-difference approach on Terzaghi-

Rendulic consolidation theory (Figure 2.16). The Teh and Houlsby (1991) study 

confirmed the results of Torstensson (1977), which showed the importance of soil 

stiffness, represented by the rigidity index on the pore pressure dissipation. Teh and 

Houlsby (1991) proposed the following relationship for a non-dimensional time factor, 

T*, as the most satisfactory means of unifying dissipation results for different pore 

pressure values (normalised by the initial pore pressure) and rigidity indices: 
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 5.02

*

r

h

Ir

tc
T   (2.26) 

where T* is a modified time factor for a given cone geometry and measurement location. 

The limitation of the Teh and Houlsby (1991) approach is that it does not allow 

independent assessment of Ir and ch.  

Robertson et al. (1992) and Abu-Farsakh and Nazzal (2005) both used the available 

methods to predict the coefficient of consolidation at various sites. Both studies 

concluded that the method of Teh and Houlsby (1991) gave the best estimate of ch. 

Robertson et al. (1992) also concluded that measurement at the u2 position gave a more 

reliable estimate of ch than the u1 position, even though dissipation at the u1 position is 

quicker.  

All of the theoretical solutions described above give a reasonable estimate of the initial 

excess pore pressure in cases where the soil is normally or lightly overconsolidated, for 

which the pore pressure monotonically dissipates following a pause in penetration. In 

heavily overconsolidated soils, or where the pore pressure measuring system is not 

adequately saturated, the pore pressure at the u2 position often shows a dilative response 

with an initial rise before the expected decay in pore pressure (Figure 2.17). The u1 

position generally always shows a monotonic pore pressure decay. Chai et al. (2012) used 

a coupled finite-element analysis to model what they called “non-standard” dissipation 

curves and suggested that where saturation is not an issue, the response was due to shear-

induced dilatancy of overconsolidated soils or unloading effects as soil elements moved 

from the face to the shoulder of the cone. Using an uncoupled radial consolidation 

analysis, they were able to derive an equation to correct the resulting t50 from a non-

standard dissipation. However, when used to correct non-standard dissipations in the 
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centrifuge, the Chai et al. (2012) method was found to give inconsistent results 

(Mahmoodzadeh and Randolph, 2014).  

Sully et al. (1999) proposed a root time method to extrapolate the true initial excess pore 

pressure at the beginning of a dissipation. This method is commonly used in cases where 

the pore pressure shows an initial rise and seems to give good estimation of the initial 

pore pressure (e.g. Low et al., 2007; DeJong et al., 2008; Mahmoodzadeh and Randolph, 

2014).  

Mahmoodzadeh et al. (2014) modelled the penetration and subsequent dissipation of a 

piezocone using large deformation finite element and modified small strain methods. That 

study concluded that the consolidation of soil in a one-dimensional laboratory test is 

controlled by the slope of the normal consolidation line, λ, only as the soil moves along 

a path parallel to the virgin compression line. The radial dissipation during a piezocone 

dissipation is accompanied by a combination of plastic deformation near the piezocone 

(as a function of λ) and unloading further away (as a function of the slope of the 

recompression line, κ). Therefore, Mahmoodzadeh et al. (2014) suggest a relationship 

between the operative coefficient of consolidation, ch, from piezocone dissipation data to 

cv from laboratory methods using the ratio λ/κ.  

2.3.2 Interpreting ch from Piezoball Tests 

It is becoming common practice to incorporate pore pressure measurement on ball 

penetrometers. Most of the focus has centred on the piezoball equator position. Like the 

piezocone, the position of the pore pressure sensor will affect the generated pore pressure 

and its subsequent dissipation, and reflect stress changes around the ball. Boylan et al. 

(2010) described the pore pressure response around a piezoball: at the tip the soil is 



   

  Literature Review  

 

 

   53 

 

undergoing large compressive stresses which in a saturated soil will generate positive 

excess pore pressures; at the equator position the soil is subjected to shear stresses that 

will yield either positive or negative excess pore pressures in a saturated soil depending 

on the dilatancy of the soil and the mobilised shear stress level; at the mid-face, the soil 

will be undergoing some combination of shear and compressive stresses and the excess 

pore pressure will be somewhere between the tip and equator levels.  

Initially the assessment of piezoball dissipation data was qualitative only and methods to 

quantify ch from the dissipation response have only been recently become available. The 

first published experience of piezoball dissipation is from Low et al. (2007), who 

compared piezocone and piezoball equator dissipation tests in soft estuarine Burswood 

clay. They found that when the different probe diameters are accounted for, using a non-

dimensional time factor of T = cht/D2, the time for piezoball dissipation was on average 

2.5 times quicker than that for the piezocone. This is despite the piezoball having a 

diameter, Db = 60 mm, almost twice that of the piezocone, Dc = 35.7 mm. This finding 

was supported by further field (e.g. DeJong et al., 2008) and centrifuge (Mahmoodzadeh 

and Randolph, 2014) studies, with T50 [= cht50/D2] for the piezoball in the range of 1.5 – 

4 times lower than T50 for the piezocone (Figure 2.18).  

There has been less experience with the tip or mid-face pore pressure measurement 

positions. However, Mahmoodzadeh and Randolph (2014) showed that dissipation at the 

piezoball mid-face position is quicker than both the piezocone and piezoball equator 

positions in geotechnical centrifuge tests. In non-dimensional consolidation time, T50 at 

the piezoball mid-face position was 4.6 times quicker than the piezocone while in real 

time, t50 for the mid-face position is half that of the piezocone despite the piezoball having 
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a diameter 1.5 times that of the piezocone. This time saving equates to significant cost 

savings during offshore site investigation programs.  

For a perfect ball (i.e. with no shaft) Lu et al. (2000) showed that the soil stiffness does 

not affect piezoball penetration resistance and generation of excess pore pressure. In the 

case of a shafted ball, the rigidity index will affect ball penetration resistance and the 

magnitude of the excess pore pressure generated during penetration (and the dissipation 

response during a pause in penetration) but Zhou and Randolph (2011) showed the effect 

of rigidity index was much lower than that for the cone. Mahmoodzadeh et al. (2015) 

used a coupled large deformation finite-element (LDFE) analysis based on a modified 

cam clay model to investigate the dissipation response of a piezoball at the equator and 

mid-face positions. The effect of changing soil rigidity and piezoball geometry was 

investigated. Mahmoodzadeh et al. (2015) found that dissipation curves for various 

conditions could be unified when an appropriate non-dimensional time factor, Tb, was 

used: 

 25.0

rb

h
b

dID

tc
T   (2.27) 

where Db is the ball diameter. Note that the soil rigidity index is to the fourth root, 

compared to the square root in the Teh and Houlsby (1991) solution. The inclusion of the 

shaft diameter, d, reflects the contribution to excess pore pressure from cavity expansion 

due to the presence of the shaft, as opposed to the flow around the ball. As with the 

Mahmoodzadeh et al. (2014) solution for the piezocone, the operative coefficient of 

consolidation, ch, can be linked to cv from the laboratory. Mahmoodzadeh et al. (2015) 

suggest that the ratio of ch to cv is proportional to (λ/κ)0.75.  
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The normalised dissipation response from the Mahmoodzadeh et al. (2015) LDFE 

analysis can be fitted with the hyperbolic relationship (Figure 2.19): 

 
50,/1

1

bbi TTu

u







 (2.28) 

when dissipation is greater than 30%. Tb,50 can be taken as 0.12 and 0.18 for the mid-face 

and equator positions respectively.  

The effectiveness of the Mahmoodzadeh et al. (2015) solution was assessed by matching 

the numerical solutions with experimental dissipation curves from the centrifuge. 

Although the solution cannot capture the delayed rise in pore pressure at the piezoball 

equator position, reasonable agreement is found during the later stages of dissipation. The 

numerical solution was shown to accurately capture the dissipation response for 

dissipation at the piezoball mid-face position and values of coefficient of consolidation 

estimated using the solution are comparable to those from piezocone dissipation tests 

using the Teh and Houlsby (1991) solution.  

2.4 SUMMARY 

Most site investigation programs are a combination of laboratory tests on samples taken 

from the site and in situ testing. In soft soils, obtaining samples of sufficient quality for 

laboratory strength and consolidation characteristic assessment can be problematic and 

costly and the quality of the samples can be severely compromised by the sampling 

method and how the sample is handled before ending up in the laboratory. Sample quality 

problems are exacerbated offshore, particularly in deepwater where the stress relief 

associated with bringing the sample to the surface can cause damage to the sample.  
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The problems associated with sampling have led to a greater reliance on in situ testing 

methods. The two most common testing techniques used in soft soils (onshore and 

offshore) are the vane shear and piezocone penetration testing. However, these devices 

suffer from a number of drawbacks, most notably long testing times in the case of the 

vane shear and uncertainty over how to interpret su from the piezocone. T-bar or piezoball 

full-flow penetrometers are gaining acceptance. These devices, particularly the piezoball, 

are suited to offshore testing but also have great potential onshore.  

The benefit of the vane shear is that it can give an accurate assessment of undrained shear 

strength. However, the interpreted su will be affected by the geometry of the vane, waiting 

times prior to testing and rates of rotation. Also, vane shear tests can only be carried out 

at discrete depths (tests must be spaced at 0.5 m in any one profile) and the test itself is 

time consuming. Penetration tests have the advantage that they give a continuous 

resistance profile with depth. The major disadvantage of the (more common) cone 

penetration test is that despite the existence of several theoretical frameworks, the 

assessment of su remains largely empirical with bearing factors often calibrated against 

laboratory strength measurements on a site-by-site basis. Offshore, the cone has the added 

disadvantage of requiring relatively large corrections due to the high ambient pressures. 

In soft soil, these corrections are even more significant.   

Unlike the piezocone, the full-flow mechanisms of the T-bar or piezoball mean that 

resistance values are largely unaffected by high overburden and hydrostatic pressures. 

Also, the larger projected area means greater resolution in soft soils. The other major 

benefit of full-flow devices is that they allow assessment of the undrained shear strength 

(both intact and remoulded) and the consolidation characteristics in a single test. 

Offshore, where vessel costs are high, this testing efficiency can lead to significant cost 
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savings. The simple geometries of the T-bar and ball mean that the existing theoretical 

frameworks can account for strain rate and strain softening. Unfortunately experience 

using theoretical solutions for these relatively modern devices remains limited and 

calibration with laboratory data is still largely relied upon.  

Consolidation characteristics are usually assessed in situ using piezocone dissipation test 

data. Piezoball dissipation tests also been reported, but until recently the coefficient of 

consolidation could not be quantified from these data. Although limited (and hampered 

by a range of measurement locations), the available data suggest that dissipation around 

the ball is quicker than around the cone, particularly at the mid-face position. Recently, 

theoretical interpretation methods have been developed that were found to estimate the 

coefficient of consolidation to a similar degree of accuracy as piezocone tests. However, 

this method has been validated using a single centrifuge dataset and has been untested in 

the field.   
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Table 2.1.  Offshore in situ testing methods in soft clay modified from Lunne (2001) 

In situ test 

method 

Category Soil 

profiling 

Soil parameters 

interpreted 

Main reference 

CPT/CPTU A Yes γ3, u2, OCR3, K0
4-

5, su
2, St

2-3, c',ø'3-4, 

E,G5, M5, Gmax
4, 

k2-4, ch
2-3 

Lunne et al. (1997) 

Vane B  OCR2-3, su
1-2, St

1, 

c',ø'4, E,G4-5 

Chandler (1988) 

Seismic 

CPT/CPTU 

B Yes γ3-4, u2, OCR3, 

K0
4-5, su

2, St
2-3, 

c',ø'3-4, E,G5, M5, 

Gmax
1, k2-4, ch

2-3 

Campanella and 

Davies (1994) 

BAT/DGP B  k1-2, ch
2-3 Mokkelbost and 

Strandvik (1999) 

Piezoprobe C  u2, k3, ch
2 Dutt et al. (1997) 

T-bar C Yes OCR3, su
1-2, St

1-2 DeJong et al. (2010) 

Piezoball C Yes u2, OCR3, su
1-2, 

St
1-2, k2-4, ch

2-3 

DeJong et al. (2010) 

and Mahmoodzadeh et 

al. (2015) 

Nuclear 

density 

D  γ2 Tjelta et al. (1985) 

Hydraulic 

fracture 

D  K0
2-3 Aldridge and Haaland 

(1991) 

Dilatometer D Yes γ3, u2, OCR3, K0
2-

3, su
3, E,G2-3, M2-

4, Gmax
4, k3-4, ch

3-4 

Marchetti (1997) 

Seismic 

dilatometer 

D Yes γ3, u2, OCR3, K0
2-

3, su
3, E,G2-3, M2-

4, Gmax
1, k3-4, ch

3-4 

 

Pressuremeter D Yes γ3, u2, OCR3, K0
3, 

su
2, St

2-3, c',ø'3-4, 

E,G1-2, M5, Gmax
3-

4, k2-4, ch
2-3 

Clarke (1995) 

Notes: A: widely used, B: used regularly for specific purposes, C: new tools starting to be used regularly, 

D: used occasionally; 1: high reliability, 2: high-moderate reliability, 3: moderate reliability, 4: 

moderate-low reliability, 5: low reliability; γ: soil unit weight, u: in situ pore pressure, OCR: 

overconsolidation ratio, K0: coefficient of earth pressure at rest, su: undrained shear strength, St: 

sensitivity, c',ø': effective stress shear strength parameters, E,G: Young’s and shear modulus, M: 

constrained modulus, Gmax: small strain shear modulus, k: coefficient of permeability and ch: 

coefficient of consolidation  
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Table 2.2.  Main theoretical Nkt solutions (modified from Low, 2009) 

Nkt [=(qt–)/su]  Theoretical 

approach 

Reference 

7.41 v BCT Terzaghi (1943) 

7.0 v BCT Caquot and 

Kerisel (1956) 

9.34 v BCT, smooth 

base 

Meyerhof (1951) 

9.74 v BCT, rough 

base 

de Beer (1977) 

9.94 v BCT Meyerhof (1951) 

1
3

ln1
3

4











u

t

s

E
 

v SCET Meyerhof (1951) 

1ln1
3

4
50 









u
s

E
 

v SCET Skempton (1951) 

cot
3

ln1
3

4
50 









u
s

E
 

v SCET Gibson (1950) 

cotln1
3

4
50 









u
s

E
 

v SCET + 

finite strain 

theory 

Gibson (1950) 

 
r

Iln1
3

4
  v SCET Vesic (1972) 

  57.2ln1
3

4


r
I  mean SCET + 

conservation 

of energy 

Vesic (1975) 

  11ln1 
r

I  h CCET + 

conservation 

of energy 

Baligh (1975) 

    
   

r

ur

u

u

urruu

uururruu

ur

r

u

r

u

a

E

s

s

E

sEsE

sssEsE

s

E

s

s

s

s

ln
//

///

3

4

3
ln1

3

4
























 

v SCET + 

trilinear 

stress-strain 

relationship 

Ladanyi (1967) 

  

2
180;

cos
2

cos

sin
2

sin

where

2
1

2
cot

3

2

2

3
ln

3

2
sin

3

2

2

1

c

c

c

c

cs

c

s

c

s

rsc

H

H

I

















































 

 

 

 

v or 

mean 

CCET Yu (1993) 

  



 

Literature Review 

 

 

60 

 

Table 2.2 (contd.). Main theoretical Nkt solutions (modified from Low, 2009) 

Nkt [=(qt–)/su]  Theoretical 

approach 

Reference 

 

  

2
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1

2
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v CCET + 

anisotropic 

Von Mises 

failure 

criterion 

Su and Liao 

(2002) 

 22ln84.125.1
sr

I   v SPM Teh and Houlsby 

(1991) 

 













8.12.0

4.2ln1
1500

67.1

s

sr

r I
I




 

v SPM + FEM Teh and Houlsby 

(1991) 

 83.137.2ln233.0
cs

s

r
I




 

v FEM Yu et al. (2000) 

 1.2ln8.145.2
r

I  v CCET + 

FEM 

Abu-Farsakh et 

al. (2003) 
 9.13.1ln6.14.3

sr
I   v FEM Lu et al. (2004) 

 
r

r I
I

ln1
1000

3.2 







  

v FEM Sheng et al. 

(2013) 

Notes: E50: secant Young modulus at 50% of failure stress, Et: initial tangent Young modulus, Eu: 

undrained Young modulus, Er: Young modulus at remoulded strength, : semiapex angle, sa: 

remoulded cohesion between cone surface and clay, mean: mean total stress [=(v+2h)/3, where 

v and h are the in situ vertical and horizontal total stresses], αc: cone apex angle, αs: interface 

friction ratio (i.e. the ratio of limiting shear stress on the cone-soil interface to the shear strength, 

Ir: rigidity index [=G/su, where G is the shear modulus], ρ: anisotropic shear strength ratio [=sue/suc, 

where sue and suc is the undrained triaxial extension and compression strength respectively], Δ: in 

situ deviator stress [=(v–h)/2su], δs: interface friction angle, øcs: critical state friction angle, 

BCT: bearing capacity theory, SCET: spherical cavity expansion theory, CCET: cylindrical cavity 

expansion theory, SPM: strain path method and FEM: finite element method  
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Table 2.3.  Empirical correlations for cone bearing factors from Karlsrud et al. (2005) 

Sensitivity N factor Limits 

<15 pkt
IOCRN 082.0log5.28.7 

  

>15 OCRN
kt

log5.25.8    

<15 pu
IOCRN 07.0log0.49.6 

   

>15 OCRN
u

log5.48.9 
   

<15 qke
BN 0.95.11 

 Lower limit, Nke =2 

>15 qke
BN 0.115.12   Lower limit, Nke =2 

Notes: OCR: overconsolidation ratio, Ip: plasticity index and Bq: pore pressure parameter 

 

Table 2.4.  Reported range of cone bearing factors (modified from Rémai, 2013) 

Nkt 

range 

Reference 

strength 

Comments Reference 

8–16 su(lab) For clays (3% < Ip < 50%) Nkt 

increases with Ip 

Aas et al. (1986) 

11–18 Vane shear No correlation between Nkt and 

Ip 

La Rochelle et al. 

(1988) 

8–29  suc Nkt varies with OCR Rad and Lunne (1988) 

10–20  suc Nkt varies with Ip Powell and Quarterman 

(1988) 

6–15 suc on high quality 

block samples 

Nkt decreases with Bq Karlsrud et al. (1996) 

6–15 suc on high quality 

block samples 

3 < St < 200; 10 < Ip < 50% Nkt 

varies with St, Ip and OCR 

Karlsrud et al. (2005) 

8–13 suc on block 

samples or tube 

samples 

St < 10; 10 < Ip < 80% Lunne et al. (2005) 

7–20 suc Busan clay (25% < Ip < 40%) Hong et al. (2010) 

4–16 Vane shear High plasticity, soft clay (42% 

< Ip < 400%) 

Almeida et al. (2010) 

9–15 suc on high quality 

samples 

Lightly overconsolidated clays 

(25 < Ip < 110%; St < 6) Nkt 

varies with Ir 

Low et al. (2010) 

Notes: su(lab): average laboratory deduced su [=(suc+suDSS+sue)/3, where suc, suDSS and sue is the undrained 

shear strength from triaxial compression, direct simple shear and triaxial extension], Ip: plasticity 

index, OCR: overconsolidation ratio and St: sensitivity 
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Table 2.5.  Range of published bearing factors for the T-bar and ball 

N N range Reference strength No. of sites Reference 

NT-bar 6.7–14.0 suc on block and 

piston samples; 

17<Ip<25% 

3 Long and 

Gudjonsson (2004) 

NT-bar 8.0–12.0 su(lab) on block and 

piston samples; 

St<10; 10<Ip<80% 

3 Lunne et al. (2005) 

Nball 14.5–18.4 su(lab) on block 

samples; St=5; 

5<Ip<133% 

1 Boylan et al. (2007) 

NT-bar 14.8–20.0 su(lab) on block 

samples; St=5; 

5<Ip<133% 

1 Boylan et al. (2007) 

Nball 10.8–11.5 su(lab) on high quality 

samples; 2<St<6; 

5<Ip<133% 

2 Low et al. (2010) 

NT-bar 9.8–14.7 su(lab) on high quality 

samples: 2<St<6; 

5<Ip<133% 

14 Low et al. (2010) 

Nball 7.2–10.4 suc; 5<St<25; 

20<Ip<44% 

5 DeJong et al. (2011) 

NT-bar 6.5–10.0 suc; 5<St<25; 

20<Ip<44% 

5 DeJong et al. (2011) 

Nball 5.6–18.6 Mix of suc, su(UU), 

su(DSS); 15<Ip<50% 

5 Long et al. (2014) 

Notes: su(lab): average laboratory deduced su [=(suc+suDSS+sue)/3, where suc, suDSS and sue is the undrained 

shear strength from triaxial compression, direct simple shear and triaxial extension], su(UU): the 

undrained shear strength from unconsolidated undrained triaxial tests, Ip: plasticity index, and St: 

sensitivity 

 

Table 2.6.  Range of published remoulded strength bearing factors for the T-bar and ball 

N N range Reference remoulded 

strength 

Reference 

Nrem,T-bar 5.0 – 15.0 Field vane; fall cone Randolph and 

Andersen (2006) 

Nrem,ball 7.2 – 39.2 Fall cone Yafrate and 

DeJong (2006) 

Nrem,T-bar 6.9 – 37.5 Fall cone Yafrate and 

DeJong (2006) 

Nrem,ball 11.3 – 17.0 Field vane, fall cone Low et al. (2010) 

Nrem,T-bar 11.4 – 17.0 Field vane, fall cone Low et al. (2010) 
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Figure 2.1.  Various soil testing methods used in-situ (from Mayne 2006)  
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Figure 2.2.  Seabed penetration rigs: (a) Fugro’s Seabull (Lunne, 2010); (b) Fugro’s Seacalf 

(Zuidberg, 1974); (c) McClelland’s Stingray (McClelland, 1975); (d) AP vd Berg’s 

ROSON (Lunne, 2010); DATEM’s Neptune (www.neptunecpt.com); (f) Delft’s 

diving bell (Vermeiden, 1977); (g) Seafloor Geotech’s SFD (www.seafloor.com); (h) 

Seafloor Geotech’s DCPT; (i) Benthic’s PROD (www.benthic.com)  
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Figure 2.3.  Comparison of penetration resistance profiles from seafloor and downhole methods 

(Randolph, 2004) 

 

Figure 2.4.  Typical cone penetrometer geometry (Lunne et al., 1997) 



 

Literature Review 

 

 

66 

 

 

Figure 2.5.  Pore pressure effects on piezocone penetration resistance (Lunne et al., 1997) 

 

Figure 2.6.  Field scale piezoball, T-bar and piezocone penetrometers 
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Figure 2.7.  Piezoball showing the tip, mid-face and equator pore pressure measurement 

locations 
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Figure 2.8.  Vane shear apparatus showing cylindrical failure surface 

 

Figure 2.9.  Field vane correction factor vs. plasticity index (Bjerrum, 1973) 
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Figure 2.10.  Field vane correction factor vs. vane strength ratio (Aas et al., 1986) 

 

Figure 2.11.  Penetrometer resistance response to changes in penetration velocity in fine grained 

soils 
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Figure 2.12.  Theoretical factors for cone, T-bar and ball (Randolph, 2004) 
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Figure 2.13.  Modelling effects of combined strain rate and strain softening: (a) results for the T-

bar; (b) results for ball (Zhou and Randolph, 2009b) 
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Figure 2.14.  Typical dissipation curve 
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Figure 2.15.  Average laboratory oedometer ch results and CPTU results in terms of t50 

(Robertson et al., 1992) 
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Figure 2.16.  Normalised piezocone dissipation curves (Teh & Houlsby, 1991) 
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Figure 2.17.  Non-standard dissipation responses from Sully et al. (1999) including an initial 

unloading response (Type II), a dilative response (Type III) and cases where the 

initial pore pressure is below hydrostatic levels (Types IV and V) 
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Figure 2.18.  Comparison of normalised piezocone and piezoball dissipation profiles from 

Mahmoodzadeh and Randolph (2014) 

 

Figure 2.19.  Fitted normalised dissipation curves from Mahmoodzadeh et al. (2015) 

 

 



   

  Field Experience of the Piezoball in Soft Clay  

 

 

   77 

 

CHAPTER 3. FIELD EXPERIENCE OF THE 

PIEZOBALL IN SOFT CLAY 

 

Paper published as: 

Colreavy, C., O’Loughlin, C.D., Long, M., Boylan, N. and Ward, D. (2010). Field 

experience of the piezoball in soft clay. In Proceedings of 2nd International Symposium 

on Cone Penetration Testing – CPT ‘10, Huntington Beach.  

 

  Following on from Chapter 2 which set out the potential of full-flow penetrometers in 

measuring the strength and consolidation characteristics of soft soil, in this chapter 

the advantages of the T-bar and piezoball is quantitatively assessed at two soft soil 

sites. Particular focus is on comparing dissipation times for the piezoball and 

piezocone. Results from piezoball dissipation tests will help lead to recommendations 

on piezoball design later in the thesis.  
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ABSTRACT 

This chapter presents the results of a series of piezoball penetration and dissipation tests 

carried out at two well characterized soft soil sites in Ireland. Piezoball data are compared 

with piezocone data, in addition to other in situ and laboratory test results. Using the 

standard N factor of 10.5 resulted in an undrained shear strength profile which is in very 

good agreement with T-bar profiles from previous studies. Interestingly, results of 

dissipation tests show that dissipation around the piezoball is faster than around the cone, 

when the different diameters are accounted for. 

3.1 INTRODUCTION 

The advantages of full-flow penetrometers such as the T-bar and Ball over the 

conventional cone penetrometer have been amply demonstrated (e.g. Chung and 

Randolph, 2004; Randolph, 2004; Boylan et al., 2007). The rational for replacing the cone 

with either a T-bar or ball is primarily attributable to the difficulty in establishing an 

appropriate cone factor, N, for deriving su from cone resistance (Chung and Randolph, 

2004). This difficulty is partly due to the need to correct the measured cone resistance for 

overburden pressure and partly due to the uncertainty regarding the soil failure 

mechanism as the soil is displaced past the penetrating cone. The above deficiencies of 

the cone penetrometer are overcome by full-flow penetrometers. More recently (Low et 

al., 2007; DeJong et al., 2008) a pore pressure element has been added to the ball 

penetrometer to allow for pore pressure measurements (during both installation and 

dissipation) in a similar manner to the piezocone. 

This chapter presents the results of piezoball penetration and dissipation tests carried out 

at two soft soil sites in Ireland. The merits of the piezoball over the conventional 
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piezocone are assessed by comparing these results with previously published in-situ and 

laboratory data. 

3.2 TESTING EQUIPMENT 

3.2.1 Piezocone 

Piezocone tests were carried out using two piezocones; the first with a diameter of 

35.7 mm and a projected area of 10 cm2, and the second with a diameter of 44.4 mm and 

a projected area of 15 cm2. The 10 cm2 and 15 cm2 piezocones have a calibrated net area 

ratio, α, of 0.793 and 0.869 respectively. Both cones measure pore pressure at the u2 

position. Tests were carried out at the standard testing rate of 20 mm/s (Lunne et al., 

1997). 

3.2.2 Piezoball 

The piezoball was constructed from hardened steel with a diameter of 113 mm and a 

projected area of 100 cm2 (i.e. 10 times that of the standard piezocone). The piezoball 

was designed so as to screw on to the 10 cm2 piezocone load cell. Tip resistance and pore 

pressure are measured by the piezocone load cell and transducer. As with the piezocone, 

tests were carried out at the standard rate of 20 mm/s.  

The piezoball design is similar to that employed by DeJong et al. (2008), in that it 

comprises several modular components that can be interchanged to facilitate pore 

pressure filter locations at the tip, mid-face and equator (see Figure 3.1). The piezoball 

filters were custom fabricated from polyethylene with an average pore size of 30 – 60 

microns, similar to that of the piezocone filters. The filters were saturated with silicone 

oil in a chamber under a vacuum of approximately 100 kPa for about 8 hours, after which 

time air was bled back into the chamber to force the silicone oil into the filters. The filters, 
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which were stored in silicone oil until use, were fitted to the piezoball while submerged 

in the silicone oil, and the voids filled with oil before attaching to the piezocone shaft. A 

latex membrane was fitted to the piezoball prior to the test to ensure the filter saturation 

was maintained. 

3.3 SITE DETAILS 

3.3.1 Athlone 

The Athlone site is located within the River Shannon flood plain, west of the river, north 

of Athlone town in Ireland. The sediments consist of a layer of peat on top of a layer of 

calcium, or ‘calc’, marl overlying a layer of grey organic clay and then brown laminated 

clay. The water table is generally no more than 1 m beneath ground level. The tests carried 

out in this study were concentrated on Profile D, as referred to in Long and O’Riordan 

(2001). A comprehensive investigation of the Athlone soils has been re-ported by Long 

and O’Riordan (2001) and are summarized on Figure 3.2a.   

3.3.2 Belfast 

The Belfast site is located on the south side of Belfast Lough, 10 km north east of Belfast 

city, Northern Ireland. The stratigraphy is made up of approximately 1 m of recently 

placed fill which overlies 2 m of sandy silt, which in turn overlies 6 m of soft clayey silt 

‘sleech’. The ‘sleech’ material was laid down over the past 3,000 years in shallow waters. 

The soil properties of the Belfast deposits have been well characterized by Bell (1977) 

and Lehane et al. (2003) and are summarized on Figure 3.2b.  
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3.4 TEST RESULTS 

3.4.1 General 

Piezocone and piezoball penetration tests were carried out at both Athlone and Belfast. 

Piezocone resistances have been corrected for overburden and pore pressure effects 

(Lunne et al., 1997). Due to the full-flow behaviour of the soil around the ball and T-bar, 

the pore pressure and overburden stress acts on both the top and bottom and hence there 

is little need to apply a correction to determine su (Randolph, 2004).  

The penetration resistances for both the piezocone and piezoball for both sites are shown 

in Figure 3. The cone profile is higher than the T-bar and piezoball, similar to field 

experiences in Bothkennar (Boylan et al., 2007) but contrary to centrifuge experiences of 

Burswood clay (Chung et al., 2006). In the grey clay qball/qnet is on average 0.85, while in 

the brown clay the ratio is lower, at 0.60. Both the piezocone and piezoball penetration 

resistance is seen to increase with depth in the grey clay but reduce (or stay tolerably 

constant) with depth in the brown clay. This is in line with previous experience with the 

piezocone at Athlone (e.g. Long and O’Riordan, 2001) and is also reflected in T-bar 

profiles reported by Long and Gudjonsson (2004) for Athlone. The latter T-bar 

penetration resistances are generally in good agreement with the piezoball penetration 

resistances which is in keeping with the observations of Chung et al. (2006) and Boylan 

et al. (2007) that the resistance measurements for full flow penetrometers are broadly 

similar.  

Pore pressure profiles for a number of piezocone and piezoball with pore pressure 

measurement at the equator, uEQ, and the mid-face position, uMF, are compared on Figure 

3.3a. The uEQ profile is consistently lower than the corresponding piezocone profile; this 
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is line with previous findings reported by Low et al. (2007) for a piezoball with pore 

pressure measurements at the equator and by Boylan et al. (2007) for pore pressure 

measurement close to the piezoball tip. uMF is generally higher than uEQ and slightly lower 

than the piezocone profiles. Large reductions in the pore pressure in some of the 

piezocone and piezoball profiles at 3 m, 4.5 m, 7 m and 8 m correspond to dissipation 

tests.  

The piezoball resistance for Belfast is compared with a previously established piezocone 

profile reported by Lehane et al. (2003). The data originate at the base of the fill at 3 m 

depth and increase with depth.  The profiles in both cases show very similar trends. Unlike 

Athlone, the piezoball resistance profile is higher than the piezocone throughout most of 

the stratum. At the bottom of the stratum, both resistance profiles are in line. Pore 

pressures were also obtained for the piezoball, at the uEQ position. This profile is 

compared with a piezocone u2 profile in Figure 3.3b. Similarly to Athlone, the piezoball 

pore pressure is lower than the corresponding piezocone profile. The large reduction in 

pore pressure in both profiles at 4 m and 6 m correspond to dissipation tests. 

3.4.2 Undrained Shear Strength 

The undrained shear strength may be determined from the penetration resistance using 

 
N

q
s

u
  (3.1) 

where q is the penetration resistance (net tip resistance in the case of the piezocone and 

measured tip resistance in the case of the piezoball) and N is a bearing capacity factor 

(Nkt for the piezocone and Nball for the piezoball).  
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Guidance on selection of an appropriate Nkt is limited and each site usually requires 

calibration using laboratory su determinations on high quality undisturbed samples 

(Chung and Randolph, 2004). 

A number of empirical relationships such as those proposed by Karlsrud et al. (2005) 

have merit in avoiding this calibration. Applying the Karlsrud et al. (2005) 

recommendations to the Athlone site resulted in Nkt factors of 11.7 and 9.1 for the grey 

and brown clays respectively. Guidance on the choice of Nball or NT-bar is more 

straightforward. Many field and centrifuge studies have shown that su derived using a 

factor of Nball = NTbar = 10.5 (e.g. Watson et al., 1998; Chung and Randolph, 2004; DeJong 

et al., 2004) are consistent with expected strengths from vane and laboratory tests. 

Undrained shear strength profiles for Athlone using the above N values are compared on 

Figure 3.4a with prior reported in situ su measurements, and lead to the following 

observations: 

1. The Karlsrud et al. (2005) recommendation resulted in piezocone su profiles that are 

approximately twice as high as corresponding profiles from the piezoball (this study), 

the T-bar (Long and Gudjonsson, 2004) and the field vane (Long and O’Riordan, 

2001). However, it should be noted that the Karlsrud et al. (2005) recommendations 

have been calibrated against triaxial compression data while the penetrometer 

profiles here are calibrated against FVT results. Therefore it would be expected that 

using the Nkt determined from Karlsrud et al. (2005) would result in higher su values 

than the vane results and hence the profiles calibrated against the vane results. 

2. Better overall agreement in the su profiles is obtained using an Nkt of 20 (as was used 

by Long and O’Riordan, 2001). 
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3. The piezoball and T-bar su profiles are in good agreement with each other and the 

field vane su using the recommended Nball = NTbar = 10.5. 

4. The piezocone su profile diverges from the T-bar, piezoball and field vane su profiles 

in the brown clay, supporting the commonly made observation that Nkt tends to 

increase with depth (Chung and Randolph, 2004; Long and Gudjonsson, 2004). 

Applying the Karlsrud et al. (2005) recommendations to the Belfast site resulted in Nkt = 

10.7. This is close to the value of Nkt = 11 used by McCabe and Phillips (2008) which 

was derived from Lunne et al. (1997). Nkt = 10.7 was applied to net tip resistances reported 

by Lehane et al. (2003). Undrained shear strength profiles for Belfast are compared on 

Figure 3.4b, with Nball = 10.5. In contrast to Athlone, the Karlsrud et al. (2005) 

recommendation resulted in a piezocone su profile for Belfast that is in reasonably good 

agreement with both the piezoball and the field vane. The piezoball su profiles are in 

particularly good agreement with the field vane measurements. 

3.4.3 Dissipation Test Results 

Dissipation tests were carried out at various depths at both sites using the piezoball and 

piezocone. The piezoball pore pressure measurement in all instances relate to the equator 

position. Figure 3.5 shows typical dissipation curves from both sites. The piezoball profile 

is very similar in shape to the piezocone profile. Although the initial increase in the 

piezoball pore pressure, observed over approximately 50 seconds, could indicate 

inadequate saturation, similar trends have also been observed in other piezoball tests (e.g. 

Low et al., 2007; DeJong et al., 2008). In these cases significant efforts were made to 

ensure that the saturation techniques were effective and reliable, to the extent that the 

observed pore pressure lag was attributed to short-term equalization of the pore pressures 

around the probe rather than the slow response of the pore pressure measurement system.  
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A comparison between the piezoball and piezocone dissipation data is facilitated by using 

the normalized time factor, T* 

 
5.02

*

r

h

ID

tc
T   (3.2) 

where t is the dissipation time, ch is the horizontal coefficient of consolidation, D is the 

penetrometer diameter and Ir is the rigidity index (G/su, where G is the shear modulus 

determined from the dilatometer for Athlone and the seismic piezocone for Belfast 

(Lehane et al., 2003)). Since there was an increase in pore pressure at the start of the 

dissipation test, the actual initial pore pressure was determined using a square root of time 

plot (Low et al., 2007). The coefficient of consolidation, ch, was determined from the 

piezocone data in accordance with the Teh and Houlsby (1991) method. Since there is 

currently no theoretical solution for interpreting piezoball dissipation results, the ch value 

determined from piezocone tests is used in both the piezoball and piezocone 

interpretation.  

Figure 3.6 compares the piezocone and piezoball normalized dissipation curves. 

Interestingly, the piezoball and piezocone normalized time factors are similar, which 

infers that the rate of dissipation is faster around the ball than around the cone when the 

different diameters are accounted for (Dball ~ 3Dcone). This is in line with previous findings 

(Low et al., 2007; DeJong et al., 2008) and shows the clear potential for using the 

piezoball for estimating consolidation properties, particularly where the piezoball is 

standardised at a smaller diameter. 
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3.5 CONCLUSIONS 

A series of piezoball penetration and dissipation tests have been presented in order to 

assess the merits of using the piezoball to characterise soft soil sites. Results of these tests 

have been evaluated against piezocone tests, in addition to other in situ and laboratory 

results. 

Undrained shear strength profiles from both sites are seen to be in good agreement with 

established profiles using the piezoball. The difficulty in choosing an appropriate Nkt 

factor for the cone is highlighted. Dissipation tests using the piezoball have been shown 

to have significant potential for assessing the consolidation characteristics of a soil, once 

a suitable theoretical framework has been developed, especially where the piezoball 

diameter is standardised at a smaller diameter.  
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Figure 3.1.  Piezoball showing equator, mid-face and tip filter positions 
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Figure 3.2.  Material properties of: (a) Athlone (Long & O’Riordan 2001); and (b) Belfast 

(Lehane et al. 2003) 
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Figure 3.3.  (a) Athlone resistance profiles (with T-bar resistance profiles from Long and 

Gudjonsson (2004)); and (b) Belfast resistance profiles (with piezocone data from 

Lehane et al. (2003)) 
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Figure 3.4.  su profiles for: (a) Athlone (with FVT results and T-bar profiles from Long and 

Gudjonsson (2004); and (b) Belfast (with FVT and piezocone profiles from Lehane 

et al. (2003)) 
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Figure 3.5.  Piezocone and piezoball dissipation curves for: (a) Athlone; and (b) Belfast 

 

Figure 3.6.  Normalized piezocone and piezoball dissipation curves from Athlone and Belfast 
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CHAPTER 4. PIEZOBALL TESTING IN 

SOFT LAKE SEDIMENTS 

 

Paper published as:  

Colreavy, C., O’Loughlin, C.D. and Ward, D. (2012). Piezoball testing in soft lake 

sediments. In Proceedings of 4th International Conference on Geotechnical and 

Geophysical Site Characterisation – ISC ‘4, Recife, Brazil, 597–602.  

  

The advantages of full-flow penetrometers for measuring the undrained shear strength 

of soft soil were demonstrated in Chapter 3. In this chapter, the advantages are further 

explored through piezoball and T-bar tests in a very soft lakebed sediment. As with 

the data in Chapter 3 the data will be used to provide recommendations on piezoball 

design.  
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ABSTRACT 

This chapter presents results from a series of cone, T-bar and piezoball penetration tests 

carried out at a lakebed test site in Lough Erne, County Fermanagh, Northern Ireland. 

Penetration tests were conducted from a floating pontoon in water depths up to 4m. 

Preliminary laboratory analysis shows the lakebed sediment to have very unusual 

geotechnical properties. The penetration test results are discussed with a view towards 

assessing the relative merit of the piezoball in soft lacustrine soils. The piezoball used in 

this study is capable of measuring pore pressure at the tip, mid-face and equator positions. 

Penetration resistance and pore pressure profiles are compared. Penetration resistances 

measured in the lakebed sediment are found to be extremely low. While the T-bar and 

ball resistances are very consistent, the net cone resistance is negative. Correction to the 

measured T-bar and ball resistances were found to be significant. The ratio of extraction 

to penetration resistance is higher for the T-bar than the ball. 

4.1 INTRODUCTION 

A soft soil research site has been established in Lower Lough Erne Lake, in the north west 

of Ireland. The site is currently being used for a number of projects investigating offshore 

anchoring systems. Site investigations have been carried out at the site in order to classify 

and characterize the lakebed sediments.  

Recently full-flow penetrometers (a cylindrical T-bar or spherical ball) have emerged as 

an alternative to the conventional cone penetration test (CPT). The T-bar was originally 

developed for strength determination in the centrifuge (Stewart and Randolph, 1991) and 

its success in the lab led to its use in the field (Stewart and Randolph, 1994). The potential 

of the T-bar for use offshore was shown by Randolph et al. (1998). The ball penetrometer 
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was later developed to reduce the likelihood of non-symmetrical loading on the T-bar 

which would result in bending of the penetrometer shaft (Watson et al., 1998).  

In soft soils, the T-bar and ball have a number of advantages over the CPT (Randolph, 

2004): 

1. The measured resistance requires minimal correction to provide net resistance 

compared to the cone. 

2. Improved accuracy is obtained in soft soils due to the larger projected area of the 

full-flow devices.  

3. Accurate plasticity solutions exist relating the net penetration resistance to the 

undrained shear strength. 

More recently, pore pressure elements have been added to the ball penetrometer (Low et 

al., 2007; DeJong et al., 2008; Colreavy et al., 2010) to allow pore pressure measurements 

in a similar manner to the CPTU (CPT with pore pressure measurements).  

This chapter presents the results of the first round of investigations carried out at the 

Lough Erne site. The testing includes both piezocone and full-flow (T-bar and piezoball, 

a ball with pore pressure measurement) penetration tests. The results for each 

penetrometer are compared and the merits of full-flow devices over the conventional cone 

are assessed. 

4.2 SITE DETAILS 

The Lough Erne system is located in Co. Fermanagh, Northern Ireland and comprises two 

major lakes. Tests were carried out on the western side of Lower Lough Erne, the larger 

of the two lakes (Figure 4.1) in water depths of 3 – 4 m.  
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Lower Lough Erne lies in a deep glacial trough and is underlain principally by 

Carboniferous limestone although there are areas of Devonian and Carboniferous 

sandstone (Gibson, 1998).  

A number of bulk excavated samples have been obtained from depths up to 2.5 m and 

some preliminarily classification testing has been conducted; more extensive sampling 

and testing is scheduled for a later date. Moisture contents are high throughout with values 

in the range of 270 – 520%. The Atterberg limits are also high with plastic limits of 130 

– 180% and liquid limits of 250 – 315%. Plasticity index values are in the range 120 – 

175%. In all cases, the moisture content was approximately 1.5 times the liquid limit.  

The unit weight is constant with depth and only marginally higher than that of water at 

10.5 kN/m3.  

Obviously the geotechnical properties of the Lough Erne sediment are beyond the range 

normally encountered for soft clay sediments. This has prompted further investigations 

which are ongoing. For example, scanning electron microscope analysis is being carried 

out and typical images of the sediment are shown in Figure 4.2. Significant amounts of 

diatom and other microfossils can be seen. The presence of these microfossils can have a 

major effect on the behaviour of soil including high liquid limit, high porosity, and 

unusual compressibility (Mitchell and Soga, 2005).  

Interestingly, the Lough Erne sediment properties are similar to that reported by Díaz-

Rodríguez (2003) and Díaz-Rodríguez et al., (1998) on Mexico City clay, a soil also 

known for its unusual geotechnical properties, such as high moisture contents, high 

Atterberg limits and high effective stress friction angle. 
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4.3 TESTING EQUIPMENT 

4.3.1 Piezocone 

Piezocone tests were carried out using a cone with a standard diameter of 35.7 mm and a 

projected area of 1,000 mm2 (Figure 4.3a). The piezocone has a calibrated net area ratio, 

α, of 0.793. The cone measures pore pressure at the u2 position. Tests were carried out at 

the standard testing rate of 20 mm/s (Lunne et al., 1997). 

4.3.2 T-bar 

The T-bar in this study (Figure 4.3b) has a diameter of 40 mm and length of 250 mm. 

This gives a projected area of 10,000 mm2 (i.e. 10 times that of the standard cone). The 

T-bar was constructed from hardened steel with a lightly roughened surface. 

To use the T-bar, the cone tip is removed and re-placed with the T-bar tip. Penetration 

resistance is measured using the cone load cell. 

4.3.3 Piezoball 

The piezoball used in this study is that used by Colreavy et al. (2010) and similar to that 

used by DeJong et al. (2008). It comprises several modular components that can be 

interchanged to facilitate pore pressure measurements at either the tip, mid- face or 

equator (see Figure 4.3c). The piezoball was also constructed from hardened steel, with a 

diameter of 113 mm and a projected area of 10,000 mm2. 

Like the T-bar, the piezoball was designed so as to screw on to the piezocone cone shaft. 

Penetration resistance and pore pressure are measured by the piezocone load cell and pore 

pressure transducer. As with the piezocone, tests were carried out at the standard rate of 

20 mm/s. 
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4.3.4 Testing Rig 

The rig used in this study was a standard 3.5 tonne tracked rig which was mounted on a 

floating pontoon (Figure 4.4). The pontoon, which measures 6 m by 8 m. The rig is 

located in the centre of the pontoon and testing is carried out from water surface. 

4.4 TEST RESULTS 

4.4.1 General 

A total of 10 piezocone, T-bar and piezoball penetration tests were carried out in the same 

general vicinity. All penetration test data have been corrected for the unequal overburden 

stress and pore water pressure above and below the probes. These corrections can be 

significant, especially offshore where overburden stresses and pore water pressure can be 

high. Previous studies have shown that the adjustment to the cone is much higher than 

that for full-flow devices. Chung and Randolph (2002) demonstrated that in Burswood 

clay the required adjustment to the measured cone resistance was 19% while for the T-

bar it was only 4%. The relatively high correction for the cone is due to overburden and 

pore water pressure acting only on the front face of the cone whereas for the ball and T-

bar there is near equal pressure above and below the probe.  

The measured piezocone resistance (q) is corrected for pore pressure using  

  
2

1 uqq
t

  (4.1) 

where qt is the total tip resistance, u2 is the pore pressure measured immediately behind 

the cone and α is the unequal area ratio. The net tip resistance is then corrected for 

overburden vertical stress using  

 
vtcnet

qq   (4.2) 
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where qcnet is the cone net tip resistance and σv is the overburden vertical stress. For the 

T-bar and ball, the measured penetration resistance, q, is corrected using Equation 4.3 

(Chung and Randolph, 2004) 

   
psvTnetbnet

AAuqqq /1or  
0

   (4.3) 

where qbnet and qTnet is the net ball and T-bar penetration resistances respectively, u0 is the 

hydrostatic pore water pressure and As/Ap is the ratio of the cross sectional area of the 

shaft to the projected area of the penetrometer. Often, this correction is so small that there 

is little need to apply it (Randolph, 2004; Kelleher and Randolph, 2005; Colreavy et al., 

2010). However in cases where the pore pressure and overburden effects are large, such 

as in offshore cases, it is necessary to apply the correction. 

4.4.2 Penetration Results 

Figure 4.5 shows the measured penetration resistance. The measured T-bar and ball 

resistance profiles are in very close agreement and increase with depth. This is in keeping 

with previous observations of Boylan et al. (2007) and Colreavy et al. (2010) that the 

resistance measurements are broadly similar. The cone tip resistance varies between -10 

kPa and 20 kPa. Note that the resistance resolution for the cone is 10 kPa, whereas the 

larger projected area of the T-bar and ball probes improves the resistance resolution (with 

the same load cell) to 1 kPa. The higher resolution of the T-bar and ball is useful, 

particularly in the very soft soil encountered here. 

Each penetration result has been corrected for overburden and pore pressure. The 

correction applied to the cone resulted in negative net tip resistance values as low as -

80 kPa. The ratio of net penetration resistance to measured penetration resistance for the 

T-bar and ball is shown in Figure 4.5b. Correction to the two probes is as high as 20% 
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but in typically 10% throughout. This correction is more significant than that previously 

reported; e.g. Chung and Randolph (2002) and Long and Gudjonsson (2004) both found 

the correction in Equation 4.3 resulted in a reduction to the measured penetration 

resistance of 4%. The high correction in this case is primarily due to the extremely low 

penetration resistance.  

Figure 4.6 show the corrected penetration resistances for all of the penetration tests. Again 

the T-bar and ball profiles are very close, while the cone profile is negative throughout.  

Excess pore pressure profiles for a number of piezocone (with pore pressure measured at 

the u2 position) and piezoball (with pore pressure measured at the equator, uEQ) are shown 

in Figure 4.6b. Interestingly, there is very good agreement between the piezocone and 

piezoball profiles. In contrast, previous studies (Boylan et al., 2007; Low et al., 2007; 

Colreavy et al., 2010) showed the measured pore pressure at the ball equator was 

consistently lower than the pore pressure measured by the cone at the u2 position. A 

number of tests were carried out with the piezoball with pore pressure measured at the tip 

and mid-face. However the results from these tests are inconsistent, which may be due to 

saturation problems in a number of the tests.  

Boylan et al. (2007) and Kelleher and Randolph (2005) both showed that the ball pore 

pressure parameter, Bball, is useful for assessing soil stratigraphy. Bball is determined from  

 
bnet

ball

bnet

ball
q

uu

q

u
B 0





  (4.4) 

where uball is the pore pressure measured during ball penetration tests (where pore 

pressure is measured at either the equator, mid-face or tip).  
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Figure 4.6c shows the Bball profile from two piezoball tests with pore pressure measured 

at the equator. In general Bball is constant with depth at approximately 0.4. This is in line 

with the findings of DeJong et al. (2008) who found Bball = 0.4 in Burswood clay, but in 

contrast to Low et al. (2007) who report Bball = 0.2 for the same site.  

The extraction ratio for a full-flow penetration test is defined as the ratio of the extraction 

resistance to the penetration resistance. In uniform clays, this value should be relatively 

constant (Randolph, 2004). Figure 4.7 shows the T-bar and ball extraction ratios for 

Lough Erne. There is considerable scatter in the ball profiles. However the majority of 

profiles indicate an extraction ratio of 0.6. Interestingly the T-bar ratio is higher and is 

approximately 1 between 2 and 7 m. Boylan et al. (2007) and Low et al. (2007) both found 

that the T-bar and ball extraction ratios were similar. However, Boylan and Long (2006) 

found the T-bar extraction ratio to be lower than that for the ball with T-bar extraction 

ratios approximately 0.5 and ball ratios of 0.8. 

The T-bar and ball penetration resistances have been normalized by the effective stress 

('v) in Figure 4.8. For clarity, only the most representative T-bar and ball resistance 

profiles are shown. The normalized penetration resistances for both the ball and T-bar 

decrease from close to 20 at about 1 m to between 12 and 13 over the depth interval 2 to 

3 m. At greater depths qbnet/'v and qTnet/'v are in the range 8 to 12, with the T-bar being 

slightly lower than the ball.  

qnet/'v is equal to the undrained shear strength ratio times the penetration resistance 

factor, N, that relates penetration resistance to shear strength. Low et al. (2007) compiled 

a database of resistance factors for a number of sites worldwide. They found that in 

general NT-bar = Nball ranges from 10.0 to 14.0 (where the N factor is calibrated against su 

from triaxial compression, triaxial extension and simple shear tests).  
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This range of N factors have been applied to the values of qnet/'v in Figure 8 to give an 

average undrained shear strength ratio, su/'v, of 0.72 – 1 for the T-bar and 0.82 – 1.15 

for the ball. This is much higher than the su/'v = 0.2 to 0.3 typically encountered in 

normally consolidated soils (Jamiolkowski et al., 1985), and has been attributed in this 

case to the extremely low effective unit weight of 10.5 kN/m3. 

4.5 CONCLUSIONS 

A series of piezocone, T-bar and piezoball penetration tests have been carried out in a 

very soft lakebed sediment which has been shown to have unusual geotechnical 

properties. The results are used to evaluate the merits of full-flow penetrometers.  

Penetration resistance results for the three penetrometers highlight the advantage of full-

flow probes in very soft soil. The T-bar and piezoball penetration resistance were shown 

to be in very good agreement whereas the piezocone resistance was zero or negative 

throughout. The very low measured penetration resistances resulted in corrections for 

overburden and pore pressure effects of approximately 10% for both the T-bar and ball, 

which is higher than the typical value of 4%. The ratio of extraction resistance to 

penetration resistance was found to be 0.5 for the ball and close to 1.0 for the T-bar. The 

high T-bar ratio is due to higher than expected T-bar extraction resistances. 

The penetration resistance has been normalized by the vertical effective stress. Applying 

the normal range of T-bar and ball N factors to the normalized tip resistance resulted in 

an undrained shear strength ratio which is much higher than expected for normally 

consolidated clays. The high undrained shear strength ratios are attributed to the 

extremely low unit weights.  
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Figure 4.1.  Site location 
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Figure 4.2.  Scanning electron microscope images of Lough Erne sediment 
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Figure 4.3.  (a) Piezocone, (b) T-bar, and (c) Piezoball probes with pore pressure measurement 

at equator, mid-face and tip 

 

Figure 4.4.  CPT rig mounted on fixed pontoon 
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Figure 4.5.  (a) Measured penetration tip resistance, and (b) ratio of net tip resistance to 

measured tip resistance 
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Figure 4.6.  (a) Net penetration resistance, (b) measured excess pore pressure, and (c) ball pore 

pressure parameter, Bball 
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Figure 4.7.  Ratio of measured extraction resistance to penetration resistance 
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Figure 4.8.  Normalised T-bar and ball penetration resistance 
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CHAPTER 5. EFFECT OF SOIL BIOLOGY 

AND PORE WATER CHEMISTRY ON A 

LAKEBED SEDIMENT 

 

Paper submitted to Géotechnique (November 2016) as: 

Colreavy, C., O’Loughlin, C.D., Bishop, D. and Randolph, M.F. (2016). “Effect of soil 

biology and pore water chemistry on a lakebed sediment.”  

  

The soft lakebed sediment introduced in Chapter 4 will be explored further in this 

chapter. While the reasons for the sediments unusually high strengths are investigated, 

this chapter provides further evidence of the advantage of the piezoball penetrometer 

through in-situ and laboratory tests. An approach to determine the coefficient of 

consolidation from piezoball dissipation tests is introduced.  
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ABSTRACT 

This paper attempts to explain how a normally consolidated lakebed sediment can have 

an undrained strength ratio of approximately unity, when the lithic component of the 

sediment is less than 3% by volume. The Structured Clay Framework, coupled with 

sensitivity measurements of the sediment, show that the structure retains a very high 

strength in a remoulded state. Close examination of the sediment indicates a significant 

microfossil presence. When considered together with the depositional environment and 

local water chemistry, this suggests that the soil strength arises from a structural matrix 

of biofilm adhering to the clay and microfossil particles, which is enhanced by cross-

linking due to the presence of multi-valent cations in the local water. Laboratory scale 

piezocone, piezoball and T-bar penetrometer tests show that the strength and 

consolidation characteristics can be significantly altered by changes in the pore water 

chemistry, an observation that should be considered in geotechnical design for such soils. 

5.1 INTRODUCTION 

Traditionally, the focus of soil mechanics research has centred on the mechanical 

behaviour of sediment that can be correlated to the mineralogy and the chemistry of the 

fine lithic particles, in turn determined by the bedrock geology of the area and climatic 

conditions. However, these concepts sometimes fail to capture the behaviour of soils 

adequately, particularly those that contain organic matter. Emerging studies have shown 

the importance of considering biological activity in the formation and behaviour of 

sediments (e.g. Mitchell and Santamarina, 2005; DeJong et al., 2006; Kuo and Bolton, 

2013). For instance DeJong et al. (2006) used a common soil microorganism to 

significantly improve the engineering properties of a loose sand, whilst Kuo and Bolton 

(2013) showed that the very high strength in the upper couple of metres of a deep ocean 
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sediment was due to the action of burrowing invertebrates through the formation of 

burrows and deposition of faecal pellets. A thorough review of the role and potential of 

biology to modify engineering behaviour of soils is provided in DeJong et al. (2013).  

One such sediment with strength properties that cannot be explained by the mechanical 

behaviour of the lithic component alone is the Lough Erne lakebed sediment (Colreavy 

et al., 2012). Figure 5.1a shows in-situ penetrometer profiles for the lakebed obtained 

from T-bar and piezoball tests – with diameters of 40 mm and 113 mm respectively – 

penetrated at 20 mm/s. The effective diameter, defined as the diameter of a circle of 

equivalent projected area, of the T-bar is 113 mm. For this diameter (D) and velocity (v) 

the dimensionless velocity vD/cv > 11,000 (where the coefficient of consolidation, cv = 

0.2 mm2/s, as established from Rowe Cell tests) and the response was undrained 

(Randolph and Hope, 2004). The T-bar and piezoball profiles show that the resistance 

ratio, qnet/'v, is typically in the range 7 – 12. Despite only having a net resistance of 

10 kPa/m, the low effective stresses in the soil (the effective unit weight is only 1 kN/m3) 

result in the unusually high resistance ratio. When appropriate bearing factors of 11 for 

the ball and T-bar (Low et al. 2010) are applied the resulting undrained shear strength 

ratio, su/'v, is typically in the range 0.6 – 1.1. Vane shear tests at the same site suggest 

su/'v = 1.0 – 2.0 (Figure 5.1b). These ranges are far beyond su/'v = 0.2 – 0.3 generally 

considered for normally consolidated clay (e.g. Ladd et al., 1977). Indeed, Wroth’s (1984) 

expression for (triaxial compression) su/'v allows for a maximum normally consolidated 

undrained strength ratio of 0.86, which would require an unrealistic friction angle of 90° 

(assuming a spacing ratio of 2 and a plastic volumetric ratio of 0.8). Even allowing for 

geological aging, where normally consolidated strength ratios in high plasticity clays can 
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reach 0.4 – 0.5 (Colliat et al., 2010), the strength ratios of the Lough Erne sediments are 

very high.  

Obviously this strength cannot be due solely to the traditional concept of mechanical 

friction between particles. This paper hypothesises that additional strength is due to a 

structural matrix formed as a result of the organic matter in the sediment. This paper 

considers the origin of the sediment’s high strength through a series of laboratory tests 

designed to explore the role of the depositional environment and pore water chemistry on 

this structure. 

5.2 SITE DETAILS AND GEOLOGY 

The test site is located on the western side of Lough Erne (Figure 5.2a) which is one of 

the largest lake systems in Ireland, with two major lakes, Upper and Lower Lough Erne. 

Lower Lough Erne lies in a deep glacial trough and is principally underlain by 

carboniferous limestone with areas of Devonian and carboniferous sandstone (Gibson, 

1998; Figure 5.2b). The alignment of the shores reflects the direction of ice movement 

from east to west during the last ice-age. The southern shores are ice-scored limestones 

and ancient quartzite rocks form prominent scarps (NIEA, 2010). The area to the north of 

the site is principally peat overlying sandstone, and to the west there is a channel of 

limestone overlain by boulder clay.  

Water depths at the test site are in the range 3 to 5 m. There is little inflow or outflow in 

the area resulting in predominantly calm water. The only major inflow to the lake, from 

Upper Lough Erne in the southern corner of the lake, is approximately 24 km from the 

test site. The outflow from the lake is on the eastern side, approximately 3 km from the 

site.  
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An important step in understanding the development of the fabric and structure that is 

considered responsible for the strength of the Lough Erne sediment is a comprehension 

of the physiochemical processes that drive the aggregation deposition and early 

diagenesis of the sediment. 

5.2.1 Biological processes during soil formation 

The test site is semi-enclosed and relatively isolated, such that lithic sediment transported 

into the region is limited to periods during and after rainfall or storm events that transport 

material over land from the catchment and also resuspend sediment from the lakebed. In 

the absence of lithic sediment, accumulation is dominated by algal and microbial 

processes (Batterbee 1984, 1986). The deposition of microbial material follows a cyclic 

pattern linked to the microbial blooms associated with eutrophication events in the lake. 

The exact number of these blooms that occur in a season depend on the environmental 

conditions, such as the amount of available nutrients flowing into the lake and the pattern 

of heat stratification and mixing. In nearby Lough Auger, five of these events were 

recorded in the spring, summer and autumn of 1978 (Anderson, 1989). The process of 

eutrophication culminates in the consumption of all the oxygen in the immediate 

environment, the phytoplankton die off and body parts will accumulate on the lakebed 

(Reynolds, 1984). The lithic particles and organic matter aggregate in the water through 

self-assembly, Brownian motion and active biofilm growth, and settle to the lakebed.  

The resulting microbial ‘soup’ that forms on the lakebed is high in organics and low in 

lithic content. Micro-organisms adhere together around the lithic particles to create 

biofilms that are able to grow rapidly by feeding off the organics within the sediment. In 

fine grained soils, microfossils can form from the secretions of micro-organisms in the 

biofilms during soil formation, and can make up a significant portion of the soil solid 
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portion (Mitchell & Santamarina, 2005). These dominate the inorganic portion of the 

sediment, occupying the role usually taken by lithic particles and forming the physical 

structure of the sediment fabric. These microfossils become interconnected by the biofilm 

matrix. Diatoms, which are siliceous cell wall microfossils, usually form in either fresh 

water or marine environments, and have been shown to alter the geotechnical behaviour 

of sediments significantly; e.g. Mexico City clay (Mesri et al. 1975) and Ariake clay 

(Ohtsubo et al., 1995).  

5.2.2 The role of pore water chemistry 

The pore water chemistry and pH also has a significant effect on how the sediment forms, 

as it determines the surface charge of the lithic and micro-organism particles. The 

chemistry of the water in the lake is indicative of the geology of the area (see Table 5.1), 

with high levels of cations (sodium, magnesium and calcium). High levels of sodium 

cations (Na1+) results in a compression of the diffuse double layer around the inorganic 

particles (Mitchell and Soga, 2005). The presence of magnesium (Mg2+) and calcium 

(Ca2+) divalent cations in the pore water allows cross-linking bonding between the 

inorganic and organic anions. In addition, silicon (Si4+) - the primary cation from the 

dissolution of diatoms – promotes further cross-linking. While these cross-links can 

create an extremely strong structure, they are particularly sensitive to changes in pore 

water chemistry (Flemming and Wingender, 2010).  

It is hypothesised that the extra strength of the Lough Erne sediment, present in both the 

in-situ and reconstituted state, comes from diagenesis of the sediment components. The 

small volume of mineral and large volumes of organic matter in the sediment, along with 

the cation rich lake water, has allowed cross-linking to take place causing the particles 

(lithic and microfossils) to become bonded. In summary, the deposition of microbial 
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material, the biofilm development and the pore water chemistry contribute to the 

alteration and recombination of the organic matter in the sediment profile. Figure 5.3 

shows the hypothesised sediment structure that results from these processes. It will be 

shown later in the paper that this structure is incredibly strong. It will also be shown that 

changing the pore water chemistry can result in weakening or strengthening of the 

structure, resulting in changes to the sediments strength and consolidation characteristics. 

5.3 SEDIMENT COMPOSITION 

A series of laboratory tests were conducted on soil samples taken from the site in order 

to evaluate the composition of the sediment and establish the main geotechnical 

properties. This section describes the main constituents and composition of the sediment.  

Optical and scanning electron microscope (SEM) imaging was carried out on the 

sediment and example images are shown in Figure 5.4. Samples for optical microscope 

imaging were treated with hydrogen peroxide to remove organic matter to permit a visual 

observation of the inorganic component, while the samples for SEM imaging were oven 

dried (as the microscope chamber is at high vacuum during the imaging), but were not 

treated with hydrogen peroxide, such that the resulting images reflect both the organic 

and non-organic components. Several circular and elongated microfossils are visible in 

the optical microscope image (Figure 5.4a), which is indicative of the ongoing bacterial 

activity within the sediment. The SEM images (Figure 5.4b – f) show that the microfabric 

of the sediment is composed of individual lithic clay sized particles, up to approximately 

10 – 15 μm long, and aggregates of particles. An abundance of microfossils is also shown 

throughout.   
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The majority of the microfossils are either circular with a diameter of approximately 

40 μm (Figure 5.4c, d) or elongated with a diameter of approximately 20 μm and lengths 

of greater than 100 μm (Figure 5.4b, f). Microfossils have been shown to have a large 

internal porosity that contain significant volumes of water (Tanaka and Locat, 1999). The 

high water retention of fossiliferous soil has an effect on geotechnical properties, leading 

to high water contents and index properties, high porosity, high friction angles and 

unusual compressibility (Mesri et al., 1975; Tanaka and Locat, 1999; Shiwakoti et al., 

2002). Although the amount of microfossils has not been quantified, the abundance of 

visible microfossils in the SEM images and the hypertrophic nature of the lake suggest 

that significant numbers of microfossils are present.  

Particle size distribution (PSD) analyses were undertaken on the sediment using a laser 

diffraction optical sizing method that has been shown to be suitable for similar soils and 

give a reproducible assessment of soil sizing (Wen et al., 2002). This method measures 

the diffraction of light as individual particles pass in front of a laser. The method assumes 

the diffraction has been caused by an ideal sphere. This idealisation of the particle shape 

may lead to some differences in the measured particle size distribution from sieving and 

hydrometer results. The PSD analyses were carried out on sediment that passed through 

a 63 μm sieve. Less than 1% of the sediment was retained on the 63 μm sieve, of which 

the majority comprised shell fragments. Two specimens were taken from the sediment 

that passed through the 63 μm sieve. The first specimen was not subjected to any 

treatment, while the second specimen was mixed with a 102 mg/l sodium 

hexametaphosphate solution and subjected to ultrasound. The latter method was used to 

break down the aggregates of particles evident in the SEM images in Figure 5.4.  
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PSD curves for both the untreated and treated specimens are shown in Figure 5.5a. The 

results of the tests on the untreated specimens suggest a fines content of 90% with a clay 

content of 5 – 10%. The PSD curve for the treated specimen indicates a similar fines 

content, but a higher clay content of 20 – 25%. Thomas et al. (2005), who also used a 

single particle optical sizing method, noted that the use of dispersants and ultrasound 

shifted the PSD of West Africa clay to the left, effectively indicating that the soil 

comprised finer particles. Follow-up studies (Kuo and Bolton, 2013) identified faecal 

pellets in the sediment that were broken down during preparation, effectively leading to 

a PSD that masks the presence of larger non-lithic particles. In the case of the Lough Erne 

sediment, the observed shift of the PSD to the left with pre-treatment is considered to be 

due to the (partial) breakdown of the cross-links on the clay sized fraction, made possible 

by the input of energy from the sodium hexametaphosphate and ultrasound treatment 

rather than the breakdown of individual particles. The particle size distribution for the 

treated samples in Figure 5.5a are replotted as a histogram in Figure 5.5b. The curves for 

each of the two samples tested exhibit a bimodal distribution with a large peak at 10 – 

50 μm and a smaller peak at 0.3 μm. Tanaka and Locat (1999) reported a similar bimodal 

distribution in their study on the fossiliferous Osaka Bay clay, and attributed the low and 

high peaks to the presence of clay particles and microfossils respectively. In the case of 

Lough Erne, the high peak corresponds to the microfossils with diameters in the range of 

20 – 40 μm (as identified in the SEM images), whereas the lower peak is assumed to 

represent the clay particles.  

X-ray fluorescence (XRF) and x-ray diffraction (XRD) analyses were undertaken to 

assess the mineralogy of the sediment (Figure 5.6). Samples were first dried to remove 

all moisture prior to the analyses. The XRF results show that the most abundant element 

is silicon dioxide (SiO2), i.e. quartz. The sediment XRD pattern (Figure 5.6b) shows the 



   

  Effect of Soil Biology and Pore Water Chemistry on a Lakebed Sediment  

 

 

   119 

 

typical broad peak of counts between 20 and 30 degrees that is associated with amorphous 

biogenic silica and not pure crystalline silica (Demaster, 2003). Furthermore, many of the 

peaks associated with a pure diatom sample (shown in black) correlate with the peaks in 

the Lough Erne data, suggesting that the high silica content is due to diatoms.  

5.4 GEOTECHNICAL PROPERTIES 

The main geotechnical properties of the Lough Erne sediment are shown in Figure 5.7. 

The sediment has a high moisture content (MC = 270 – 520%) and Atterberg limits 

(plastic limit, PL = 130 – 180%, liquid limit, LL = 250 – 315%, Figure 5.7a). The moisture 

content is approximately 1.5 times the liquid limit throughout. The sediment is extremely 

plastic with a plasticity index in the range, PI = 120 – 175%. The sediment has a low unit 

weight (γ = 10.8 kN/m3, Figure 5.7b) and specific gravity (Gs = 2, Figure 5.7d) coupled 

with high void ratios (e ≈ 9, Figure 6c). Loss on ignition (LOI) tests gave values in the 

range 18-42 % (Figure 5.7e). Tests were conducted at a furnace temperature of 440 °C 

and with a burn duration of at least 3 hours until there was no further reduction in the 

sample mass in accordance with BS 1377 Part 3 (BSI, 1990). However, LOI does not give 

a direct measurement of organic content (OC) as other combustible material in the soil 

may be burned off during the test. This is reflected by the lower organic contents (OC = 

14 – 26%) determined by dichromate oxidation, while the carbon content (CC), 

determined by the rapid titration method (BSI, 1990), is 2 – 6%. It is worth noting that 

the LOI is close to the sum of the organic content and carbon content; for instance between 

0 and 2.5 m the sum of the OC and CC is 20 – 27% while the LOI over the same depth 

range is 18 – 34%.  

The high moisture limits and low unit weights and specific gravity values can be linked 

to the presence of the microfossils identified in the microscope imaging and the organic 
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matter found through peroxide oxidation. Similar fossiliferous soils, such as Mexico City 

clay, have moisture contents in the range of 500% with a plasticity index of 350% (Mesri 

et al., 1975). Similarly, large volumes of water are likely to be trapped within the 

aggregates of particles identified in the SEM images and indicated by the PSD analyses. 

The water trapped within the aggregates and microfossils give the sediment its low unit 

weight and support an incredibly open structure. However, the water within this 

intraskeletal pore space is not considered to play a role in soil behaviour (Tanaka and 

Locat, 1998; Blake and O’Loughlin, 2015), such that existing correlations of geotechnical 

parameters with moisture content based index properties are likely to be unreliable.  

Although the organic content is moderate, even small amounts of organics can have 

significant impact on the geotechnical properties of soils (Landva et al., 1983; Edil and 

Wang, 2000). As the density of organic matter is low relative to lithic matter, organic 

contents – determined from mass ratios – do not reflect the relative volume of organic 

portion in the sediment. A visual examination of the sediment shows little plant material, 

implying that most of the organic matter is non-fibrous and is likely organism based, 

consistent with the depositional process described earlier.   

The high moisture content, moderate LOI value, presence of microfossils and 

depositional environment suggest that there is only a small lithic fraction present. On 

average the moisture content is 450% (i.e. a ratio of 4.5:1 moisture to solid particles), 

meaning that only 18% of the sediment by mass are solids. The average LOI of 30% infers 

that 70% of the dry solids are incombustible, i.e. 13% of the sediment by mass are 

incombustible solids. The evidence of microfossils in the SEM images shows that not all 

the non-combustible solid fraction is lithic. If the microfossils make up half of the 

inorganic solid portion, only 6.5% of the sediment by mass would be lithic material. 
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Given the sediment bulk density of 1.1 Mg/m3 and the density of quartz of 2.65 Mg/m3, 

this corresponds to less than 3% of lithic material in the soil by volume, which suggests 

that there are very few clay particles available for the type of particle interactions 

generally associated with the soil mechanics of high plasticity sediments. 

5.5 SEDIMENT STRUCTURE 

The high void ratios and intraskeletal porosity, low unit weights and low lithic content of 

the Lough Erne sediment suggest an incredibly open soil structure with weak inter-

particle bonding and minimal particle-to-particle interactions. In contrast, the field 

penetration and vane shear tests suggest the sediment has an unusually high strength. The 

level of natural structure in a sediment can be assessed through the Structured Clay 

framework, proposed by Burland (1990) and adapted for very soft soils by Bishop (2010), 

which compares the normalised void ratio – effective stress state of the soil in natural and 

reconstituted states.  

Burland (1990) proposed the void index, Iv, as a means of normalising composition effects 

of different soils. The degree of structure in the Lough Erne sediment is assessed semi-

quantitatively in Figure 5.8, which plots the in-situ void ratio – effective stress state 

together with the intrinsic compression line (ICL) and the sedimentary compression line 

(SCL) as defined by Burland (1990) and later by Cotecchia and Chandler (2000). Iv has 

been estimated using the relationships in Chandler (2000).  

The ICL represents the intrinsic behaviour of natural clay (with all structure removed) 

while the SCL represents the compressional response of a structured clay due to purely 

gravitational loading. The position of the in situ sediment state, relative to the ICL, is 

indicative of the structure; the further to the right the in situ state plots, the more structured 
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the sediment. The in situ state for Lough Erne sediment plots far to the right of the ICL 

on Figure 5.8, confirming the incredibly strong structure of the sediment (i.e. the Lough 

Erne sediment can support a relatively high stress at a very high void index). The position 

of the Lough Erne sediment in situ state relative to the SCL demonstrates that the structure 

is well above that exhibited by most clay sediments under purely gravitational loading. 

Cotecchia and Chandler (2000) showed that the distance between the in situ state and the 

ICL is indicative of the soil sensitivity. This is demonstrated in Figure 5.8 for several 

sensitive Norwegian soils, where in general the soils with higher sensitivities plot further 

away from the ICL.  

The distance between the in situ state and the ICL suggests the Lough Erne sediment has 

a strength sensitivity of approximately 50. Similarly, the high natural water content 

relative to the liquid limit suggests high sensitivity (Skempton and Northey, 1952). The 

sensitivity of the Lough Erne sediment was assessed from in-situ piezoball cyclic 

remoulding tests and vane shear tests. The piezoball cyclic remoulding tests involved 

vertical cycling of the penetrometer over 0.5 m (±0.25 m or ±2 ball diameters) for at least 

10 cycles and until the penetration resistance reached a steady value. A typical response 

is provided in Figure 5.9a, which is shown more clearly as degradation factor against 

cycle number in Figure 5.9b.  

As Figure 5.9b shows, the degradation factor reaches a constant value after approximately 

7 to 8 cycles. The inverse of the final q(n)/qin ratio is termed the resistance sensitivity and 

gives an indication of the strength sensitivity. The final degradation factor for the test 

shown in Figure 5.9b is 0.4; additional tests at different depths and locations resulted in 

q(n)/qin = 0.4 – 0.5, which corresponds to a resistance sensitivity in the range 2.0 – 2.5. 

This range is similar to, but narrower than, the range in strength sensitivity assessed from 
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in situ vane shear tests, which gave 1.6 – 4.5. These results clearly show that unlike other 

structured soils, such as the Norwegian clays shown in Figure 8, the Lough Erne sediment 

is not a highly sensitive soil.  

In summary, while the relative position of the Lough Erne sediment in situ stress state in 

Figure 5.8 demonstrates an extremely strong structure, this is only partly broken down by 

remoulding (see Figure 5.9). The very low clay mineral content suggests that the sediment 

structure does not come from the mechanical interaction of the clay minerals while the 

high volume of organic material and the presence of microfossils indicates that there is 

significant biofilm activity in the sediment. The resulting structure is formed from the 

biofilm adhering to the clay and microfossil particles, while multi-valent cations in the 

lakewater promote cross-linking between the particles, further enhancing the structure.  

5.6 EFFECT OF SEDIMENT STRUCTURE ON STRENGTH AND 

 CONSOLIDATION PROPERTIES 

In an attempt to understand the very high undrained shear strength ratios derived from the 

field penetrometer and vane shear tests shown in Figure 5.1, laboratory scale penetration 

tests were carried out on samples of reconstituted Lough Erne sediment. The laboratory 

penetration tests employed a 20 mm diameter piezoball, a T-bar (20 mm long × 5 mm in 

diameter) and a 10 mm diameter piezocone. Pore pressure was measured at the piezoball 

equator and mid-face positions and on the piezocone shoulder (u2 position). The 

penetration velocity was v = 0.56 mm/s for the piezoball, 1 mm/s for the T-bar and 1.12 

mm/s for the piezocone, such that the dimensionless group vD/cv = 56 (where D is the 

penetrometer diameter and the coefficient of consolidation, cv = 0.2 mm2/s, as established 

from Rowe Cell tests) and the response was primarily undrained (Randolph and Hope, 

2004). The sediment was reconstituted by mixing bulk samples by hand with water to 
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form a slurry at a moisture content of 550% (approximately twice the liquid limit). 

Manual rather than mechanical mixing was preferred to avoid potential breakage of the 

micro-structure of the sediment. Mixing was continued until the macro-structure of the 

sediment was deemed fully reconstituted and the sediment could be poured into 

consolidation tubes. The tubes had an internal diameter of 150 mm and a height of 

400 mm. The samples were preconsolidated to either 5 or 10 kPa, similar to the effective 

stress at depths of 5 m and 10 m in the field. The sample height was monitored during 

consolidation and tests were carried out once consolidation appeared to be practically 

complete. Void ratios at the end of testing were similar to those at similar stresses in the 

field (approximately 9). The laboratory penetrometer tests were conducted whilst 

maintaining a surcharge pressure of between 5 and 10 kPa on the surface of the sample 

to ensure that the soil remained in a normally consolidated soil state, as in the field tests. 

To validate the hypothesised role that pore water chemistry plays in the soil structure (and 

hence strength), the water chemistry was modified between samples. A total of five 

samples were reconstituted: the first three using tap water, a fourth sample using 

deionised water and a fifth sample using a 2% (by mass) calcium chloride-deionised water 

solution. Tap water in the locality (Perth, Western Australia) comes from a mix of 

groundwater, surface water and desalination sources. Some of the relevant tap water 

properties are listed in Table 5.1. Importantly, much like the Lough Erne lake water, the 

tap water in Perth is characterised as having similar levels of available cations (Ca2+, Mg2+ 

and Na1+) (Bowman, 2015 personal communication).   

In addition to the expected influence of water chemistry on soil strength, changes in the 

ion concentration of the pore water is expected to influence the permeability and 

consolidation properties of the soil. For example, Horpibulsuk et al. (2011) showed that 
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increasing the pore water ion concentration of kaolinite caused the particles to coagulate, 

decreasing the permeability, while increasing the ion concentration of the pore water in 

bentonite caused compression of the particle diffuse double layer and increased the 

permeability.   

Consolidation characteristics of the Lough Erne sediment were assessed through 

piezoball and piezocone (diameter = 35.7 mm) dissipation tests for both the in situ soil 

(using field scale penetrometers) and the reconstituted soil (using the laboratory scale 

penetrometers). Rowe Cell tests were also conducted on samples reconstituted with tap 

water.  

During a penetrometer dissipation test, penetration is paused and the change in excess 

pore pressure is monitored over a period of time. Plotting the change in excess pore 

pressure (Δu) normalised by the initial value (Δui), U = Δu/Δui, against non-dimensional 

time allows the coefficient of consolidation (ch) to be determined by adjusting ch in the 

non-dimensional time term, such that the measured response matches a theoretical 

solution. In the case of the piezocone, the Teh and Houlsby (1991) is the most common 

interpretation method, where the non-dimensional time is calculated as 

  5.02

*

r

h

ID

tc
T   (5.1) 

where t is the dissipation time, D is the piezocone diameter and Ir is the rigidity index (Ir 

= G/su, where G is the shear modulus). The use of subscript h for the coefficient of 

consolidation reflects the predominantly horizontal flow paths and the swelling nature of 

the strain path. 
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Interpretation of a piezoball dissipation test is based on the Mahmoodzadeh et al. (2015) 

numerical solution, using a non-dimensional time calculated as  

  25.0

rb

h
b

dID

tc
T   (5.2)  

where Db and d are the diameter of the ball and shaft respectively.  

Both solutions depend on the rigidity index, Ir. As Ir is often either unknown or difficult 

to assess, it is often selected on the basis of an empirical correlation, such as that proposed 

by Mayne (2001): 
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  (5.3)  

Equation 5.3 gives Ir = 1 for the Lough Erne sediment using an average plasticity index 

PI = 135% and an overconsolidation ratio OCR = 1. However, the database used to derive 

Equation 5.3 was limited to soil with PI of 50% with Ir of 30 at OCR = 1. Therefore Ir = 

30 was used in the analysis here. Although such a low Ir may be questionable, it is 

sufficient for the comparative analysis considered here. The initial excess pore pressure, 

Δui, was estimated at t = 0 using the root time (√t) extrapolation method described by 

Sully et al. (1999). This method accounts for the redistribution of pore pressure around 

the ball in the initial stages of dissipation. However, and as also noted by Colreavy et al. 

(2016a, 2016b), this approach resulted in Δui values for the piezoball mid-face position 

that were very similar to the measured value at t = 0.  

5.6.1 Soil Strength 

Results of the laboratory penetration tests are shown in Figure 5.10 as net penetration 

resistance, qnet, against sample depth. Values of qnet/σ'v are in the range 7 – 13, similar to 
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that measured in the field, indicating that the reconstitution process – mixing the sediment 

with water by hand – did not break down the structure of the soil.  

The effect of changing the pore water chemistry on the normalised net T-bar penetration 

resistance, qTnet/σ'v, is demonstrated in Figure 5.11. Deionised water leads to qTnet/σ'v = 

7.6 (su/'v = 0.6) compared with qTnet/σ'v = 12.2 (su/'v = 1) for a sample reconstituted 

with tap water. This decrease in strength may be explained by the osmotic effect of the 

deionised water, which provides zones of low ion concentration outside the network of 

bonds. This draws ions away from the biomass matrix, removing or weakening the cross-

links between the particles and hence reducing the degree of structure.  

In contrast, adding calcium chloride to deionised water (i.e. increasing the availability of 

exchangeable ions in the pore water) increases qTnet/σ'v to 17.5 (su/'v = 1.5). As more 

calcium ions are now available to allow cross-linking, extra bonding takes place between 

the mineral and organic constituents in the soil.  

The effect of water chemistry changes on the sensitivity of the sediment was analysed by 

comparing cyclic remoulding tests in each sample (Figure 5.12). The degradation profiles 

show that the ratio between intact and remoulded resistance reaches q(n)/qin = 0.3 – 0.4, 

with no apparent bias with pore water. The upper end of this range is identical to q(n)/qin 

= 0.4 measured in situ (Figure 5.9b), suggesting that the extra structure created by the 

cross links is intrinsic to the soil and cannot be removed by mechanical breakdown.  

5.6.2 Consolidation Properties 

Dissipation responses from in-situ and laboratory tests are shown in Figure 5.13a and 

Figure 5.13b for the piezocone and piezoball respectively, with ch adjusted to best match 

the theoretical curves from Teh and Houlsby (1991) and Mahmoodzadeh et al. (2015). 
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The experimental dissipation profiles for the piezocone and the piezoball equator position 

initially show a significant rise in excess pore pressure at the start of the dissipation, which 

is attributed to redistribution of pore pressure following pauses in penetration (Chai et al., 

2012; Mahmoodzadeh and Randolph, 2014; Colreavy et al., 2016b). Note that the scatter 

in some of the dissipation curves is due to movement of the testing barge. 

In addition to the dissipation tests, constant rate of load Rowe cell tests were conducted 

on specimens taken from tube samples of reconstituted sediment. Figure 5.14 compares 

the derived coefficient of consolidation values from the field and laboratory dissipation 

tests and the laboratory Rowe cell tests. 

The coefficients of consolidation derived from the field piezocone dissipation tests are in 

the range ch = 3.8 – 6.7 mm2/s at an effective stress level, σ'v in the range 2 – 6 kPa, 

slightly higher than ch = 0.6 – 1.1 mm2/s at σ'v in the range 6 – 8 kPa derived from the 

field piezoball (equator) dissipation tests. Equivalent laboratory tests (with a maintained 

vertical effective stress, σ'v in the range 5 – 10 kPa) gave ch values that were up to two 

orders of magnitude lower: ch = 0.06 – 0.14 mm2/s and 0.11 – 0.23 mm2/s from piezocone 

and piezoball (equator and mid-face) dissipations respectively. The coefficient of vertical 

consolidation, cv, from the Rowe cell reduce from cv = 0.2 mm2/s at σ'v = 2 kPa to cv = 

0.05 mm2/s at σ'v = 20 kPa. This is similar to the range of ch measured in the laboratory 

dissipation tests, indicating minimal permeability and stiffness anisotropy for the 

reconstituted soil.  

To assess the effect of water chemistry on consolidation parameters, a number of 

piezocone dissipation tests were conducted on the samples reconstituted with deionised 

water and deionised water with CaCl2. The results from these tests are shown in Figure 

5.15, where it is apparent that the dissipation response for samples consolidated with tap 
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water and deionised water is similar, whereas the addition of calcium causes an apparent 

increase in ch by a factor of almost four to ch = 0.23 mm2/s. This increase is considered to 

be due to a combination of higher permeability and higher stiffness (inferred from the 

higher penetration resistance in Figure 5.11), such that the increase in permeability due 

to the addition of calcium is less than the increase in ch.  

5.7 CONCLUDING REMARKS 

This paper has highlighted the influence of depositional conditions, biological content 

and pore water chemistry on the strength and consolidation characteristics of a soft 

lakebed sediment. In situ T-bar and piezoball penetrometer tests indicate a very high 

undrained shear strength ratio that cannot be explained by particle friction. The Structured 

Clay framework suggests that the sediment is highly structured, yet the soil strength only 

degrades moderately during mechanical remoulding. The paper shows that the 

depositional environment, which is typified by low lithic input and high biological 

content, and the pore water chemistry are the main contributors to the strength and 

structure of the sediment.  

The main contribution of the paper is revealing the extent to which soil biology and pore 

water can influence soil strength and consolidation properties. Tests described in the 

paper show that altering the calcium content of the pore water can increase the undrained 

shear strength by up to 50% and an apparent increase in the coefficient of consolidation 

by up to 400%. The implication for geotechnical design is the risk that changes in the 

local water chemistry (either by natural means or otherwise) could significantly impact 

soil strength and permeability.  
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Table 5.1.  Water chemistry of Lower Lough Erne and Perth tap water. Lough Erne data are 

annual means from the Broad Lough station for 1993 - 1996 (Gibson, 1998). Perth 

tap water data are from Bowman (2015, personal communication). 

Constituent 
Concentration 

Lough Erne Perth tap water 

Ca (mg l-1) 30 18 

Mg (mg l-1) 3.6 4.6 

Na (mg l-1) 8.9 105 

K (mg l-1) 2.7 4.6 

Cl (mg l-1) 14.7 - 

SO4 (mg l-1) 10.7 15 

Alkalinity (meq l-1) 1.54 71 

Conductivity (μS cm-1) 221 - 

pH 7.81 7.90 

Secchi transparency (m) 2.05 - 

Chlorophyll a (mg l-1) 5 - 

Total P (mg l-1) 59 - 

Total soluble P(mg l-1) 47 - 

Soluble reactive P (mg l-1) 33 - 

NO3-N (mg l-1) 0.73 - 

NH4-N (mg l-1) 29 - 

Total Kjedhal N (mg l-1) 0.85 - 

Soluble Kjedhal N (mg l-1) 0.66 - 

SiO2 (mg l-1) 2.34 - 
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Figure 5.1.  In-situ test results: (a) T-bar and piezoball normalised resistance profiles and (b) 

vane shear undrained shear strength ratios 
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Figure 5.2.  Lough Erne: (a) site location and (b) geological base map  
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Figure 5.3.  Hypothesised representation of structure of Lough Erne sediment  
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(a)    (b) 

 

(b)    (d) 

 

(e)   (f) 

Figure 5.4.  (a) Optical and (b), (c), (d), (e) (f) scanning electron microscope images of the 

Lough Erne sediment showing the presence of microfossils 
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Figure 5.5.  Lough Erne sediment: (a) particle size distribution and (b) histogram of treated 

sample particle sizes 
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Figure 5.6.  Lough Erne: (a) x-ray fluorescence (XRF) and (b) x-ray diffraction (XRD) results 

compared to those of a pure diatom sample (Demaster, 2003)  
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Figure 5.7.  Lough Erne sediment property profiles: (a) moisture content and Atterberg limits, 

(b) unit weight, (c) void ratio, (d) specific gravity and (e) loss on ignition, organic 

and carbon contents 

 

Figure 5.8.  In situ state of Lough Erne sediment compared to those of several other soils with 

varying sensitivity from Burland (1990), and the intrinsic compression and 

sedimentary compression lines. Lines showing apparent sensitivity from Cotecchia 

and Chandler (2000) 
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Figure 5.9.  In situ piezoball cyclic remoulding test: (a) change in penetration resistance and (b) 

degradation of penetration resistance with cycle number 

 

Figure 5.10.  Normalised net penetration resistance profiles from laboratory penetrometer tests 
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Figure 5.11.  Effect of changing water chemistry on normalised net T-bar penetration resistance 

 

Figure 5.12.  Effect of changing water chemistry on cyclic remoulding degradation 
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Figure 5.13.  Piezoball and piezocone dissipation profiles from in situ and laboratory tests for: (a) 

piezocone and (b) piezoball 
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Figure 5.14.  Range of ch and cv from laboratory and in situ tests 

 

Figure 5.15.  Effect of adding CaCl2 to pore water on piezocone dissipation times 
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CHAPTER 6. EXPERIENCE WITH A DUAL 

PORE PRESSURE ELEMENT PIEZOBALL 

 

Paper published in the International Journal of Physical Modelling on Geotechnics on 

12th October 2015 as: 

Colreavy, C., O’Loughlin, C.D. and Randolph, M.F. (2015). “Experience with a dual pore 

pressure element piezoball.” International Journal of Physical Modelling in Geotechnics, 

16(3), 101–118. 

  

Earlier field tests described in Chapter 3 and Chapter 5 demonstrated that the non-

dimensional dissipation at the piezoball equator position is quicker than the piezocone. 

Also, studies have suggested there is merit in measuring pore pressure at more than 

one location. This led to the development of a centrifuge scale dual pore pressure 

element piezoball penetrometer which concurrently measures pore pressure at the 

equator and mid-face. The merits of this device are tested in kaolin clay in the 

centrifuge.   
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ABSTRACT 

Piezoballs, which are full-flow ball penetrometers incorporating pore pressure 

measurements, are an attractive soft soil characterisation tool as they allow measurement 

of the intact and remoulded strength and the consolidation coefficient in a single test. The 

merit of full-flow penetrometers as a reliable tool that is superior to the cone in 

quantifying the strength of soft clay is gaining acceptance. Much of the recent focus on 

piezoballs has been on the pore pressure measurement location. Prompted by recent 

studies that highlight the merit of measuring pore pressure concurrently at more than one 

measurement location, this chapter considers a new centrifuge scale piezoball, with 

simultaneous pore pressure measurement at the equator and mid-face positions. Results 

from centrifuge tests in normally consolidated kaolin clay form the basis for the 

examination and yield coefficients of consolidation that are consistent with values derived 

using a number of different methods. Although the mid-face position appears to be the 

more sensible pore pressure measurement position for dissipation tests, consideration of 

the values measured at both positions provide strong indications of the drainage response 

during penetration, which is shown in this chapter to be important for deriving 

coefficients of consolidation from subsequent dissipation phases. 

6.1 INTRODUCTION 

Most of the early research into full-flow penetrometers focused on their use as a strength 

profiling tool (Stewart and Randolph, 1991, 1994; Watson et al., 1998; Chung and 

Randolph, 2004). The benefits of full-flow penetrometers in strength profiling arise from 

improved resolution afforded by the higher projected area of the full-flow probe 

compared with a cone, and near equal pressure above and below the probe due to the full-

flow soil mechanism (neglecting the relatively small cross sectional area of the 
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penetrometer shaft). Conversion factors for transforming full-flow penetrometer 

resistance to soil strength have rigorous theoretical solutions (Randolph and Houlsby, 

1984; Randolph et al., 2000; Martin and Randolph, 2006), with little influence from in 

situ stresses or soil stiffness, in contrast to the cone for which the resistance is affected by 

both. It is recommended that full-flow penetrometer tests include episodes of cyclic 

remoulding, allowing the degradation of strength from the intact to the fully remoulded 

value to be quantified, and also as a check on load cell offsets (Randolph et al., 2007). 

The ball penetrometer is particularly suited for offshore use as (unlike the T-bar) the 

axisymmetry avoids load cell bending and the geometry is suited to downhole testing. 

Pore pressure sensors have recently been added to the ball penetrometer, leading to the 

term ‘piezoball’ (Peuchen et al., 2005; Low et al., 2007; Boylan et al., 2007; DeJong et 

al., 2008; Colreavy et al., 2010), allowing consolidation characteristics to be assessed 

during a pause in the penetration where the pore pressure is monitored during dissipation, 

similar to dissipation phases in a cone penetrometer test. 

The location of the pore pressure measurement location will affect the measured pore 

pressure response (Boylan et al., 2010). At the tip of the piezoball, where the soil is 

undergoing large compressive stresses in saturated soil, high pore pressures will be 

generated. At the equator (one half diameter from the piezoball tip) where the soil is 

primarily experiencing pure shearing, the generated pore pressure will be lower and may 

be positive or negative depending on the tendency for the soil to dilate or contract. At the 

mid-face (midway between the tip and equator) the pore pressure response will be 

somewhat between that at the tip and that at the equator. Each of these three measurement 

locations have been considered in previously reported centrifuge and field studies 

(Kelleher and Randolph, 2005; Low et al., 2007; Boylan and Long, 2006; Boylan et al., 

2010; Colreavy et al., 2012; Mahmoodzadeh and Randolph, 2014), see Figure 6.1, but 
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with no current consensus as to the ‘optimal’ location, noting that the optimum may be 

more than one concurrent measurement. Kelleher and Randolph (2005) showed that pore 

pressure measured at the piezoball equator location exhibited a greater sensitivity to 

changes in the soil stratigraphy compared to the piezocone. Both Low et al. (2007) and 

Colreavy et al. (2010) found that dissipation times for the piezoball equator position were 

longer than for the piezocone, for a piezoball diameter of about 2.2 to 3.2 times the cone 

diameter. However, the reverse was found for dissipation times at the piezoball mid-face 

position for a piezoball diameter 1.5 times the cone diameter (Mahmoodzadeh and 

Randolph, 2014).  

Mahmoodzadeh and Randolph (2014) showed the benefit of measuring pore pressure at 

more than one location. That centrifuge study was carried out by combining the response 

from separate tests using two piezoballs with mid-face and equator pore pressure 

measurements in the respective penetrometers. That work is extended here through a 

centrifuge study using a newly developed dual pore pressure element piezoball that 

measures pore pressure concurrently at the mid-face and equator positions. The benefits 

of measuring pore pressure in the one device rather than in two separate tests include 

reduced testing times and greater reliability in the pore pressure profiles, given that even 

where attempts are made to ensure a homogenous sample, there may be some differences 

between test locations. The potential for this new device to measure intact and remoulded 

strength and the coefficient of consolidation accurately in a single test is examined 

through standard penetrometer tests and tests involving cyclic remoulding episodes, 

penetration pauses and penetration velocity changes. 



   

  Experience with a Dual Pore Pressure Element Piezoball 

 

 

   147 

 

6.2 CENTRIFUGE TESTING 

The centrifuge tests were carried out at 100 g using the 40 g-tonnes 1.8 m radius fixed-

beam centrifuge located at the University of Western Australia (UWA). The test series 

involved in-flight penetration of a newly designed piezoball penetrometer (described in 

the following section) into normally consolidated kaolin clay. Penetration was achieved 

using an electrically driven actuator with two degrees of freedom, which allowed multiple 

tests to be carried out in flight without stopping the centrifuge. The actuator control 

software (PACS, De Catania et al., 2010) allows complex load or displacement test 

sequences to be input before the test, a feature that was utilised in the twitch, cyclic 

remoulding and dissipation tests (under displacement and load control) described in this 

paper. 

6.2.1 Test Equipment 

A new dual element piezoball was designed and fabricated for the tests described here 

(Figure 6.2). The spherical probe of the piezoball has a diameter, Db = 20 mm and is 

connected to a shaft of shaft diameter, d = 5 mm (giving a shaft to ball area ratio of 0.06). 

Strain gauges are located near the base of the shaft (mid gauge position is 15 mm above 

the ball) to measure the net bearing pressure during penetration and extraction. The strain 

gauged section is covered by a protective sleeve that eliminates any signal variations 

associated with lateral pressures on the gauges. The wall thickness of the strain gauged 

section of the shaft was designed for a safe working load of 440 N, equivalent to a 

resistance of 1,400 kPa for this 20 mm diameter piezoball. 

The piezoball is fitted with two Kyowa (PS-10KC) side entry total pressure sensors with 

a diameter of 6 mm and a measurement range of ±1 MPa, which when coupled with a 
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filter, allowed simultaneous measurement of pore water pressure at the mid-face and 

equator positions. For ease of saturation the pressure sensors were located as close as 

possible to the filter media. This was achieved by locating the sensors in cylindrical voids 

created in the upper hemisphere of the piezoball, such that the sensing diaphragm of the 

pressure sensor was just above the measurement location. The void above each pressure 

sensor was then filled with a stiff epoxy to maintain the spherical shape of the 

penetrometer. A 1 mm diameter fluid channel, up to 8 mm long, connects the filter 

position to the sensing diaphragm of the pressure sensor. The filters are circular rings of 

polyethylene, 1.3 mm high and 1.5 mm deep, with an average pore size of 35 µm. This 

material was chosen as the circular filter rings can be easily cut without specialist tools; 

previous use as pore pressure filters in piezocones and model foundations at UWA has 

shown it to be adequate in preventing filter clogging in clay. A ceramic filter with an 

average pore size of 10 µm may be more appropriate for use in silt. Saturation was 

achieved by placing the penetrometer (with the filter in place) in silicon oil under a 

vacuum of 100 kPa for 24 hours before testing. Saturation was maintained by keeping the 

probe under oil or water before testing and checked both before and after penetration tests 

by cycling the penetrometer up and down in the free water above the soil to check that 

there was no apparent hysteresis in the insertion and extraction pore pressure response.  

Additional penetration tests were carried out using a T-bar and piezocone. The T-bar 

penetrometer consists of a cylindrical bar 5 × 20 mm (diameter × length) attached 

perpendicularly to the end of a 4.5 mm diameter shaft (shaft to probe area ratio of 0.2). 

The piezocone penetrometer is 10 mm in diameter, has an apex angle of 60° and measures 

pore pressure at the u2 position, just behind the cone shoulder. The piezocone filter was 

cut from the same polyethylene material and the saturation procedure was the same as 

described for the piezoball. 



   

  Experience with a Dual Pore Pressure Element Piezoball 

 

 

   149 

 

6.2.2 Sample Preparation and Soil Properties 

Tests were conducted in two samples of normally consolidated kaolin clay. Commercially 

available kaolin clay has been used as a proxy for natural clay in centrifuge tests at UWA 

for over two decades and its properties are now well understood. The geotechnical 

properties of UWA kaolin clay were first reported by Stewart (1992) as summarised in 

Table 6.1. Checks on these properties, made periodically in the intervening years, confirm 

that the properties listed in Table 6.1 still pertain to recently sourced UWA kaolin. Of 

particular interest to this study is the coefficient of consolidation of UWA kaolin. Several 

studies have reported the vertical coefficient of consolidation (cv) of UWA kaolin as 

assessed through one-dimensional Rowe cell tests conducted over a 20 year period. Some 

of these results are summarised in Figure 6.3. Collectively the data show the expected 

increase in cv with effective stress level. The Stewart (1992) and the House et al. (2001) 

datasets are in good agreement with cv increasing from about 0.09 mm2/s at 50 kPa to 

0.16 mm2/s at 200 kPa. The more recent Richardson et al. (2009) dataset indicates slightly 

lower values of cv by about 26% on average.  

Dry kaolin powder was mixed with water under vacuum for about 24 hours to form a 

slurry with a moisture content of 120%. The slurry was then poured slowly though a hose 

from the base of the mixer into a centrifuge ‘strongbox’ with internal dimensions 650 × 

390 × 335 mm (length × width × height). A 10 mm layer of sand was placed at the base 

of the strongbox before pouring the clay slurry to ensure that there was no hydraulic 

gradient between the top and base of the sample during and after consolidation. The 

sample was consolidated in-flight for 5 days at the eventual test acceleration of 100 g, 

with additional slurry added to the sample to ensure a final sample height of 215 to 

225 mm (21.5 to 22.5 m in equivalent prototype scale, zp) was achieved. 
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6.3 PENETROMETER TESTING 

The undrained shear strength, su, of soil can be deduced from the undrained penetration 

resistance, q, through the use of a bearing factor, N, with 

 
N

q
s

u
  (6.1) 

However, the uneven distribution of overburden and pore pressure around the 

penetrometer probe requires that the measured tip resistance is corrected to obtain the net 

resistance using (Lunne et al., 1997) 

     1
2

uqq
vcnet

 (6.2) 

where qcnet is the net piezocone resistance, v is the vertical total stress and α is the 

unequal area ratio calibrated in a pressure chamber as 0.8. In the case of the piezocone, 

this correction can be significant, particularly where ambient pressures are high. As the 

in situ pressure acts all around the T-bar or piezoball probe (with the exception of the 

small shaft area at the top of the probe), the correction is usually much lower (Chung and 

Randolph, 2004), with the net resistance expressed as 

    psvTnetbnet AAuqqq /1or  0    (6.3) 

where qbnet and qTnet are the net piezoball and T-bar penetration resistance respectively, 

u0 is the hydrostatic pore pressure and As/Ap is the ratio of the shaft projected area to the 

probe projected area. The unequal area ratio, α was calibrated in a pressure chamber to 

be 0.84 and 0.79 for the piezoball and T-bar respectively.  

As demonstrated by Finnie and Randolph (1994), the drainage conditions around an 

advancing penetrometer depend on the penetration velocity, v, the probe diameter, D and 
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the coefficient of vertical consolidation. Chung et al. (2006) showed that the consolidation 

around an advancing penetrometer depends more on the projected area of the 

penetrometer rather than the diameter. Therefore in the case of the T-bar, the drainage 

conditions are related to the effective diameter, De, defined as the diameter of a circle 

with the same projected area of the penetrometer probe. The non-dimensional velocity, 

V', is used as a measure of the drainage conditions: 

 
h

e

c

vD
V   (6.4) 

To date the preference has been to use the coefficient of vertical consolidation, cv in 

Equation 6.4, where cv was typically based on results from laboratory oedometer or Rowe 

cell tests. However, as argued by Lehane et al. (2009), the coefficient of horizontal (rather 

than vertical) consolidation, ch, may be more appropriate as this is more likely to govern 

the drainage response. Furthermore, as ch rather than cv is measured during an in situ 

piezocone or piezoball dissipation test, it may be argued that the degree of drainage 

generated during a penetrometer test may be more readily quantified using the 

consolidation coefficient measured during the same penetrometer test. V' rather than the 

more common V is used here to reflect the use of ch and not cv in Equation 6.4. 

6.4 RESULTS AND DISCUSSION 

6.4.1 Penetration Tests 

Example net penetration resistance profiles obtained from each penetrometer are shown 

in Figure 6.4a. The penetration velocity in each test was adjusted such that vDe was 

constant and hence V' (Equation 6.4) and the drainage response was equivalent for each 

penetrometer. A value of V' = 30 was targeted for each test, based on an assumed average 
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ch = 0.4 mm2/s over the penetration depth such that vDe = 11.28 mm2/s and the penetration 

velocity, v = 0.56, 1 and 1.13 mm/s for the piezoball, T-bar and piezocone respectively. 

The net penetration resistance for the three penetrometers are broadly similar, with the 

exception of apparently stronger soil beneath the levels at which dissipation phases were 

conducted. Notably, the net piezocone penetration resistance, qcnet, is close to the net T-

bar resistance, which is somewhat surprising given that cone resistance is generally 

associated with higher bearing factors to translate net penetration resistance to undrained 

shear strength. At depths greater than 7 m, the piezoball resistance is approximately 10% 

higher than the T-bar resistance, similar to observations from previous studies (Low et 

al., 2010; DeJong et al., 2011).  

The dashed line in Figure 6.4a represents an undrained strength ratio su/σ'v = 0.18 (where 

su = qnet/N) using the commonly adopted bearing factor N = 10.5 (Chung and Randolph, 

2004). This su/σ'v ratio is similar to (although slightly higher) su/σ'v = 0.16 from other 

recent studies on UWA kaolin (Richardson et al., 2009; Morton et al., 2014; Chow et al., 

2014; Hu et al., 2014).  

Figure 6.4b compares the pore pressure generated around the dual piezoball and 

piezocone during penetration. There is good agreement between piezoball tests for the 

excess pore pressure developed at both measurement locations. Interestingly the excess 

pore pressure at the piezoball mid-face position (ΔuMF) is very close to the piezocone 

excess pore pressure at the u2 position (Δu2), consistent with observations from a recent 

centrifuge study using separate mid-face and equator piezoballs (Mahmoodzadeh and 

Randolph, 2014). 

Further analysis of the piezoball excess pore pressure profiles are provided in Figure 6.5. 

Figure 6.5a shows that the excess pore pressure at the equator (ΔuEQ) is 55 – 60% of that 
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measured at the mid-face and is reasonably constant with depth. In contrast, the pore 

pressure parameter Bball = (uball – u0)/qbnet (where uball is the pore pressure measured at the 

mid-face (uMF) or equator (uEQ) position, Figure 6.5b) shows an increase to 3.5 m before 

decreasing, with eventual values of Bball = 0.4 and 0.65 for the equator and mid-face 

respectively. Conversely, Bq (= (u2 – u0)/qcnet) for the piezocone shows no sharp rise at 

shallow depths and actually increases with depth from 0.6 close to the surface to reach 

the value of Bball for the mid-face at approximately 6 m. This initial rise and subsequent 

fall in Bball is considered to be due to slight under consolidation of the upper part of the 

sample, hence some residual excess pore pressure prior to the penetrometer tests and 

lower penetration resistance (see Figure 6.4a).  

6.4.2 Cyclic Remoulding Tests 

A number of the piezoball and T-bar penetration tests included cyclic remoulding 

episodes, where the penetrometer was moved vertically by ± three diameters for a 

minimum of ten cycles about a discrete depth. This not only allows the fully remoulded 

soil strength to be quantified, but provides a basis for making corrections to the net 

resistance, accounting for changes in soil buoyancy and load cell changes associated with 

the changing acceleration field in the centrifuge (White et al., 2010; Sahdi et al., 2014). 

Typical piezoball and T-bar cyclic remoulding data are provided in Figure 6.6. The cyclic 

numbering notation recommended by Randolph et al. (2007) is adopted, where the initial 

penetration is labelled as 0.25 and the first extraction as 0.75. In this case the piezoball 

net penetration resistance was adjusted by 12 kPa to remove the offset in the final 

penetration and extraction net resistance values. The T-bar net penetration resistance did 

not need adjusting. The net penetration resistance reduces during each cycle, reflecting 

the gradual remoulding of the soil, reaching a steady state after approximately 7 cycles 
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(Figure 6.6c). After 10 cycles, the net penetration resistance is 0.4 times the initial 

resistance, indicating a sensitivity (in terms of penetration resistance) of 2.5, which is 

typical of that reported in previous studies on UWA kaolin (Watson et al., 2000; Chen 

and Randolph, 2008; O’Loughlin et al., 2013; Sahdi et al., 2014).  

Observations of the pore pressure response provide further insight into soil behaviour 

during cyclic remoulding. Previous field studies (e.g. Colreavy and O’Loughlin, 2012) 

typically show that the pore pressure reduces during the first few piezoball cycles but 

reaches a steady state value in fewer cycles than the penetration resistance. This was 

attributed by DeJong et al. (2008) to breaking down of the macro-structure of the soil, 

which may be complete within a few cycles, whereas in subsequent cycles the degradation 

is due to remoulding of soil clusters that may take place at constant volume and 

consequently not induce any changes in excess pore pressure. However, in those previous 

studies the cyclic remoulding followed directly from the initial penetration, whereas in 

the centrifuge tests considered here the cyclic remoulding followed a dissipation period, 

during which the pore pressure decayed to the hydrostatic value. Consequently, the pore 

pressure response during cyclic remoulding (shown in Figure 6.6d) does not follow that 

observed in other studies (e.g. Boylan et al., 2010; Colreavy and O’Loughlin, 2012). 

Rather both ΔuMF and ΔuEQ drop suddenly from the value associated with initial 

penetration (cycle number 0.25) to a value that is 0.47 and 0.55 times the initial value 

during the second penetration (cycle number 1.25) at the mid-face and equator 

measurement locations respectively. In subsequent penetrations, ΔuMF and ΔuEQ both rise 

steadily before becoming stable by the fourth penetration (cycle number 3.25). At the end 

of cycling, ΔuMF and ΔuEQ are 0.53 and 0.69 times their respective initial values.  
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The excess pore pressures during each extraction phase are lower than during the 

penetration phase. This difference is largest at the mid-face as, during penetration, the 

mid-face location is on the leading face where compressive stresses are expected to lead 

to generate excess pore pressures. During extraction, the mid-face is on the trailing face 

and the excess pore pressures falls to 20% of that during initial penetration in the first 

extraction before falling close to 0 for the next three extractions. It is reasonable to expect 

that ΔuEQ would be similar during penetration and extraction as the equator is in the same 

relative position during penetration and extraction. However, ΔuEQ is lower during 

extraction due to the presence of the shaft which interferes with the symmetry of the pore 

pressure field. ΔuMF and ΔuEQ on extraction both take longer to stabilise than during 

penetration. The more rapid stabilisation in pore pressure is made clear by Figure 6.6e 

which plots the pore pressure parameter, Bball for both the mid-face and equator positions 

with cycle number. Beyond 4 cycles, where the excess pore pressure remains tolerably 

constant, Bball continues to increase reflecting the continuous reduction in the net 

penetration resistance during cycling before stabilising after 8 cycles.   

6.4.3 Dissipation Tests 

Dissipation tests, where the penetrometer was halted during penetration and excess pore 

pressures allowed to decay over time, were conducted in a number of tests at a depth of 

approximately 12 m.  Example pore pressure responses for both the piezoball and 

piezocone are provided on Figure 6.7a. The initial magnitudes of Δu2, ΔuMF and ΔuEQ are 

consistent with observations made from Figure 6.4, where similar excess pore pressures 

profiles are evident for the piezocone u2 location and the piezoball mid-face location, 

whereas the piezoball equator excess pore pressures are about 60% of the u2 and mid-face 

values. Whilst ΔuMF begins to decay immediately, Δu2 and ΔuEQ both show an initial rise 
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with dissipation time, t, although in both cases the rise only amounts to approximately 

6% of the initial value and occurs over less than 10 seconds. The piezoball excess pore 

pressure dissipation appears to go through two distinct phases. In the first phase the mid-

face excess pore pressure starts higher and dissipates at a higher rate compared to the 

equator. In the second phase (> 300 s) the excess pore pressure at both locations is the 

same and both dissipate at the same rate.  

The initial phase appears dominated by redistribution of pore pressure around the 

circumference of the piezoball, whilst in the second stage, the excess pore pressure around 

the piezoball has equalised and the subsequent dissipation is more uniform around the 

circumference of the probe. In absolute measures of time (i.e. not accounting for 

differences in probe diameter that will affect consolidation durations), excess pore 

pressures dissipate to 50% of their initial value more quickly for the piezoball at the uMF 

location than for the piezocone at the u2 location. This observation, which has also been 

noted by Mahmoodzadeh and Randolph (2014), is interesting as the diameter of the 

piezoball here is twice that of the piezocone and hence drainage path lengths are expected 

to be longer. This is made clearer by Figure 6.7b, which plots the normalised excess pore 

pressure response, U = Δu/Δui, against non-dimensional time, T* = cht/D2Ir
0.5. The initial 

excess pore pressure, Δui, was estimated at √t = 0 using the extrapolation method 

described by Sully et al. (1999). This method accounts for redistribution of pore pressure 

around the ball before dissipation, although in several instances Δui calculated using this 

approach gave very similar values to the measured value at t = 0. 

The horizontal coefficient of consolidation, ch, was determined by obtaining the best 

match between the piezocone u2 excess pore pressure response and the Teh and Houlsby 

(1991) solution (also shown on Figure 6.7b) assuming the rigidity index, Ir = 88 
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(calculated using the method proposed by Mayne (2001)). The best fit between the 

measured piezocone u2 normalised pore pressure response and the Teh and Houlsby 

(1991) solution was obtained using ch = 0.42 mm2/s, which is broadly consistent with that 

obtained by Chow et al. (2014) and Cocjin et al. (2014) at similar stress levels. It is now 

even more evident that excess pore pressures dissipate more efficiently around the 

piezoball than around the piezocone, as both the piezoball mid-face and equator non-

dimensional times for U = 0.5 are much lower than for the piezocone, as also established 

in experimental studies in the centrifuge (Mahmoodzadeh and Randolph, 2014) and the 

field (Low et al, 2007; Colreavy et al., 2010), and also confirmed by numerical analysis 

(Mahmoodzadeh et al., 2015). The non-dimensional time for 50% excess pore pressure 

dissipation, cht50/Db
2, at the equator is 67% of the piezocone value (cht50/D2) while the 

mid-face cht/Db
2 is 22% of that for the piezocone. For the mid-face, this reduction in T50 

more than compensates for the larger diameter of the ball compared with the piezocone, 

so that absolute t50 values are also smaller for the piezoball. The faster dissipation times 

for the piezoball is attributed to the smaller volume of soil involved in the mechanism 

generated during ball penetration and higher gradients of pore pressure around the ball 

(Low et al., 2007; Mahmoodzadeh et al., 2015).   

Although a number of recent field studies have reported piezoball dissipation responses 

(Low et al., 2007; DeJong et al., 2008; Colreavy et al., 2010), the assessment of these data 

has been mainly qualitative, due to the lack of a solution equivalent to those available for 

the piezocone. Mahmoodzadeh et al. (2015) recently developed piezoball equator and 

mid-face dissipation curves through large deformation finite element (LDFE) analyses 

using the modified Cam clay model. Their analysis found that the normalised dissipation 

curves were almost unique when a non-dimensional time, Tb = cht/DbdIr
0.25, is used, noting 

the dependence on the fourth root of Ir compared with the square root of Ir used in the Teh 
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and Houlsby (1991) solution for the piezocone. The inclusion of the shaft diameter, d, 

reflects the contribution to excess pore pressure from cavity expansion due to the presence 

of the shaft. The centrifuge data are compared with the Mahmoodzadeh et al. (2015) 

solution in Figure 6.8, where the LDFE solution is seen to capture the observed response 

quite well. The best match between UMF and the LDFE solution was obtained using ch = 

0.46 mm2/s (averaging all three dissipation curves), which is in excellent agreement with 

ch = 0.42 mm2/s as previously back analysed from the piezocone data. Although the LDFE 

curve matches the measured UEQ data very well, the best fit was obtained using 

ch = 0.15 mm2/s, which is 2.6 times lower than that obtained from the piezocone analysis. 

Mahmoodzadeh et al. (2015) showed comparisons between centrifuge dissipations and 

the LDFE simulations and acknowledged that the LDFE for UEQ failed to capture the 

initial dissipation response. 

With faster dissipation times and a robust interpretation method, the results suggest that 

the mid-face is the optimal location for dissipation tests.  

As a final observation on interpretation of ch values from piezoball tests, it is worth noting 

that the effect of a (partially) remoulded zone around the piezoball does not appear to 

affect the deduced value. Even after fully remoulding the soil by cyclic penetration and 

extraction of the piezoball, Low et al. (2008) found essentially no change in the deduced 

value of ch. Large deformation finite element analysis of full-flow penetrometer cycling 

has shown that the final width of the failure mechanism is approximately twice the ball 

diameter (Zhou and Randolph, 2009). The larger failure zone, relative to that following 

initial penetration, might be expected to influence the pore pressure dissipation in this 

zone. While this may be true in the short-term, it seems that the longer term dissipation 

relevant for estimating t50 and hence ch is controlled more by the intact soil in the far field.  
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6.4.4 Piezofoundation Tests 

In order to further quantify the coefficient of consolidation, load controlled 

‘piezofoundation’ pore pressure dissipation tests were carried out. The rigid circular 

piezofoundation had a diameter, D = 40 mm (model scale) and was instrumented with a 

pore pressure sensor in the centre of the underside of the foundation. A load cell, 

connected in series between the foundation shaft and the actuator, measured the applied 

vertical bearing pressure, qapp, which was held constant for each dissipation phase. The 

normalised pore pressure, U = Δu/Δui, response measured at qapp = 10, 20, 40, 80 and 

100 kPa are shown in Figure 6.9 together with corresponding finite element solutions for 

a rigid circular surface foundation (Gourvenec and Randolph, 2010). Both the 

experimental data and the finite element solution exhibit the Mandel-Cryer effect 

(Mandel, 1950; Cryer, 1963), whereby the pore pressure begins to increase during 

dissipation before reducing. This effect is due to total stress transfer from the edges to the 

centre of the foundation (where the pore pressure is measured), brought about by faster 

consolidation at the foundation edges than at the centre (Cocjin et al., 2014). Time factors, 

T = tcop/D2, for the experimental dissipation data, which extend to at least U = 0.4, were 

calculated by selecting operational values of the coefficient of consolidation, cop (where 

cop is an operative value representative of conditions involving both horizontal and 

vertical drainage with cv < cop < ch) that resulted in the best match with the Gourvenec 

and Randolph (2010) finite element solution. This resulted in cop values increasing from 

0.07 mm2/s at qapp = 10 kPa to 0.16 mm2/s at qapp = 100 kPa. These are compared with the 

coefficients of consolidation derived from the penetrometer tests and from other 

published data in the following section.  
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6.4.5 Comparison of cv and ch Results 

Coefficients of consolidation, cv and ch derived from the penetrometer and 

piezofoundation tests are compared in Figure 6.10, together with previously published 

Rowe cell data (Stewart, 1992; House et al., 2001; Richardson et al., 2009). The 

horizontal coefficient of consolidation, ch, is in the narrow range 0.15 to 0.52 mm2/s, 

although the lower bound relate to the piezoball equator dissipation data, which are 

considered unreliable as discussed previously.  The more reliable estimations of ch are in 

the range 0.42 to 0.52 mm2/s, 5.2 to 5.6 times the Richardson et al. (2009) Rowe cell 

values, and only slightly higher than λ/κ = 4.66, which reflects the fact that the path in e–

p' space during a displacement controlled dissipation test lies closely parallel to an 

unloading–reloading line (gradient of κ) rather than a compression line (gradient of λ) in 

the Rowe cell test (Mahmoodzadeh and Randolph, 2014).  

Consolidation coefficients derived from the piezofoundation dissipation are sensibly 

bounded by cv from the Richardson et al. (2009) Rowe cell data and ch as summarised 

above, due to the combined radial and vertical flow associated with the consolidation 

regime in this case. This operative coefficient of consolidation cop from the 

piezofoundation data are 2.1 times cv, in close agreement with 2.7 times the same data as 

reported by Cocjin et al. (2014).  

6.4.6 Variable Rate Penetrometer Tests 

As discussed previously, the penetration resistance of a penetrating probe depends on its 

diameter, the penetration velocity and the consolidation characteristics of the soil. 

Previous studies (e.g. House et al., 2001; Randolph and Hope, 2004; Low et al., 2008) 

have demonstrated the effect of adjustments to the penetration velocity on the penetration 



   

  Experience with a Dual Pore Pressure Element Piezoball 

 

 

   161 

 

resistance and excess pore pressure. At a sufficiently high non-dimensional penetration 

velocity (V', Equation 6.4) the penetration response will be undrained with low 

penetration resistance and high excess pore pressure. As V' reduces, the response moves 

to the partially drained region, with increases in the penetration resistance and 

corresponding reductions in the excess pore pressure, eventually reaching a steady-state 

drained condition, where the penetration resistance is high and the excess pore pressure 

is zero. At penetration velocities higher than that required to achieve undrained 

conditions, the penetration resistance increases due to viscous strain rate effects with an 

associated increase in the excess pore pressure, reflecting the change in total stress. 

Observing the response to changes in penetration velocity may be achieved through 

twitch tests (House et al., 2001), where the penetration velocity is successively reduced 

for a number of steps with each step having a penetration distance equal to at least two 

probe diameters, or alternatively by conducting individual tests at different penetration 

velocities. The latter approach was adopted for the variable rate piezoball tests as the 

centrifuge sample depth was limited to about 11 piezoball diameters, which is too low for 

a successful twitch test. However, the sample depth corresponds to about 44 T-bar 

diameters, meaning that variable rate T-bar tests could be achieved using twitch tests. 

Partially drained piezoball penetration tests were carried out at velocities of v = 0.056, 

0.0056 and 0.002 mm/s, whilst T-bar twitch tests were carried out in the velocity range, 

v = 3 to 0.0001 mm/s. During variable rate penetration tests the piezoball was penetrated 

at an initial undrained velocity, v = 0.56 mm/s for 3 to 4 diameters before reducing the 

velocity for the final 2 to 3 diameters. Figure 6.11 shows the piezoball net penetration 

resistance and excess pore pressure response generated at different penetration velocities. 

Consistent with previous studies, each reduction in velocity moves the penetration 

response further into the partially drained region resulting in increased penetration 
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resistance and decreased excess pore pressure. T-bar twitch test profiles are shown in 

Figure 6.12 and exhibit similar trends, with reductions in the penetration velocity causing 

increases in penetration resistance.  

So-called ‘backbone curves’ describing these changes in net penetration resistance and 

excess pore pressure with changes in non-dimensional velocity (Equation 6.4) can be 

generated from the data provided in Figure 6.11 and Figure 6.12. The normalised 

penetration resistance backbone curve may be expressed as (Lee and Randolph, 2011; 

Mahmoodzadeh and Randolph, 2014): 

 
drefnetnet
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)'/'(1
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50
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   (6.5) 

where qnet is the net penetration resistance (of any penetrometer), qnet(ref) is the reference 

value of undrained net penetration resistance chosen at V' = 25.6, b and d are fitting 

constants and V'50 represents the normalised velocity at which the resistance is the 

average of the drained and undrained values. The horizontal coefficient of consolidation, 

ch, used in the calculation of V', is selected appropriate to each considered depth interval, 

using ch = 5.2cv as calibrated using the piezocone and piezoball dissipation data against 

the Richardson et al. (2009) Rowe cell data on Figure 6.10.  

The net penetration resistance data from Figure 6.11 and Figure 6.12 are shown in the 

non-dimensional form of Equation 6.4 in Figure 6.13a. The T-bar data span V' = 0.02 to 

120, and indicate a constant drained net penetration resistance at V' < ~0.2, with reducing 

net penetration resistance with increasing V', reaching a minimum undrained net 

penetration resistance at V' = 20, which is close to V' = 30 that was selected as the 

reference velocity that was expected to yield undrained conditions. Beyond V' = 20 the 

net penetration resistance increases due to viscous strain rate effects; this aspect is not 



   

  Experience with a Dual Pore Pressure Element Piezoball 

 

 

   163 

 

captured by Equation 6.5, but can be quantified using extended versions of Equation 6.5 

such as those proposed by Randolph and Hope (2004) or Lehane et al. (2009). The data 

from the piezoball tests occupy a narrower band, from V' = 0.26 to 25.6 as the penetration 

resistance at the lowest velocity (corresponding to V' ~0.1) did not reach a steady state 

and was not considered in the analysis. The normalised net penetration resistance at V' = 

25.6 is evidently similar to that of the T-bar at V' = 20, although this is to be expected as 

both the T-bar and piezoball tests were designed to target the same value of V' for the 

reference (undrained) case. As V' reduces the piezoball data are initially similar to the T-

bar data (i.e. at V' = 2.56), but then fall beneath the T-bar trend at V’ = 0.26. However, 

Figure 6.13b, which plots the same data using measured rather than net penetration 

resistance, indicate similar trends for both the T-bar and the piezoball data. This is to be 

expected as the correction to the measured penetration resistance was, in relative terms, 

greater for the T-bar than the piezoball due to the higher shaft to ball area ratio. Although 

the penetration resistance correction is constant for each penetrometer, it has a relatively 

larger effect for the T-bar as the correction will tend to increase qnet/qnet(ref) at the higher 

penetration resistances associated with lower penetration velocities. Equation 6.5 is also 

shown in Figure 6.13a and Figure 6.13b using d = 1.4 and V'50 = 1.2 as recommended by 

Mahmoodzadeh and Randolph (2014), but using b = 2.5 for the measured penetration 

resistance (Figure 6.13b) although a higher value, b = 3.5, is required for the net 

penetration resistance (Figure 6.13a), as also evident in House et al. (2001) and Randolph 

and Hope (2004).  

In a similar manner to the penetration resistance, backbone curves may be generated from 

the piezoball excess pore pressure data and expressed as (Mahmoodzadeh and Randolph, 

2014):  
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where Δuref is the (reference) excess pore pressure selected at the non-dimensional 

velocity associated with undrained behaviour (V' = 25.6) and f is a fitting constant, similar 

to d in Equation 6.5.  

The measured piezoball excess pore pressure data are fitted to Equation 6.6 on Figure 

6.14 using f = 1.1 and V'50,Δu = 1 and 1.2 for the mid-face and equator positions 

respectively. The tight cluster of normalised excess pore pressure points at each 

penetration velocity suggests that, unlike the penetration resistance, the two diameters of 

penetration were sufficient for the excess pore pressure to reach steady conditions. The 

lower power exponent used in Equation 6.6 compared with Equation 6.5 (f = 1.2, d = 1.4) 

infers that the slope of the backbone curve is more moderate for the excess pore pressure 

response, indicating that for normalised velocities close to V'50 the excess pore pressure 

is less sensitive to changes in velocity than the penetration resistance, although the effect 

of velocity extends over a wider velocity range. 

6.4.7 Partial Drainage Indicators 

As demonstrated by DeJong and Randolph (2012), any partial drainage in the penetration 

phase prior to a dissipation test could lead to estimations of ch that may be in error by up 

to one order of magnitude. To investigate the effect of partial drainage on subsequent 

dissipation tests, several piezoball dissipation tests were carried out following the variable 

rate penetration tests described previously. Dissipation profiles following the partially 

drained penetrations are shown in Figure 6.15. The initial excess pore pressures at the 

start of each dissipation reflect the values shown in the variable rate profiles given in 

Figure 6.11. The lower penetration velocities also lead to a quicker redistribution of 
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excess pore pressure around the circumference of the piezoball at the beginning of the 

test. For example, the excess pore pressure profiles for the two measurement locations 

are virtually indistinguishable after 20 s for the dissipation following a penetration with 

V' = 0.26, whereas it takes over 300 s for the excess pore pressures to redistribute for the 

dissipation following a penetration with V' = 25.6.   

Figure 6.16 replots the mid-face dissipation profiles from Figure 6.15 as normalised 

excess pore pressure, U, against non-dimensional time, Tb (as defined earlier in the 

chapter). Tb values have been calculated using ch = 0.3 mm2/s as established from the 

match between the dissipation profile following undrained penetration (V' = 25.6) and the 

Mahmoodzadeh et al. (2015) LDFE solution, noting that this value is similar to ch = 0.46 

mm2/s interpreted from a separate dissipation test (see Figure 6.8). It is now evident that 

the dissipation times increased as the preceding penetration non-dimensional velocity and 

consequently the initial excess pore pressure reduced. This has consequences for 

dissipations that follow partially drained penetration, as analysis of the dissipation data 

will result in erroneous estimates of ch. For example, if the initial penetration was 

conducted at V' = 0.26, and the subsequent dissipation data were matched with the 

Mahmoodzadeh et al. (2015) LDFE solution, the resulting ch would be approximately 6.5 

times lower than that obtained for a dissipation following undrained penetration (V' = 

25.6). 

Given the implications on the interpretation of ch from a dissipation test, it is clearly 

important to assess the drainage conditions during the penetration prior to a dissipation 

test. Ideally, the penetration resistance and excess pore pressure response in the 

penetration phase would indicate the drainage conditions during penetration. The 

backbone curves in Figure 6.13 and Figure 6.14 show the effect of changing drainage 
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conditions on the penetration resistance and excess pore pressure. However, since these 

changes are relative to undrained conditions, these curves cannot be used as an indicator 

of drainage conditions in any single test. The relative magnitudes of excess pore pressure 

and net penetration resistance will also vary with changing drainage conditions. This is 

demonstrated by Figure 6.17, which indicates that, for UWA normally consolidated 

kaolin clay, partially drained conditions will occur at Bball < 0.9 and 0.6 (for the mid-face 

and equator positions respectively).  However, more data that would improve the 

definition of these dependencies would improve confidence in these indicative limits for 

undrained penetration.  

6.5 CONCLUSIONS 

Measurement of intact and remoulded shear strength and the consolidation characteristics 

of soil are important parameters required for the design of geotechnical structures, 

particularly those located offshore. Although the ability of full-flow penetrometers to 

reliably measure both intact and remoulded soil strength are well established, the merits 

of pore pressure measurements on the same penetrometer are still being explored. This 

chapter considers centrifuge data obtained with a new model scale piezoball penetrometer 

that simultaneously measures pore pressures at both the equator and mid-face positions. 

The main findings from this study are as follows: 

1. Dissipation times at the piezoball mid-face are shorter than those at the piezocone 

shoulder, despite the piezoball having a diameter that is twice that of the piezocone. 

This has positive implications for site investigations as it offers an opportunity for 

reducing overall testing durations and hence costs. 
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2. Interpretation of the mid-face pore pressure dissipation response, using recently 

developed methods based on large deformation finite element analyses, resulted in 

deduced coefficients of consolidation that compare favourably with interpretations 

of piezocone dissipation data. Poorer agreement was found for the equator position, 

which supports the use of the mid-face position for dissipation testing.  

3. The importance of ensuring that undrained conditions are maintained in the 

penetration phase prior to a dissipation test was examined by carrying out dissipation 

tests following partially drained penetration. In the case of the mid-face position, a 

reduction in penetration velocity of two orders of magnitude would have resulted in 

an underestimation of the horizontal coefficient of consolidation by a factor greater 

than six.  

4. Partial drainage indicators during penetration were shown to be useful to ensure the 

reliability of deduced consolidation coefficients. Results from variable rate 

penetrometer tests indicate that the effects of the penetration velocity extend over a 

wider velocity range for excess pore pressure than for the penetration resistance. 

Consequently, factors based on excess pore pressure measurements during 

penetration, such as the ratio of the excess pore pressure to the net penetration 

resistance, are viewed as having the highest potential in ‘warning’ that undrained 

penetration may not be occurring. 
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Table 6.1.  Characteristics of kaolin clay (from Stewart, 1992) 

Property Value 

Liquid limit, LL 61 % 

Plastic limit, PL 27 % 

Soil specific gravity, Gs 2.6 

Angle of internal friction, ’ 23° 

Critical state friction constant, M 0.92 

Void ratio at p’ = 1 kPa on critical state line, ecs 2.14 

Slope of normal consolidation line,  0.205 

Slope of swelling line,  0.044 

Parameter  = ( - )/ 0.785 
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Figure 6.1.  Examples of piezoballs used in previous studies: (a) Kelleher and Randolph (2005) 

and Low et al. (2007); (b) Boylan and Long (2006); (c) Colreavy et al. (2012); (d) 

Boylan et al. (2010); (e) Mahmoodzadeh and Randolph (2014) (centrifuge) 
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Figure 6.2.  Dual element piezoball: (a) completed piezoball; (b) section view; (c) schematic 

representation 
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Figure 6.3.  Vertical coefficient of consolidation for kaolin clay as assessed from Rowe cell tests 

(after Stewart, 1992; House et al., 2001; Richardson et al., 2009) 

0

100

200

300

400

500

600

0.00 0.05 0.10 0.15 0.20

 Stewart (1992)

 House et al. (2001)

 Richardson et al. (2009)

c
v
 (mm

2
/s)


v
' (

k
P

a)



   

  Experience with a Dual Pore Pressure Element Piezoball 

 

 

   173 

 

 

Figure 6.4.  Penetration profiles of: (a) net penetration resistance for piezoball, T-bar and 

piezocone; (b) excess pore pressure for piezoball mid-face and equator and 

piezocone u2 measurement locations 
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Figure 6.5.  Excess pore pressure response during undrained penetration: (a) ratio of excess 

piezoball equator to mid-face pore pressure; (b) pore pressure parameter 
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Figure 6.6.  Piezoball and T-bar cyclic remoulding test results: (a) net resistance; (b) excess pore 

pressure; (c) net piezoball and T-bar resistance degradation; (d) excess pore 

pressure evolution; (e) pore pressure parameter evolution (only insertion data 

shown) 
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Figure 6.7.  Piezoball and piezocone dissipation profiles: (a) excess pore pressure reduction with 

time; (b) non-dimensional pore pressure-time response 

 

Figure 6.8.  Piezoball mid-face and equator dissipation profiles compared with LDFE from 

Mahmoodzadeh et al. (2015) 
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Figure 6.9.  Piezofoundation pore pressure response 

 

Figure 6.10.  Comparison of ch and cv using different test methods 
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Figure 6.11.  Variable rate piezoball profiles: (a) net resistance; (b) excess mid-face pore 

pressure; (c) excess equator pore pressure 
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Figure 6.12.  Variable rate T-bar profiles: (a) velocity; (b) net resistance 
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Figure 6.13.  Piezoball and T-bar backbone curves of: (a) net penetration resistance; (b) 

measured penetration resistance 

 

Figure 6.14.  Piezoball excess pore pressure backbone curves: (a) mid-face; (b) equator 
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Figure 6.15.  Piezoball dissipation profiles following variable rate penetration 

 

Figure 6.16.  Non-dimensional piezoball dissipation profiles for the piezoball mid-face 

measurement locations 
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Figure 6.17.  Excess pore pressure parameter as a partial consolidation indicator 
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CHAPTER 7. ESTIMATING 

CONSOLIDATION PARAMETERS 

FROM FIELD PIEZOBALL TESTS 

 

Paper published in Géotechnique in July 2015 as: 

Colreavy, C., O’Loughlin, C.D. and Randolph, M.F. (2015). “Estimating consolidation 

parameters from field piezoball tests.” Géotechnique, 66(4), pp. 333–343. 

  

The success of the centrifuge scale piezoball demonstrated in the Chapter 6 led to the 

device being scaled up to field size. This chapter describes a piezoball which measures 

pore pressure at the tip, mid-face and equator positions concurrently. Tests were 

carried out a soft soil testing facility using this new device. Piezoball dissipation data 

using this new device is added to a database of test results in Chapter 3, 5 and 6 and a 

new consolidation parameter interpretation method is proposed.  
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ABSTRACT 

The piezoball, a ball penetrometer featuring pore pressure measurements, is a relatively 

new device that is potentially superior to the more commonly used piezocone for profiling 

fine-grained soils. This is due to lower uncertainty in how to derive soil strength from the 

net penetration resistance and the option of measuring consolidation characteristics 

during pauses in the penetration, potentially more quickly than in a piezocone test. This 

chapter presents results from a series of piezoball tests undertaken at a soft clay test site 

using a piezoball that measures pore pressure concurrently at the ball equator, tip and 

half-way between the tip and equator, the so-called mid-face position. Analysis of the test 

data provides strong arguments for measuring pore pressure at both the equator and mid-

face positions. The coefficient of consolidation derived from piezoball dissipation data 

using recently developed numerical solutions is shown to be highly comparable to that 

deduced from a piezocone dissipation test. This chapter shows that the penetration 

resistance varies significantly with the rate of penetration due to either viscous rate effects 

or increasing degrees of partial consolidation during penetration, both of which influence 

the estimation of undrained shear strength and hamper interpretation of dissipation data. 

Guidance on assessing the drainage response during a piezoball penetration test is 

provided. Finally, dissipation test data presented in this chapter are added to a database 

formed from centrifuge and field tests that is used to form a new empirical method for 

estimating the coefficient of consolidation. 

7.1 INTRODUCTION 

Consolidation characteristics of soil are an important factor in geotechnical design, 

including cases where the structure cannot be commissioned until consolidation 

settlement and strength increases are complete (e.g. offshore gravity structures, reclaimed 
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land and embankments), and when the rate of loading on the structure affects the 

mobilised soil strength and hence the stability of the structure (e.g. offshore pipelines and 

mudmats). Often consolidation characteristics are estimated in the laboratory on 

‘undisturbed’ samples. However, in the offshore environment, difficulties and costs 

involved with retrieving samples of sufficient quality for laboratory testing has led to 

greater emphasis being placed on in-situ testing. The most common method for estimating 

in situ consolidation parameters is the piezocone dissipation test, where penetration is 

halted during a cone penetration test (CPT) and the change in excess pore pressure is 

recorded over time. The time required for significant dissipation is a drawback to the test; 

in low permeability soils the time for 50% dissipation can take several hours. During 

offshore site investigations, where daily costs can be as much as $0.5m (Randolph et al., 

2005), these pauses in the cone penetration can be very expensive.  

The advantages of full-flow penetrometers (T-bar or ball penetrometer) have been shown 

in a number of studies. Chung and Randolph (2004) showed that the correction required 

to provide net resistance is much lower than for the cone. Colreavy et al. (2012) 

demonstrated the higher accuracy of the ball and T-bar over the cone in very soft soil 

owing to the 10 times larger probe area of the full-flow penetrometers. Remoulded shear 

strength and sensitivity can be estimated using full-flow penetrometers by including 

episodes of cyclic remoulding (e.g. Yafrate and DeJong, 2009), where the probe is cycled 

up and down over (typically) four diameters to remould the soil. Bearing capacity factors 

for converting full-flow penetrometer resistance to soil strength are underpinned by 

theoretical solutions, with a narrower range than for the cone (Boylan et al., 2007; DeJong 

et al., 2011). Cone penetration is complex and the penetration resistance is shown to be 

influenced by soil stiffness and stress and strain anisotropy (Teh and Houlsby, 1991; Lu 

et al., 2004) and other factors such as sensitivity and strain rate dependency. The full-



 

Estimating Consolidation Parameters from Field Piezoball Tests 

 

 

186 

 

flow failure mechanism developed during T-bar and ball penetration leads to a lower 

dependency of penetration resistance on soil stiffness and anisotropy (Low et al., 2010). 

Due consideration needs to be paid to the area of the shaft relative to the probe, although 

a shaft-probe area ratio less than 0.15 is generally acceptable for strength estimations 

(Lunne et al., 2011).  

Pore pressure sensors have generally been incorporated in the ball penetrometer, leading 

to the term ‘piezoball’ (Low et al., 2007; DeJong et al., 2008; Colreavy et al., 2010). The 

most appropriate location for the pore pressure measurement location has been debated 

in recent studies (DeJong et al., 2008; Boylan et al., 2010; Mahmoodzadeh and Randolph, 

2014), with the current consensus leaning towards concurrent pore pressure measurement 

at the equator and mid-face positions (Colreavy et al., 2016a). Inclusion of pore pressure 

sensors (particularly at the equator position) aids stratigraphy identification (e.g. Kelleher 

and Randolph, 2005), but also allows for an assessment of consolidation characteristics, 

either during penetration by considering the magnitude of the pressure generated at the 

mid-face location relative to that at the equator, or during a pause in penetration where 

the pore pressure is monitored during dissipation, similar to dissipation phases in a 

piezocone test. Several studies (e.g. Low et al., 2007; Colreavy et al., 2010; Colreavy et 

al., 2016a) have shown that the non-dimensional dissipation times for the piezoball 

(accounting for the drainage path lengths associated with the penetrometer diameter) are 

shorter than for the piezocone because of the spherical geometry and less extensive pore 

pressure field. The piezoball is now a mature technology with solutions now available for 

interpreting the horizontal coefficient of consolidation, ch, from dissipation data 

(Mahmoodzadeh et al., 2015). However, relative to the piezocone, experience with the 

piezoball remains limited.  
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This paper attempts to address this imbalance by reporting data from field tests using a 

piezoball that measures pore pressure at the tip, mid-face and equator positions. The tests, 

which were conducted at an onshore soft clay site, involved variable rate penetration 

(‘twitch’) tests followed by dissipation phases. The effect of penetration rate on 

penetration resistance and excess pore pressure is assessed through the twitch tests while 

the horizontal coefficient of consolidation, ch, is estimated from dissipation tests. The 

observed responses in the tests form the basis for a new empirical method for estimating 

ch, supplementing fitting dissipation data to a theoretical curve, and the merit of this 

approach is assessed by considering a database of piezoball derived ch values. 

7.2 SITE DETAILS 

As part of the activities of the Australian Research Council Centre for Geotechnical 

Science and Engineering, a national field testing facility has been established at a soft 

clay site near Ballina, New South Wales (Kelly et al. 2014), modelled on the successful 

Bothkennar soft soil test bed in Scotland (Nash et al. 1992). The facility has been 

established to advance the understanding of various foundation problems, including 

embankments, piles and shallow foundations. As part of the overall campaign, extensive 

site investigation has been undertaken, including shear vane tests, dilatometer tests, self-

boring pressuremeter tests and cone and full-flow penetrometer tests; the latter are 

considered in this paper. 

The site is located in the Richmond River floodplain (Figure 7.1), where the main 

sediment of interest is a 10 m thick soft estuarine clay layer, deposited in the Holocene 

period following the last glaciation. This clay layer is underlain by sand and overlain by 

a 1.5 m thick alluvial silty sand deposit. The area where the tests were carried out is 

generally level with a datum of approximately 0.5 m above sea level and a shallow water 
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table, typically within 1 m of the soil surface. Pineda et al. (2014) present some of the soil 

properties of the Ballina clay, as summarised in Table 7.1. 

7.3 EQUIPMENT 

A new piezoball, based on an original design described by Boylan et al. (2010), but with 

simultaneous measurement of pore pressure at the equator, mid-face and tip locations, 

was designed and built for these field tests (Figure 7.2). The piezoball has a diameter of 

60 mm and is connected to a 20 mm diameter shaft that tapers out to a diameter of 

35.7 mm at a distance 200 mm (3.3 ball diameters) measured from the top of the ball, 

allowing the penetrometer to be connected to standard cone penetrometer rods. The shaft 

diameter immediately behind the ball gives a shaft to penetrometer area ratio, As/Ap = 

0.11, which is below the 15% threshold recommended by Lunne et al. (2011), such that 

effects due to unequal pore and overburden pressure are considered negligible. 

Penetration and extraction resistances are measured by a sleeve protected strain gauged 

section located 55 mm above the sphere, which limits frictional resistance on the shaft 

contributing to the resistance measurements. Kyowa (PS-10KD) rear entry total pressure 

sensors with a measurement range of ± 1 MPa were located in a circular recess on the 

surface of the sphere, such that the measurement diaphragm was 3 mm from the 

circumference. A 1.5 mm thick ceramic filter with a pore space of 10 μm was located in 

front of (but not touching) each total pressure sensor. The piezoball features nine 

individual pore pressure sensors, four at the equator, four at the mid-face and one at the 

tip. The mid-face and equator pore pressure sensors were evenly spaced at each level, 

allowing assessment of the average pore pressure response for the mid-face and equator 

positions. Filters were saturated in the laboratory prior to field testing by submerging 

them in silicon oil in a container that was held under a vacuum of 100 kPa for 24 hours 
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and were kept submerged in the oil until they were located on the piezoball. On site, the 

small voids between the sensing diaphragm of the total pressure sensor and the filter was 

filled with silicon oil before inserting the filters. The penetrometer was then submerged 

in a pressure chamber of silicon oil and cycles of positive and negative pressure applied 

to the chamber for between 1 and 2 hours prior to the test.  

The testing campaign also included piezocone and T-bar tests, which were conducted to 

form a basis for comparing the penetration and pore pressure response. The piezocone 

has a diameter of 35.7 mm and an apex angle of 60° with pore pressure measured at the 

u2 position. T-bar tests were carried out by unscrewing the cone tip and replacing it with 

a cylindrical steel bar, 250 mm long and 40 mm in diameter, such that As/Ap = 0.1.  

The penetrometer tests were conducted in two stages. The first stage focused on collecting 

a set of high quality ‘standard’ piezocone, piezoball and T-bar penetration tests, 

conducted at the standard penetration velocity of 20 mm/s, including dissipation phases 

for both the piezocone and piezoball. These tests were achieved using a 20 tonne 

commercial site investigation vehicle with conventional hydraulic systems for advancing 

the penetrometer. The second stage considered non-standard penetrometer test sequences 

involving variable penetration velocities. These tests employed a two tonne research-

grade site investigation vehicle with an electric drive system that permits complex 

actuation sequences, including penetration rates varying over three orders of magnitude 

and pauses that can either be in displacement or load control. 

The data acquisition system (DAS) used with the penetrometers is based on the DAS 

developed for geotechnical centrifuge modelling at the University of Western Australia 

(Gaudin et al., 2009). The DAS is arranged on a long and narrow format circuit board that 

is located securely in the shaft of the penetrometer, just above the load cell. The DAS is 



 

Estimating Consolidation Parameters from Field Piezoball Tests 

 

 

190 

 

capable of providing sensor excitation for up to 16 channels (necessary for the multiple 

pore pressure sensors) that may be sampled at up to 10 Hz at 16 bit resolution. Signal 

amplification, processing and filtering is carried out before the analogue to digital 

conversion. Data are then transmitted as a digital signal via RS232 to the soil surface 

where it is converted to USB (universal serial bus) and plotted in real time on a computer 

or laptop and saved. In addition to the resistance and pressure measurements, temperature 

and inclination are also measured allowing appropriate corrections to be applied if 

required. 

7.4 RESULTS AND DISCUSSIONS 

7.4.1 Penetration Tests 

Undrained penetration tests were carried out at the recommended rate of 20 mm/s (Lunne 

et al., 1997). Figure 7.3 shows typical resistance profiles for the different penetrometers 

for these undrained tests. Figure 7.3a presents the net resistance, after correcting the 

measured resistance for pore pressure and overburden pressure effects according to

  

     12uqq vcnet  (7.1) 

for the piezocone (Lunne et al., 1997) and 

    psvTnetbnet AAuqqq /1or  0    (7.2) 

for the piezoball and T bar (Chung and Randolph, 2004) where q is the measured 

penetration resistance, qcnet, qbnet and qTnet are the net penetration resistances for the 

piezocone, piezoball and T-bar respectively, σv is the in-situ vertical stress, α is the net 

area ratio and u0 is the in-situ hydrostatic pore pressure. As shown by Chung and 
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Randolph (2004), the correction required for the piezocone is generally higher than for 

the piezoball and T-bar. Here, the correction required for the piezocone varied between 

20 and 40% in the estuarine clay layer, while the piezoball and T-bar correction remained 

below 10%.   

Once through the alluvium deposit at 1.5 m, the net resistance increases linearly with 

depth with a gradient of approximately 10 kPa/m for both the piezoball and T-bar. The 

piezocone net resistance profile is also very close to that of the piezoball and T-bar, 

although qcnet is slightly lower than qbnet and qTnet up to 4 m and is marginally higher 

beyond 8 m. It is worth noting that the piezocone resistance required correction for 

temperature effects. The basis of this correction was to adjust the output from the load 

cell strain gauges to account for changes in temperature relative to the soil surface. The 

effect of change on temperature on the piezocone load cell strain gauge output was 

assessed in the laboratory prior to the field tests (Suzuki, 2015). A correction was then 

applied to the measured penetration test based on the measured profile of temperature 

with penetration depth. Applying this correction to the piezocone resistance resulted in a 

reduction of the measured resistance by up to 50%. Although the T-bar tests were carried 

out with the same piezocone penetrometer (replacing the conical probe with the T-bar), 

the larger projected area resulted in minimal correction to the T-bar penetration resistance 

(< 3%). Similarly, the temperature effect on the piezoball penetration resistance was 

negligible. Spikes in the data at 4, 8, 10 and 12 m correspond to depths where dissipation 

tests were carried out. 

Excess pore pressure profiles on Figure 7.3 are based on the average of the four sensors 

at the equator and mid-face and the single sensor at the tip. There were slight variations 

amongst the measurements at each position, with coefficients of variation that were 
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typically 0.04 for the mid-face position and 0.12 for the equator position. The excess pore 

pressures generated around the piezoball reflect the stress distribution (Boylan et al., 

2010). At the tip, where compressive stresses are high, excess pore pressures are expected 

to be high. At the equator position, the soil is primarily subjected to pure shear, which 

will generate either positive or negative excess pore pressure depending on whether the 

soil exhibits contractive or dilative behaviour. At the mid-face position, the stresses are a 

combination of compression and shear, such that the magnitude of the excess pore 

pressure should lie between those at the tip and equator. This is confirmed by Figure 7.3b, 

which compares excess pore pressures generated around the piezoball and piezocone.  

The excess pore pressure measured by the piezocone at the u2 position is closest to (but 

lower than) the excess pore pressure at the piezoball mid-face position, similar to findings 

from centrifuge studies (e.g. Mahmoodzadeh and Randolph, 2014; Colreavy et al. 2016a), 

although between 0 and 6 m, Δu2 is much lower. The excess pore pressure increase with 

depth is largest at the tip (18 kPa/m), lower at the mid-face (10 kPa/m) and lowest at the 

equator (5 kPa/m). After the pauses in penetration for the dissipations at 4, 8, 10 and 12 m, 

further penetration of approximately 6 ball diameters is required for the equator and mid-

face to reach steady state conditions compared with over 12 diameters for the tip. Short 

pauses for rod changes caused a reduction in excess pore pressure measured at the tip but 

not at the mid-face or equator. Figure 7.3c shows the ratio of the equator and tip excess 

pore pressure relative to those at the mid-face remain reasonably constant with depth, 

with values of ΔuEQ/ΔuMF ≈ 0.5 and ΔuTIP/ΔuMF varying between 1.3 and 1.7, with an 

average of 1.5. These values are consistent with previous findings; Colreavy et al. (2016a) 

measured ΔuEQ/ΔuMF = 0.56 to 0.6 in centrifuge tests on normally consolidated kaolin 

clay, whereas Mahmoodzadeh et al. (2015) reported similar relative magnitudes of excess 
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pore pressure around the piezoball through large deformation finite element analysis of a 

ball penetrating into clay.  

The piezocone pore pressure parameter, Bq = Δu2/qcnet, is a useful parameter for 

classifying soil behaviour type (Robertson, 1990). Analogous pore pressure parameters 

for the piezoball can similarly be expressed as Bball = Δuball/qbnet. Figure 7.3d shows that 

Bq and Bball at the mid-face and equator positions remain relatively constant with depth. 

Bball at the equator position is on average 0.5, which is reasonably consistent with (an 

equator) Bball = 0.3 to 0.4  as reported in field and centrifuge studies in soft clay (DeJong 

et al., 2008; Colreavy et al., 2012, 2016a), but much higher than Bball = 0.1 reported in 

field tests by Boylan et al. (2010). Bball at the mid-face position is approximately 0.8, 

slightly higher than (a mid-face) Bball = 0.65 as measured in centrifuge tests in normally 

consolidated clay (Colreavy et al., 2016a). Bball at the tip ranges from 0.9 at 1 m to 1.25 

at 11 m, slightly higher than a (tip position) Bball = 0.9 in field tests reported by Boylan et 

al. (2010). As indicated by the net penetration resistance and excess pore pressure 

profiles, Bq is similar to, although slightly lower than Bball at the mid-face position.  

In many cases the tip sensor became unresponsive to changes in penetration depth due to 

clogging of the filter. This is despite submerging the piezoball in a pressure chamber of 

silicon oil and applying cycles of negative and positive pressure in the chamber for several 

hours between tests in an attempt to unclog and saturate the filters. Given that the pore 

pressure measured at the tip mainly reflects total stress changes, and the tendency for the 

filter to become clogged, the tip position provides limited insight during a piezoball test 

and is not considered further in the paper. 
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7.4.2 Dissipation Tests 

Piezoball and piezocone dissipation tests were carried out at various depths by pausing 

the penetration and allowing the excess pore pressure to dissipate. Figure 7.4a compares 

the excess pore pressure response with time, t, for the piezoball and piezocone tests at 

4 m depth following penetration at the standard 20 mm/s. Although the excess pore 

pressure, Δu, measured at the mid-face on the piezoball decays monotonically after t = 0, 

Δu measured at the piezoball equator position and at the piezocone u2 position rise over 

the first 20 seconds before starting to decay. This response is commonly observed and 

although is often attributed to poor filter saturation, is now considered to reflect 

redistribution of pore pressures from the face to the shoulder of the cone and around the 

circumference of the ball (Chai et al., 2012; Mahmoodzadeh et al., 2015).  

The same data are replotted in normalised form in Figure 7.4b, including data from other 

depths, with consolidation time, T*, defined as (Teh and Houlsby, 1991): 

 5.02

*

rc

h

ID

tc
T   (7.3) 

where t is the dissipation time and Dc is the piezocone diameter. The rigidity index, Ir = 

G/su, where G is the shear modulus and su is the undrained shear strength, was calculated 

as 80 using G estimated from the unload-reload stress-strain response from pressuremeter 

tests and su from the penetration resistance using a bearing factor, N = 11.9 (Kelly et al., 

2014). The relatively small strain range from pressuremeter unload-reload curves yields 

a shear modulus that is considered appropriate for back-analysis of the dissipation 

responses, which will involve very small shear strains within the soil. The excess pore 

pressure is normalised as U = Δu/Δui, where Δui is the initial excess pore pressure. To 

account for the initial redistribution of pore pressures, Δui at t = 0 was estimated using 



   

  Estimating Consolidation Parameters from Field Piezoball Tests  

 

 

   195 

 

the root time extrapolation method (Sully et al., 1999). This method accounts for 

redistribution of pore pressure around the ball before dissipation, although for the mid-

face position Δui calculated using this approach gave very similar values to the measured 

value at t = 0. Also shown on Figure 7.4b is the Teh and Houlsby (1991) theoretical 

solution, which provided a basis for determining ch by obtaining the best match between 

the piezocone u2 excess pore pressure response and the theoretical curve. This resulted in 

ch = 0.3 mm2/s at 4 m, reducing to approximately ch = 0.08 mm2/s between 8 and 10 m, 

before increasing to ch = 5.3 mm2/s at 12 m, reflecting the vicinity of the sand layer (see 

Table 7.2). Rowe cell tests conducted on samples retrieved from a depth of 8 m, gave cv 

= 0.14 mm2/s at the in situ vertical effective stress (with estimated yield stress ratio of 

1.5), similar to ch = 0.08 mm2/s from the piezocone dissipation tests between 8 and 10 m. 

The non-dimensional time for 50% excess pore pressure dissipation for the piezoball mid-

face is 3.2 to 5 times lower than for the piezocone, with the upper limit consistent with 

centrifuge results reported by Colreavy et al. (2016a). Dissipation was also faster at the 

piezoball equator position than at the u2 position of the piezocone, by a ratio of 2 to 3 

compared with 1.5 in the centrifuge tests reported by Colreavy et al. (2016a). In absolute 

measure of time, excess pore pressures dissipated 1.1 to 1.4 times faster at the piezoball 

mid-face compared with the piezocone. Excess pore pressure dissipation at the piezoball 

equator takes similar or slightly longer time than for the piezocone by a factor of between 

1.0 and 1.4. This observation, which has also been noted in centrifuge tests reported by 

Mahmoodzadeh and Randolph (2014) and Colreavy et al. (2016a), is noteworthy as the 

piezoball diameter (60 mm) is 1.7 times higher than the piezocone diameter (35.7 mm). 

The faster dissipation for the piezoball is due to a combination of the smaller volume of 

soil involved in the failure mechanism around an advancing piezoball, and the higher 

excess pore pressure gradient around the piezoball (Low et al., 2007).  
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Interpretation of piezocone dissipation tests is complicated as the Teh and Houlsby (1991) 

solution does not allow independent assessment of ch and Ir (Mahmoodzadeh and 

Randolph, 2014; Mahmoodzadeh et al., 2014). As shown by Lu et al. (2000), the 

penetration of an ideal ball (with no shaft) is independent of Ir. However, in an actual 

piezoball dissipation test, excess pore pressure from cavity expansion around the shaft 

will contribute to the excess pore pressure measured at the circumference of the ball. 

Mahmoodzadeh et al. (2015) reported large deformation finite element (LDFE) analyses 

of dissipation around shafted balls of various diameter ratios and showed that a unique 

response was obtained by normalising the dissipation time as: 
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where Db and d are the piezoball sphere and shaft diameters respectively. Note that the 

rigidity index still contributes to the normalised dissipation time but the influence is 

muted compared with the piezocone. Mahmoodzadeh et al. (2015) combined their results 

and developed a unique dissipation piezoball profile for both the mid-face and equator 

positions which can be fitted (for U < 0.7) by: 
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where Tb50, the non-dimensional time for 50% dissipation, is 0.12 and 0.18 for the mid-

face and equator positions respectively. 

Measured piezoball dissipation curves from 4, 8 and 10 m depths are compared to the 

Mahmoodzadeh et al. (2015) LDFE solutions in Figure 7.5, adjusting ch such that the 

measured mid-face dissipation curve and the LDFE curve coincide at Tb50. Although the 
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gradient of the measured curve does not match the LDFE curve very well, ch from this 

matching process is in the range of 0.75 to 1.06 times that from the piezocone, with an 

average of 0.9. The same process for the equator position results in ch values that are up 

to 1.5 times lower than the mid-face values (see Table 7.2).  

7.4.3 Effects of Penetration Rate 

7.4.3.1 Penetration Resistance and Excess Pore Pressure 

Piezoball resistance will be affected by the penetration rate, v, the piezoball diameter, Db, 

and the coefficient of consolidation, cv or ch, combined to give normalised velocities of 

(Finnie and Randolph, 1994): 
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V  'or       (7.6) 

Although the former quantity V, based on cv, was used in earlier studies (e.g. House et 

al., 2001; Low et al., 2008), since consolidation during penetration is controlled by the 

same process as during a dissipation test, it is more logical to use V', based on ch, to 

quantify partial consolidation (Lehane et al., 2009; Mahmoodzadeh et al., 2014, 2015; 

Colreavy et al., 2016a).  

Several researchers have studied the dependence of penetration velocity on penetrometer 

resistance (e.g. Bemben and Myers, 1974; Roy et al., 1982; House et al., 2001; Chung et 

al., 2006; Lehane et al., 2009; Mahmoodzadeh and Randolph, 2014). When penetrating 

at a high velocity in low permeability soil, a reduction in velocity will result in a reduction 

in penetrometer resistance due to a decrease in the viscous influence of strain rates. This 

results in a minimum penetrometer resistance when the velocities are still sufficiently 

high to limit partial consolidation, but with reduced additional resistance due to strain rate 
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effects. Further reduction in the penetration velocity will cause an increase in 

penetrometer resistance due to partial consolidation, reducing the magnitude of excess 

pore pressure and increasing soil strength locally, eventually reaching a steady drained 

resistance.  

In addition to the constant rate of penetration tests, piezoball twitch tests were also 

conducted in which the penetration velocity was successively reduced over a number of 

depth intervals. A typical piezoball twitch test result is shown in Figure 7.6. Twitch tests 

were carried out at penetration velocities in the range v = 20 down to 0.02 mm/s (i.e. 

varying over three orders of magnitude), with each velocity maintained for at least 

250 mm (4.2Db) to ensure steady state conditions were achieved. Twitch test results for 

depth intervals 3 to 4 m and 6 to 7 m are shown in Figure 7.7. The data are presented as 

net penetration resistance normalised by the net penetration resistance at 20 mm/s, 

qbnet/qbnet(ref), against the non-dimensional velocity (Equation 7.6) using ch estimated from 

the piezoball mid-face dissipation tests, following penetration at 20 mm/s. The data on 

Figure 7.7 follow the pattern described previously, although the lowest penetration 

velocity (0.02 mm/s) is insufficiently slow to generate a drained response, and appears to 

indicate the onset of partial drainage. Also shown on Figure 7.7a is a backbone curve 

describing the expected evolution of qbnet/qbnet(ref) with V', combining viscous effects in 

the undrained region and partial consolidation and undrained regions, (Randolph and 

Hope, 2004):  
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where b and d are fitting constants, V'50 corresponds to a penetration resistance that is an 

average of undrained and drained values, µ is a strain-rate parameter and V'0 is the rate at 

which strain-rate effects start to decay to zero. V'ref is the reference normalised velocity 

and ideally should be taken as that corresponding to the minimum resistance value, 

although it is often (as is the case here) taken as the normalised velocity corresponding to 

v = 20 mm/s. The first bracketed term describes the partially drained response, while the 

second bracketed term captures strain rate effects. The lack of resistance data in the 

partially drained region may support a reduced form of Equation 7.7, limited to the second 

bracketed term. However, as will be shown later, the excess pore pressure provides 

stronger indications of partial drainage at the lower penetration velocities, justifying the 

use of the complete form of Equation 7.7. The best fit to the data was obtained using µ = 

0.2 and V'0 = 200 for viscous effects, whilst the partially drained region was described 

using b = 3.5, d = 1.4 and V'50 = 1.2 (Colreavy et al., 2016a). Alternative versions of 

Equation 7.7 using b = 2 and 5 do not affect the fit to the data in the viscous region where 

strain rates dominate. The parameter list used to generate the backbone curves in Figure 

7.7 is summarised in Table 7.3. The transition from a partially drained to fully undrained 

response occurs at approximately V' = 30, consistent with previous findings for T-bar, 

cone and ball penetrometers (Randolph and Hope 2004; Chung et al. 2006; Lehane et al., 

2009; Jaeger et al. 2010; Mahmoodzadeh and Randolph 2014; Colreavy et al., 2016a). 

An important observation from Figure 7.7a is that the standard penetration velocity, v = 

20 mm/s, is over two orders of magnitude higher than the minimum penetration velocity 

required for undrained conditions. This results in a net penetration resistance, and hence 

a derived undrained shear strength, that will be approximately 40% higher than the 

minimum (arguably a ‘true’ rate-independent and essentially undrained) value. The 

observations made here are for a piezoball penetrometer, but will also apply to other 



 

Estimating Consolidation Parameters from Field Piezoball Tests 

 

 

200 

 

penetrometers including the piezocone, provided that the strain rates, which may be 

approximated by v/D, are similar (to an order of magnitude). 

The evolution of excess pore pressure with changing penetration rate is shown in Figure 

7.7b. As with the penetration resistance data, a reduction in penetration rate causes a 

reduction in excess pore pressure associated with reductions in total stress. Below V' = 

30, the reduction in Δu is more marked, as the response moves into the partially drained 

range where less pore pressure is generated during penetration. As with the penetration 

resistance, the normalised excess pore pressure in Figure 7.7b can be fitted by a backbone 

curve: 
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where f is a fitting parameter (similar to d in Equation 7.7). The best fit between the 

measured data and Equation 7.8 was obtained using f = 1.1, V'50,Δu = 6, μ = 0.14 and the 

same V'ref = 5,000 and V'0 = 200 used with Equation 7.7. However, given the paucity of 

data in the partial consolidation region, the value of V'50,Δu is somewhat uncertain, and 

indeed is rather higher than the value of 0.9 observed by Mahmoodzadeh and Randolph 

(2014), with more extensive data in the partial consolidation range. The lower f in 

Equation 7.8 relative to d in Equation 7.7 implies that the excess pore pressure is less 

affected by changes in penetration rate than the penetration resistance, while the higher 

V'50,Δu suggests that the excess pore pressure begins to show a partially drained response 

at higher penetration rates than the penetration resistance. At the lowest penetration 

velocity the normalised excess pore pressure reaches as low as Δu/Δuref = 0.2 and 0.65 at 

4 and 8 m respectively, while the normalised penetration resistance at the same 
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penetration velocity is almost identical to the undrained value. The lower strain rate 

parameter, μ = 0.14, implies that Δu increases at a lower rate than q in the viscous range, 

perhaps because, at high strain rates, a degree of turbulent shearing introduces a slightly 

dilative response, reducing Δu relative to q.  

7.4.3.2 Dissipation Tests 

As shown earlier, the overall fit between the measured piezoball dissipation test after a 

penetration rate of 20 mm/s and the LDFE solution was quite poor. However, as shown 

by Figure 7.7, at v = 20 mm/s the penetration is over two orders of magnitude into the 

viscous range causing an extra component in the excess pore pressure. This distorts the 

shape of subsequent dissipation profiles.  

Several additional piezoball dissipation tests were carried out following the reduced 

penetration velocities during twitch tests. Figure 7.8 shows comparisons between the 

LDFE solutions and the piezoball dissipation responses following penetration at each of 

the four velocities involved at the end of each twitch test, where the dissipation times are 

normalised using ch estimated from the piezocone dissipation tests following penetration 

at v = 20 mm/s. The figure shows that although the back-calculated ch does not vary 

significantly for each penetration velocity when Tb50 is matched to the LDFE solution, 

the match in the overall response improves as the penetration velocity reduces, with the 

best fit obtained for a penetration rate, v = 0.02 mm/s. This penetration velocity 

corresponds with V' = 4 (4 m) and 20 (8 m), where strain rate effects are least pronounced. 

As the numerical solution does not account for viscous strain rate effects, it would be 

useful to explore, numerically, whether adding strain-rate dependency to the soil model 

might change either the shape of the dissipation response of the value of Tb50.  
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Although the equator dissipation profiles match the LDFE curve reasonably well 

following penetration at v = 0.02 mm/s, the fit is slightly better following penetration at 

v = 0.2 mm/s. As noted by Mahmoodzadeh et al. (2015), however, the LDFE fits for 

dissipation at the equator tend to under estimate the timescale of dissipation compared 

with experimental data. 

7.4.3.3 Partial Consolidation Indicators 

Colreavy et al. (2016a) demonstrated that when partial consolidation occurs during a 

piezoball penetration phase, ch may be underestimated by a factor of over six in a 

subsequent dissipation test. Analysis of the data considered here show that although 

penetration velocities in excess of that required for an undrained response do not unduly 

affect the back-calculated coefficient of consolidation, the overall fit between the 

dissipation profile and that observed following nominally undrained penetration is poorer, 

which may hamper the back-analysis to determine ch. Additionally, as shown earlier in 

the paper, the standard penetration velocity, v = 20 mm/s, may overestimate the soil 

strength deduced from the net penetration resistance, depending on the consolidation 

characteristics of the soil. For these reasons it would be advantageous to have a means of 

assessing the drainage conditions during a penetration test. 

It is evident from Figure 7.8 that the time taken for the equator excess pore pressure to 

reach a maximum, tmax, generally increases as the penetration response moves gradually 

towards the region of partial consolidation, consistent with observations by 

Mahmoodzadeh and Randolph (2014) and Colreavy et al. (2016a).  

Mahmoodzadeh and Randolph (2014) also showed that the ratio between the initial and 

maximum equator excess pore pressure, Δui/Δumax varied with drainage conditions. 
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Figure 7.8 suggests that this ratio remains relatively constant for V' = 4 to 20,000, 

although consideration of data presented by Mahmoodzadeh and Randolph (2014) 

suggests that Δui/Δumax reduces at V' < 3. However, as this is an order of magnitude lower 

than that required for undrained conditions, Δui/Δumax is not considered a reliable 

indicator of partial consolidation.  

Colreavy et al. (2016a) demonstrated that Bball is a useful indicator of partial 

consolidation. Figure 7.9 compares Bball at different V' from the field tests considered 

here together with centrifuge data reported by Mahmoodzadeh and Randolph (2014) and 

Colreavy et al. (2016a). Although the data for the equator position are somewhat 

scattered, collectively they show that Bball is highest at a normalised velocity V' = 30 (near 

the point of minimum penetration resistance), with values of Bball = 0.9 and 0.5 for the 

mid-face and equator positions respectively. As V' reduces, Bball for both the equator and 

mid-face positions tends towards zero as the response becomes drained. In the viscous 

penetration range (V' > 30) there is a slight reduction in Bball, which reflects qbnet 

increasing at a higher rate than the excess pore pressure (as also shown in Figure 7.7). 

Figure 7.9 supports the potential for Bball as a strong indicator for partial consolidation 

during penetration.  

7.5 ESTIMATING OF CH FROM PIEZOBALL DISSIPATION TESTS 

In this section an alternative empirical method for estimating ch from piezoball dissipation 

test data is outlined and compared with a database of field and centrifuge piezoball 

dissipation records. The database includes four field sites and two separate centrifuge 

studies on kaolin clay. The baseline measure of ch for each case was interpretation of 

piezocone dissipation tests using the Teh and Houlsby (1991) solution.  
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As shown by Figure 7.4 and Figure 7.8, the excess pore pressure dissipation profile at the 

piezoball equator location is characterised by an initial rise in excess pore pressure before 

decaying towards zero. The time for 50% excess pore pressure dissipation at the equator 

position, t50,EQ, increases as penetration moves further into the partially drained range 

(Colreavy et al., 2016a), whereas at penetration velocities in excess of that required for 

nominally undrained conditions, t50,EQ remains approximately constant. Meanwhile, the 

time required to reach the maximum excess pore pressure, tmax, will increase with 

increasing penetration velocity in both the partially drained (Mahmoodzadeh and 

Randolph, 2014) and undrained range (this study). Figure 7.10 plots tmax as the non-

dimensional time, Tmax = chtmax/DbdIr
0.25, against the tmax/t50 ratio for each site. The data 

on Figure 7.10 include dissipations following a range of penetration velocities, spanning 

the partially drained to viscous-undrained range and can be described by the following 

power function: 
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The merit of the empirical method can be assessed from Figure 7.11 which compares ch 

values estimated from Equation 7.9 with ch values determined from piezocone dissipation 

tests. The agreement in predicted ch is within better than an order of magnitude for the 

entire dataset, which spans three orders of magnitude variation in ch. Equation 7.9 

overestimates ch by on average 10%, which is within the range demonstrated earlier in 

the paper in the estimation of ch using the Mahmoodzadeh et al. (2015) LDFE solution. 
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7.6 CONCLUDING REMARKS 

The coefficient of consolidation is an important property for the design of geotechnical 

structures. Often the most reliable method of assessing ch is through in situ dissipation 

tests, particularly offshore. Although piezocone dissipation tests are a proven method of 

assessing ch, experimental evidence – including that presented here – shows that excess 

pore pressure may dissipate more quickly around a piezoball than a piezocone, and that 

ch may be calculated from the dissipation response to a similar accuracy, with less 

dependency on the soil rigidity index. 

This paper has highlighted the need to assess whether the penetration response is 

undrained as this will affect interpretations of soil strength from the net penetration 

resistance. In the field tests considered here, advancing the 60 mm diameter piezoball at 

the standard 20 mm/s would lead to an overestimation of the undrained shear strength by 

40%. Furthermore, the excess pore pressure response during dissipation is also affected 

by the penetration rate adopted for the preceding penetration.  The most problematic 

condition is partially drained penetration, as ch deduced from the subsequent dissipation 

may be underestimated, although generally by no more than half an order of magnitude. 

The pore pressure parameter for the piezoball, Bball = Δuball/qbnet is shown to be a useful 

parameter for assessing drainage conditions during penetration. Bball should be monitored 

during penetration; available data – including the field data considered here – indicate 

that an undrained response is obtained at Bball = 0.9 for the piezoball mid-face location 

and Bball = 0.5 for the piezoball equator location, although just as for Bq these values will 

be affected by soil type. The horizontal coefficient of consolidation was determined from 

numerical solutions or from an empirical method presented in the paper. Both the 

empirical and numerical methods are capable of predicting ch values derived from 
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piezocone dissipation profiles to an accuracy that would be considered sufficient for 

design purposes. 
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Table 7.1.  Ballina soil properties (from Pineda et al. (2014)) 

Property Value 

Moisture content, w (%) 105 

Liquid limit, LL (%) 98 

Plastic limit, PL (%) 33 

Unit weight,  (kN/m3) 16.9 

Specific gravity, Gs 2.7 

Organic content, OC (%) 5 – 6 

OCR 1 – 2 

Angle of internal friction, ' (°) 31 

Undrained shear strength ratio, suc/'v (at 8 m) 0.4 

 

Table 7.2. Coefficient of horizontal consolidation values deduced from piezocone and piezoball 

dissipation tests 

Depth (m) 
ch (mm2/s) 

u2 uMF uEQ 

4 0.31 0.33 0.33 

8 0.08 0.06 0.05 

10 0.07 0.06 0.04 

12 5.32   

 

Table 7.3.  Backbone curve-fitting parameters 

Parameter b d, f V'50 µ V'0 V'ref 

qbnet 3.5 1.4 1.2 0.20 200 5,000 

ΔuMF & ΔuEQ - 1.1 6 0.14 200 5,000 
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Figure 7.1.  Location of national soft soil field testing facility (Kelly et al., 2014) 

 

Figure 7.2.  Piezoball with pore pressure measurement locations at the equator, mid-face and 

tip 
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Figure 7.3. Profiles of: (a) net penetration resistance, (b) excess pore pressure, (c) piezoball 

excess pore pressure ratios and (d) piezoball and piezocone pore pressure 

parameters 
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Figure 7.4. Piezoball and piezocone dissipation curves at a depth of 4 m shown in: (a) actual 

time and (b) ‘consolidation time’ (where D denotes the diameter of both the 

piezocone, Dc and the piezoball, Db) 

 

Figure 7.5.  Comparison of piezoball dissipation curves with Mahmoodzadeh et al. (2015) 
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Figure 7.6.  Example of piezoball twitch test results compared with standard constant 

penetration velocity test: (a) velocity, (b) net penetration resistance, (c) excess pore 

pressure at mid-face position and (d) excess pore pressure at equator position 
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Figure 7.7.  Piezoball backbone curves of: (a) net penetration resistance and (b) excess pore 

pressure 
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Figure 7.8.  Measured and numerical piezoball excess pore pressure dissipation responses 

following penetration at: (a) 20 mm/s, (b) 2 mm/s, (c) 0.2 mm/s and (d) 0.02 mm/s 
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Figure 7.9.  Bball as a partial consolidation indicator: (a) mid-face, (b) equator 

 

Figure 7.10.  Empirical method of estimating ch from piezoball equator dissipation data 
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Figure 7.11.  Comparison of empirically derived ch with ch derived from piezocone dissipation 

tests 
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CHAPTER 8. CONCLUDING REMARKS 

8.1 FINDINGS OF THIS STUDY 

This study has compiled a database of field, laboratory and centrifuge scale full-flow 

penetrometer penetration and dissipation tests in soft soil. The tests have been 

complemented with other field and laboratory tests.  

The data presented here has demonstrated the potential of the piezoball penetrometer as 

an advanced site investigation tool in soft soil. While the main emphasis has been on 

using the piezoball to measure consolidation parameters, some of the early work of this 

project was used to prove the advantage of using full-flow penetrometers to measure 

undrained shear strength in very soft soil. Undrained shear strength profiles from the T-

bar and piezoball, using a single bearing factor of 10.5 were found to be comparable to 

values from other field tests (vane shear and the cone penetration test) and laboratory tests 

(triaxial compression tests).  

At a very soft lakebed site, the T-bar and piezoball penetration resistance profiles were 

found to be in good agreement while the piezocone recorded little or no measurable 

resistance. This is due to the larger projected area of the T-bar and piezoball, which in 

this instance provided 10 times larger projected area and hence a much improved 

resistance resolution. When typical bearing factors were applied to the T-bar and 

piezoball penetration resistance, the resulting undrained shear strength ratio was much 

higher than expected for normally consolidated clay. This sediment was also found to be 

incredibly structured, yet the strength was found to reduce only moderately when 

remoulded. It was shown that the depositional environment, which is typified by low 

lithic input and high biological content, and the pore water chemistry are the main 
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contributors to the strength and structure of the sediment. Laboratory scale tests described 

showed that altering the calcium content of the pore water can increase the undrained 

shear strength by up to 50% combined with an apparent increase in the coefficient of 

consolidation.  

The field tests presented in Chapters 3, 4 and 5 were carried out using a 113 mm diameter 

piezoball that measured pore pressure at a single location. These tests showed that 

although the actual dissipation times for the piezoball were longer than those for the 

piezocone, normalised piezoball dissipation times were quicker.  

Based on the results of the piezoball dissipation tests in this work and other studies, a new 

piezoball which measures pore pressure concurrently at the mid-face and equator 

positions was designed and tested at centrifuge and field scale. The results suggest that 

the mid-face position was the most appropriate position to carry out dissipation tests as 

this position gives the quickest dissipation times. Also, measured dissipation profiles 

from this position were found to give the closest match to the theoretical dissipation curve. 

Field dissipation times using the 60 mm diameter piezoball at the mid-face position were 

found to be 1.4 times quicker than the standard 35.7 mm diameter piezocone. Also, 

coefficient of consolidation values deduced from the mid-face pore pressure dissipation 

using recently developed large deformation finite element solutions were comparable to 

those from other solutions. There was less good agreement between the measured equator 

dissipation and the LDFE solution. However, other studies have highlighted the potential 

of the equator position to identify changes in soil type. It is recommended to use a 

piezoball that measures pore pressure at both locations. 

While the tests described in this study were carried out in fine-grained soils where the 

penetration response was always undrained, variable rate penetration tests in the field and 



 

Concluding Remarks 

 

 

the centrifuge have shown the effect of partially drained penetration rates on the 

penetration resistance and pore pressure response. Unknowingly penetrating at rates 

below the fully undrained rate can lead to an overestimation of the undrained shear 

strength while in subsequent dissipation tests the coefficient of consolidation can be 

overestimated by a factor as high as six. Meanwhile penetrating at rates above the fully 

undrained rate can also lead to overestimation of the undrained shear strength and the 

extra pore pressure created by penetrating at high rates leads to distortion in subsequent 

dissipation profiles making them difficult to interpret. Given the influence of penetration 

rate, it is important to identify the drainage conditions during penetration. The piezoball 

pore pressure parameter has been identified as a useful indicator of partial drainage. 

Using the database of piezoball dissipation tests collected in this study, a new 

interpretation method to derive the coefficient of consolidation was developed. This 

method was shown to estimate the coefficient of consolidation to a similar accuracy as 

the piezocone dissipation test. While there is currently no guidance on sizing of the 

piezoball, this work has highlighted the factors that should be considered when deciding 

on a standardised diameter of the piezoball. While the increased projected area of a large 

diameter ball can lead to improved strength resolution in very soft soils, this is offset by 

the need to have a smaller diameter to allow for faster dissipations. The 60 mm diameter 

piezoball tested here was found to have quicker dissipation times while still benefiting 

from improved resolution relative to the standard 35.7 mm diameter cone. Also, piezoball 

dissipation is less dependent on rigidity index compared to the piezocone. Therefore the 

piezoball is proven to be a useful test method, particularly in very soft soils.  



 

  Concluding Remarks 

 

 

  219 

 

8.2 SUGGESTIONS FOR FUTURE RESEARCH 

This work has shown the advantage of using the piezoball penetrometer to estimate 

consolidation parameters of soft soil. However, like the piezocone, the inclusion of pore 

pressure measurement allows other soil parameters to be determined. Based on the 

findings of this study, the following recommendations are made for future work.  

Test Intermediate Soils 

This study has shown the influence of drainage conditions on the penetration resistance 

and generated pore pressure. However the tests presented were limited to fine-grained 

soils, where under standard penetration rates, the response was always undrained. There 

is a lack of published piezoball data for intermediate soils. Therefore it is recommended 

that a database of tests in various intermediate soils should be assembled. This work has 

shown that piezoball pore pressure parameter is a useful indicator of partial drainage. The 

proposed tests can also be used to test the effectiveness of the piezoball pore pressure 

parameter to identify partial drainage. Also the tests will prove the applicability of current 

interpretation methods.  

Soil Profiling 

The identification of different soil layers with varying properties is important for the 

design of geotechnical structures since changes in the permeability characteristics of the 

soil affects the drainage response of the structures. Like the piezocone, continuous 

monitoring of the pore pressure during piezoball testing, in addition to the penetration 

resistance, provides a means of identifying changes in soil stratigraphy. There is limited 

experience available of using the piezoball for stratigraphy identification. Kelleher and 

Randolph (2005) suggest the equator pore pressure position is most suited to detect 
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changes in stratigraphy. It is recommended that a database of piezoball tests in various 

soil types or layered soils should be assembled and the usefulness of the piezoball to 

identify different soil types investigated.  

Soil Behaviour Type 

Continuous monitoring of the pore pressure during penetration allows the soil behaviour 

type to be estimated. Several soil behaviour type charts exist for the piezocone that relate 

the penetration resistance, sleeve friction and pore pressure to the behaviour of the soil. 

If similar charts be developed for the piezoball, that relate the penetration resistance and 

pore pressure to the soil behaviour type, it would greatly enhance the devices’ potential 

and make it a more attractive tool for use by industry. A database of high quality field 

and centrifuge tests in various soil types is required to develop suitable soil behaviour 

type charts.   
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ABSTRACT: Much of Ireland’s road network passes through soft ground. This presents significant geotechnical design 

challenges. A precise measurement of the undrained shear strength (su) is critical for the design and performance of geotechnical 

structures on these soft sediments. In-situ penetration tests, in which a probe at the end of a series of rods is pushed vertically 

into the ground, are often used to characterise soft soils. su is derived from the penetration resistance (q) of the probe through a 

constant factor (N); su = q/N. Although the cone is the most common probe, full-flow probes such as the ball have become 

popular in recent years. Pore pressure measuring elements have recently been added to the ball which allows pore pressure to be 

measured during penetration and also allows dissipation tests to be conducted; these tests have particular merit in assessing 

consolidation characteristics. This paper discusses the use of full-flow penetrometers in characterisation of soft soils. Piezoball 

(a ball penetrometer with a pore pressure measuring element) penetration and dissipation tests for a number of sites are 

presented. The merits of the piezoball penetrometer are assessed by comparing test results with other field and laboratory test 

results.  

KEY WORDS: Piezoball, CPT, soft soil, in-situ, characterisation 

1 INTRODUCTION 

Accurate and precise determination of the undrained shear 

strength (su) is essential for the design and performance of all 

structures founded on soft sediments. In most instances su is 

determined from a combination of laboratory and in-situ tests. 

Laboratory determinations of su require high quality 

undisturbed soil samples [1]. The difficulty in obtaining 

undisturbed and representative soil samples has led to an 

increased reliance on in-situ testing. The vane shear test and 

in-situ penetration tests are commonly used for the 

characterisation of soft soil, both onshore and offshore. While 

the former provides a direct measurement of undrained shear 

strength, the measurements can be affected by factors such as 

the waiting time after insertion, the rate of vane rotation, etc. 

[2]. Furthermore, the vane test can only be carried out at 

discrete depths. Penetration tests are carried out by vertically 

pushing a probe at the end of a series of rods into the ground 

at a constant rate. The undrained shear strength is then derived 

from the tip resistance (q). The cone penetration test (CPT) is 

the most commonly used in-situ penetration test. The cone 

gives a full resistance profile with depth, unlike the vane (i.e. 

continuous rather than at discrete depth intervals). However, 

unlike the vane, the cone does not give a direct measurement 

of su.  

In the last 20 years, a new type of full-flow penetrometer 

has emerged in which the cone tip is replaced with a probe 

that is either a cylindrical T-bar or a sphere (Figure 1). There 

are a number of advantages of these new full-flow 

penetrometers over the cone [3]: 

1. There is little, or no, correction necessary to provide net 

resistance compared to potentially significant adjustments 

to the cone resistance. 

2. Improved accuracy is obtained in soft soils due to the 

larger projected area. 

3. Accurate plasticity solutions exist relating the penetration 

resistance to the shear strength of the soil. 

This paper presents the results of full-flow penetration tests 

at three soft soil sites in Ireland. By comparing the results of 

piezocone and piezoball tests, the relative merits of the 

piezoball are assessed. The usefulness of using a constant 

factor of NBall = 10.5 is assessed by comparing su profiles from 

ball tests with cone and shear vane results. The trends of 

excess pore water pressure during cyclic remoulding and 

dissipation tests are also examined.  

2 BACKGROUND TO PENETRATION TESTING 

2.1 Cone penetration testing 

The standard cone penetrometer used today has an apex angle 

of 60° and a projected area of 1,000 mm
2
 (diameter of 35.7 

mm) as specified in the ISSMFE International Reference Test 

Procedure for CPT [4]. The standard rate of penetration is 20 

mm/s.  

The main limitation in the use of the CPT is in relating the 

measured cone resistance to the undrained shear strength 

profile of the soil. Measured cone resistance must be corrected 

for the unequal pore pressure and overburden pressure acting 

above and below the cone. The cone tip resistance is related to 

the undrained shear strength of the soil through: 

kt

net

u
N

q
s    (1) 

where qnet is the net cone resistance and Nkt is an empirically 

derived CPT resistance factor.  
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Although extensive theoretical solutions and empirical 

correlations exist to guide the selection of an appropriate 

value of Nkt, it is customary to calibrate Nkt for each new site 

with laboratory data, due to the variability of Nkt depending on 

soil properties such as soil stiffness and the in situ stress ratio 

[5].  The need for high quality laboratory determinations of su 

to interpret CPT data negates the advantage of penetration 

tests over laboratory testing.  

The unequal pore pressure in the cone penetration test is 

caused by the pore pressure acting on the shoulder of the 

cone. The measured cone resistance must be corrected for this 

effect: 

)1(2  uqq ct   (2) 

where qt is the total measured cone tip resistance, qc is the 

measured cone resistance, u2 is the measured pore pressure 

behind the cone shoulder and α is the unequal area ratio. The 

net tip resistance is calculated by subtracting the overburden 

pressure, σv: 

vtnet qq    (3) 

In some cases the correction to the measured tip resistance 

can be significant. In tests on Burswood clay, the difference 

between the measured tip resistance and net resistance was 

found to be 19 % [6].  

The use of a piezocone (a cone penetrometer with pore 

pressure measurement) improves soil stratigraphy and 

behaviour determinations. Measurement of pore pressure also 

allows in-situ determination of the consolidation 

characteristics of a soil through dissipations tests, where 

penetration is stopped and the decrease in pore pressure is 

measured over time.  

2.2 Full-flow penetrometers 

The rationale behind the introduction of full-flow 

penetrometers is that accurate plasticity solutions exist that 

relate the penetration resistance to the undrained shear 

strength. This means that (in theory) shear strength 

measurements from full-flow penetrometer tests do not need 

to be calibrated against laboratory derived measurements. 

Furthermore, since soil is able to flow around the probe, the 

overburden pressure is equal above and below the probe (bar 

the small shaft area). The larger projected area of the full-flow 

probes also leads to improved accuracy in soft soil – generally 

full-flow probes have a projected area of 10,000 mm
2
, i.e. 10 

times that of the standard cone.  

The cylindrical T-bar was first devised as an instrument for 

determining su in geotechnical centrifuges [7]. The device was 

originally developed to combine the direct undrained shear 

strength correlations of the vane with the continuous profile 

given by the cone. The success of the T-bar in the centrifuge 

led to its use in the field [8].  

The ball penetrometer was introduced to overcome the 

possibility of bending moments on the T-bar load cell. 

Centrifuge and in-situ tests have shown that ball and T-bar su 

profiles are similar [6] and give good agreement with 

laboratory su measurements determined from high quality 

samples [3].  

 

 

 

Figure 1. (a) Piezocone, (b) T-bar, and (c) Piezoball probes 

with pore pressure measurement at equator, mid-face and tip 

The measured ball resistance can be corrected in a similar 

manner as the CPT using equation 4 below [6]. Since the ratio 

of the shaft area to the area of the probe (As/Ap) is generally 

0.1 for the ball, the correction to the measured resistance is 

usually small.  

psvcball AAuqq /)]1([ 0    (4) 

where qball is the net ball resistance and u0 is the hydrostatic 

pressure.  

In addition to the intact undrained shear strength, full-flow 

penetrometers can be used to assess the remoulded shear 

strength (sur) and sensitivity by carrying out cyclic remoulding 

tests. These tests are performed by cycling the penetrometer  

about the desired depth. The cycling interval should be at least 

two to three probe diameters [9]. The minimum number of 

cycles required to reach the remoulded strength (where each 

penetration plus extraction is considered one full cycle) is soil 

dependent although 10 cycles is often recommended [9]. In 

many cases however, the soil will fully degrade in less than 10 

cycles. The degradation factor is calculated by dividing the 

mean resistance in each stoke by the initial penetration 

resistance.  

Recently, pore pressure sensors have been incorporated into 

full-flow probes. The first T-bar tests to be carried out 

offshore used a T-bar which measured pore pressure at two 

points on the neutral axis [10]. Since the introduction of the 

ball penetrometer, pore pressure measurement has been used 

more extensively with measurements at a number of different 

locations. Kelleher & Randolph [11] and Low et al. [12] used 

piezoballs which measured pore pressure at the equator 

position while Boylan & Long [13] used a piezoball which 

measures pore pressure through two holes one third up the 

ball face. Colreavy et al. [14] used a modular piezoball which 

allowed pore pressure measurement at one of three locations 

(tip, mid-face or equator) at any one time.   

Peuchan et al. [15] showed that the pore pressure parameter 

from piezoball tests (Bball) has potential for defining soil 

stratigraphy in a similar way to the piezocone pore pressure 

parameter (Bq). Boylan & Long [13] showed the potential for 

Bball to identify peat humification. 
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where uball is the pore pressure measured during ball 

penetration.  

Like the piezocone, the piezoball can be used to carry out 

dissipation tests. Low et al. [12] and Colreavy et al. [14] 

carried out extensive piezoball dissipation testing using a 

piezoball with pore pressure measurement at the equator 

position. Their results showed that if the piezocone and 

piezoball penetrometers were to have the same diameter, the 

excess pore pressure around the ball would dissipate faster 

around the ball than around the cone. This may indicate an 

advantage of the piezoball over the piezocone for estimating 

the coefficient of consolidation. However, at present, a 

theoretical solution does not exist for the interpretation of 

piezoball dissipation tests.  

3 SITES 

3.1 Athlone 

The Athlone site is located within the River Shannon flood 

plain. The stratigraphy of the site consists of a thin layer of 

peat on top of a layer of calcareous soil (known locally as 

‘calc marl’), overlying a layer of grey organic clay and then 

brown laminated clay. Moisture contents in the grey clay layer 

fall from approximately 100 % at the top of the layer to 80 % 

at the bottom while it remains close to 30 % in the brown 

clay. Plasticity indices decrease with depth with values of 25 – 

50 % in the grey clay and 5 – 20 % in the brown clay. The 

moisture content is close to the liquid limit throughout. The 

unit weight of the clays increase relatively linearly with depth 

from approximately 15 kN/m
3
 at the top of the grey clay to 20 

kN/m
3
 at the bottom of the brown clay. Full details of the 

Athlone clays are given in Long & O’Riordan [16].  

3.2 Belfast 

The Belfast site is located on the south side of Belfast Lough, 

10 km north east of Belfast city. The main sediment of interest 

at the site is a layer of soft estuarine clayey silt, known locally 

as ‘sleech’, which is overlain by a layer of sandy ‘sleech’ and 

a layer of recently placed fill. Moisture contents in the 'sleech' 

are in the range 50 – 65 %. Liquid and plastic limits are in the 

range 60 – 75 % and 25 – 35 % respectively. Like the Athlone 

clays, the moisture contents are close to the liquid limits 

throughout. The ‘sleech’ has an average unit weight of 

17.7 kN/m
3
. Lehane et al. [17] give more details of the Belfast 

‘sleech’.  

3.3 Lough Erne 

Lough Erne, which is comprised of two lakes, is located in 

Co. Fermanagh, in the north west of Ireland. The test site is 

located in the north west of the lower lake. Water depths in 

the area where the tests took place are in the region 3.5 – 4 m. 

Moisture contents are high throughout in the range 270 – 

520 %. The Atterberg limits are also high with plastic limits 

of 130 – 180 % and liquid limits of 250 – 315 %. The 

moisture content is approximately 1.5 times the liquid limit 

throughout. The unit weight of the soil is only marginally 

higher than water at 10.5 kN/m
3
. Further details are given in 

Colreavy et al. [18].  

4 TEST RESULTS 

CPT and ball results for the three sites are shown in Figure 2. 

All tip resistance values have been corrected for overburden 

and pore pressure. In the case of the ball, the correction is 

generally small (<10 %).  

In Athlone, the cone tip resistance is higher than the 

piezoball profiles. The resistance profile in the grey clay layer 

is seen to remain tolerably constant over the initial 2 m and 

then decreases slightly between 2 and 4 m. In the brown clay 

the penetration resistance is seen to increase slightly or stay 

tolerably constant with depth.  

Piezoball and piezocone excess pore pressure profiles at the 

Athlone site are also shown in Figure 2a. The pore pressure at 

the ball equator profile is consistently lower than the 

corresponding CPT profile (at the u2 position) which is in line 

with previous studies [12, 19]. The pore pressure profile 

measured at the piezoball mid-face was found to be broadly 

similar to that measured at the piezoball equator.  

Profiles for Belfast are shown in Figure 2b. The profiles 

originate at the bottom of the sandy ‘sleech’ layer at 2.5 – 3 

m. The piezoball profile is compared with a previously 

established CPT profile from Lehane et al. [17]. The CPT and 

piezoball resistance profiles are broadly similar although the 

piezoball resistances are slightly higher. The excess pore 

pressure measured at the piezoball equator is also similar to 

the piezocone pore pressure measured at the u2 position.  

The Lough Erne tip resistance and pore pressure profiles are 

shown in Figure 2c. The piezocone recorded zero or negative 

resistance throughout and when corrected, the net tip 

resistances are negative. This highlights a drawback of the 

CPT in very soft sediments. Excess pore water pressure 

profiles for a piezocone and piezoball test (with pore pressure 

measured at the equator) are also shown. Similarly to Belfast, 

there is very good agreement between the piezocone and 

piezoball profiles, with the piezocone showing slightly more 

scatter.  

The ratio of ball tip resistance to net cone resistance 

(qball/qnet) for Athlone and Belfast is also shown in Figure 2. In 

the Athlone grey clay the ratio is approximately 0.84 while in 

the brown clay the ratio reduces to 0.52. Boylan et al. [19] 

noted a similar change in ratio with a change in facies at 

Bothkennar, with the ratio decreasing from 0.8 to 0.75. 

qball/qnet for Belfast averages at just over 1. As there is no net 

cone resistance profiles for Lough Erne, the resistance ratio 

can not be derived.  

Pore pressure parameters for all three sites are presented in 

Figure 2. In the grey clay at Athlone, both Bball and Bq vary. 

However in the lower half of the layer the profiles are similar 

and converge at the bottom. In the brown clay Bq remains 

constant at about 0.75. There is more scatter in the Bball profile 

but it does remain close to the Bq value. Kelleher & Randolph 

[11] and Boylan & Long [13] both found that Bball was in line 

with Bq. Low et al. [12] found Bq to be greater than Bball while 

Boylan et al. [20] showed Bball (with pore pressure measured 

at the tip) to be greater than Bq whilst Bball (with pore pressure 



measured at the equator) was lower. In Belfast, both Bq and 

Bball remain fairly constant with depth at 0.46 and 0.34 

respectively. In Lough Erne, Bball remains constant at 0.4. 

DeJong et al. [21] similarly found Bball to remain constant at 

0.4 with depth at Burswood. However this in contrast with 

Low et al. [12] who found Bball to be 0.2 at the same site. 

4.1 Undrained Shear strength 

The undrained shear strength is determined from the 

resistance profiles using Equation 1. The choice of appropriate 

cone N factor (Nkt) is difficult and is often calibrated against 

laboratory su determinations. In this case the choice of Nkt is  
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Figure 4. Piezoball cyclic remoulding test at Athlone. (a) tip resistance, (b) excess pore pressure measured at the tip, (c) excess 

pore pressure measured at the mid-face, (d) excess pore pressure measured at the equator, (e) tip resistance degradation, and (f) 

excess pore pressure degradation 

based on previous experience for the sites and by comparison 

with field vane results. The selection of an appropriate N 

factor for the ball penetrometer is often more straightforward 

and many field and centrifuge studies have shown that using a 

factor of Nball = 10.5 produce su profiles that are consistent 

with expected values [6, 22].  

Figure 3a compares the piezoball and piezocone su profiles 

for Athlone with a previously established field vane profile. 

Long & O’Riordan [16] found that a factor of Nkt = 20 gave 

good overall agreement. In this case the piezocone profile is in 

good agreement with the ball profile in the brown clay. In the 

grey clay however su from the ball is higher than that from the 

cone. The vane results are quite scattered. However there is 

reasonably good agreement with the penetrometer profiles in 

the grey clay. In the brown clay, the vane results are lower 

than the ball and cone profiles. In the grey clay, su from the 

ball is in the region of 0.8 times σ′v whereas for the cone it is 

close to 0.5 times σ′v. In the brown clay, su is closer to 0.2 

times σ′v for both probes. Interestingly this is close to the back 

analysis of trial embankments loaded to shear failure (Long & 

O’Riordan [16]) which indicated su/σ′v = 0.2 to 0.25 for the 

brown clay. Both the piezocone and piezoball were found to 

give better agreement with the vane results at Belfast. In this 

instance a cone factor of 11 (based on the findings of McCabe 

& Phillips [23]) was used. This gave good agreement with the 

piezoball profile using a factor of 10.5. The vane results are in 



in particularly good agreement with the piezoball profile. The 

cone su profile is in line with 0.3 times σ′v throughout, while 

the ball profile is closer to 0.45 times σ′v. This is higher than 

would be expected for a normally consolidated soil, although 

0.3 to 0.45 times σ′v agrees well with laboratory su/σ′v values 

reported by Lehane [24] of 0.41 for triaxial compression and 

0.29 for triaxial extension.  

The undrained shear strength profile for Lough Erne is also 

shown in Figure 3. However in this case there is no other 

strength data available for comparison. All the profiles are 

bound by the lines representing 0.8 times and 1.4 times the 

effective stress. Above 2 m the profiles are in close agreement 

with 1.4 times the vertical effective stress. Below 2 m, the 

su/σ′v ratio falls to closer to 0.8. Like Belfast, this is much 

higher than the su/σ′v = 0.2 to 0.3 typically encountered for 

normally consolidated soils. This is attributed to the extremely 

low effective unit weight of 10.5 kN/m
3
.  

4.2 Cyclic Remoulding 

The results of piezoball cyclic remoulding tests carried out in 

the brown clay layer at Athlone, with pore pressure measured 

at all three locations is shown in Figure 4. The results are 

shown in terms of measured tip resistance and excess pore 

pressure. The degradation in absolute tip resistance and excess 

pore pressure with the cycle number are also shown.  

The tip resistance response during cycling can be used to 

estimate the sensitivity of the soil. This assumes that the intact 

strength factor and the remoulded strength factor are the same. 

Although this has been shown not to be the case [25], using 

the ratio of intact resistance to remoulded resistance does give 

an initial estimate of sensitivity. The results suggest a 

sensitivity of about 3 for the Athlone brown clay.  

The tip resistance value reaches stability in 5 – 6 cycles. In 

contrast the pore pressure in all three cases reaches stability in 

only three cycles. Boylan et al. [20] and DeJong et al. [21] 

both found similar results. DeJong et al. [21] hypothesised 

that the quicker degradation in pore pressure is due to the fact 

the bulk soil structure is fully degraded in the first few cycles. 

In later cycles the degradation is due to the remoulding of soil 

clusters which takes place without further contractive or 

dilative volumetric tendencies which generate excess pore 

pressure.  

Interestingly there is a difference between the pore pressure 

at the equator during the penetration and extraction strokes. In 

fact the average difference between penetration and extraction 

pore pressure is quite similar for all three positions; 40 kPa, 

35 kPa and 32 kPa for the tip, mid-face and equator 

respectively. This is contrary to the findings of Boylan et al. 

[20] and DeJong et al. [21] who both showed the excess pore 

pressure at the equator to be similar during penetration and 

extraction. It is suggested that the differences in penetration 

and extraction pore pressure is due to the presence of the shaft 

which alters the flow mechanism [20].  

4.3 Dissipation test results 

A number of dissipation tests have been carried out at both 

the Athlone and Belfast sites. All piezoball dissipation tests 

relate to the equator position. Typical dissipation profiles are 

shown in Figure 5. Although the shape of the dissipation 

curves are similar, a noticeable increase in the piezoball pore 

pressure over the initial 50 seconds is observed. Although this 
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Figure 5. Dissipation curves for (a) Athlone and (b) Belfast 

from Colreavy et al. [14] 
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Figure 6. Normalised dissipation curves for Athlone and 

Belfast from Colreavy et al. [14] 

could indicate inadequate saturation, a similar trend has been 

observed in previous piezoball tests [12, 21] where efforts 

were made to ensure proper saturation. In those cases the pore 

pressure lag was attributed to short-term equalisation of the 

pore pressure around the probe, rather than inadequate 

saturation.   

A comparison between the piezocone and piezoball profiles 

is facilitated by using the normalised time factor, T*: 



rh IrtcT 2* /   (7) 

where t is the dissipation time, ch is the horizontal coefficient 

of consolidation, r is the penetrometer radius and Ir is the 

rigidity index. The coefficient of consolidation is calculated 

from the piezocone data in accordance with the method 

suggested by Teh & Houlsby [5]. This value is then used to 

interpret the piezoball dissipation data since there is currently 

no theoretical solution available to interpret piezoball 

dissipation data.  

The normalised dissipation curves for Athlone and Belfast 

are compared in Figure 6. The normalised time factors are 

similar for both penetrometers. This implies that the rate of 

dissipation around the ball is faster than around the cone when 

the diameters are accounted for which is in line with previous 

studies [12].  

5 CONCLUSIONS 

A series of penetration tests carried out at a number of soft 

soil sites in Ireland have been presented. The test results have 

been compared with other in situ data to assess the usefulness 

of the piezoball in quantifying the undrained shear strength of 

soft soil.  

The piezoball pore pressure parameter has been shown to 

have potential in assessing soil classification or stratigraphy. 

Interestingly the ratio of ball tip resistance to net cone 

resistance (qball/qnet) is shown to change in different soil 

layers.  

The quicker decay in pore pressure compared with tip 

resistance was highlighted in cyclic remoulding tests. Further 

analysis of the tip resistance and pore pressure during cycling 

may lead to better understanding of the soil degradation 

process.  

Piezoball dissipation curves were shown to have a similar 

shape to piezocone dissipation curves. The piezoball 

dissipation may prove to be useful in assessing the 

consolidation characteristics once a suitable theoretical 

framework has been established.  
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