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ABSTRACT 

Offshore developments for hydrocarbon resources have now progressed to water depths 

approaching 2500 m.  Due to the difficulties and high cost in recovering high quality 

samples from deepwater site, there is increasing reliance on in situ tests such as 

piezocone and full-flow (i.e. T-bar and ball) penetration tests for determining the 

geotechnical design parameters.  This research was undertaken in collaboration with the 

Norwegian Geotechnical Institute (NGI), as part of a joint industry project, to improve 

the reliability of in situ tests in determining design parameters and to improve offshore 

site investigation practice in deepwater soft sediments.   

In this research, a worldwide high quality database was assembled and used to correlate 

intact and remoulded shear strengths (measured from laboratory and vane shear tests) 

with penetration resistances measured by piezocone, T-bar and ball penetrometers.  The 

overall statistics showed similar and low levels of variability of resistance factors for 

intact shear strength (N-factors) for all three types of penetrometer.  In the correlation 

between the remoulded penetration resistance and remoulded shear strength, the 

resistance factors for remoulded shear strength (Nrem-factors) were found higher than 

the N-factors.  As a result, the resistance sensitivity is less than the strength sensitivity. 

The correlations between the derived N-factors and specific soil characteristics 

indicated that the piezocone N-factors are more influenced by rigidity index than those 

for the T-bar and ball penetrometers.  The effect of strength anisotropy is only apparent 

in respect of N-factors for the T-bar and ball penetrometers correlated to shear strengths 

measured in triaxial compression.  On the other hand, the Nrem-factors showed slight 

tendency to increase with increasing strength sensitivity but were insensitive to soil 

index properties.  These findings suggest that the full-flow penetrometers may be used 

to estimate remoulded shear strength and are potentially prove more reliable than the 

piezocone in estimating average or vane shear strength for intact soil but the reverse is 

probably true for the estimation of triaxial compression strength.   

The worldwide database showed the T-bar penetration resistance (qT-bar) is essentially 

identical to the ball penetration resistance (qball) but is generally lower than the net cone 

penetration resistance (qnet) (up to 25 %), except at shallow depths where qT-bar and qnet 

are generally comparable.  The correlations between the measured qT-bar/qnet or qball/qnet 

and soil characteristics showed the resistance ratios are influenced by rigidity index and 
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strength anisotropy, following the trends predicted by theoretical solutions.  However, 

while qT-bar/qnet and possibly qball/qnet appear to depend slightly on soil index properties, 

the resistance ratios appeared independent of other soil parameters, including 

normalised in situ shear stress, strength sensitivity and yield stress ratio.   

For strength characterisation of near seabed surface sediments within box corer, a 

manually operated penetrometer (DMS) that can be fitted with T-bar and ball 

penetrometer tips has been developed in this study.  A series of 1 g penetration tests, 

vane shear tests and laboratory strength tests (triaxial and simple shear) were carried out 

on reconstituted Burswood clay.  Similar to the in situ full-flow penetration tests, the 

DMS gave essentially identical qT-bar and qball but these were up to 17 % lower than qnet.  

In addition, the average DMS N and Nrem-factors relative to vane shear strength were 

found close to those obtained from the correlation study with the worldwide database.  

These test results suggest that the DMS is a reliable and efficient means of obtaining 

intact and remoulded shear strength profiles within box core samples.   

By varying the penetration rate during testing and fitting the penetrometers with pore-

water pressure sensors, full-flow penetrometers show excellent potential in determining 

strain rate dependency of shear strength, and consolidation parameters for soils.  The 

variable rate full-flow penetration tests showed the rate coefficient for qball is lower than 

that for qT-bar and no difference was observed in the effect of penetration rate on qT-bar 

and qball in both intact and remoulded Burswood clay.  In addition, it was also shown 

that the variable rate penetration test data may be used to deduce values of the 

coefficient of consolidation that are comparable to those determined from laboratory 

constant rate of strain consolidation tests.  The in situ dissipation test results suggested 

that the piezoball (ball penetrometer fitted with pore pressure transducer) could prove a 

viable alternative tool for estimating the in situ coefficient of consolidation.   

Finally, guidelines for selecting and performing high quality in situ tests for optimal 

design of different engineering problems in various soil conditions, and for the test data 

interpretation are suggested, particularly for estimating intact and remoulded shear 

strengths from penetration resistance measured by each type of penetrometer.  

Suggestions are also given for future development of in situ tools and associated testing 

apparatus to maximise the potential of in situ testing in the characterisation of 

deepwater soft soils.   
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CHAPTER 1    INTRODUCTION 

1.1 MOTIVATIONS 

The relentless increase in world energy consumption has resulted in the progression of 

offshore hydrocarbon exploration, and eventually production, from shallow water to 

deep water (Figure 1-1).  This increase in water depths, from under 100 m to now 

2000 m or more, has led to the evolution of production facilities from fixed steel or 

concrete platforms founded on gravity base or pile foundations to floating facilities 

moored using various forms of anchors (e.g. suction anchors).  Floating facilities are 

often installed together with fixed subsea facilities (mostly founded on shallow 

foundations), flowlines, risers and pipelines (Figure 1-2).  If the distance to shore is 

moderate, the hydrocarbon products can be exported to shore through pipelines and all 

the production and supporting facilities can be restricted to the seabed i.e. platform free 

(Figure 1-3).  In addition, geohazard evaluation (in particular with respect to submarine 

slides) has also proved to be of increasing importance for field developments at 

deepwater sites.  As a result of these evolutionary development concepts at deepwater 

sites, the requirements for geotechnical characterisation of seabed sediment are 

changing and the depth of interest is often limited to 30 to 40 m below the seabed 

(Lacasse and Lunne 1998; Randolph et al. 2005), and in the case of pipelines to the 

upper 1 m or so of the seabed.   

The cost of offshore site investigation is enormous with typical total cost of a deepwater 

geotechnical investigation ranging from USD 2.5 to 5 million, depending on vessel, 

duration, scope, location and water depth (Ehlers and Lobley 2007).  Furthermore, the 

consequence of poor quality site investigation could be costly (both in money and 

human life) and sometimes catastrophic.  Therefore, there are pressing needs for 

improved and innovative site investigation techniques capable of acquiring high quality 

subsurface information in challenging deepwater environments at minimum cost.  The 

efficiency of site investigation (in terms of both time and cost) can also be further 

improved through close collaboration between geologists, geophysicists and 

geotechnical engineers (Lacasse 1999).   

The sediments underlying deepwater sites are generally soft, geologically normally 

consolidated, fine-grained deposits, with low strength (< 10 kPa) at the surface and 
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moderate strength increase with depth (1 to 2 kPa/m).  The characterisation of these 

sediments for the design of foundation and anchoring systems is challenging due to the 

harsh, and often remote, environment of deepwater sites.  The difficulties and high cost 

of recovering high quality samples in deep water for laboratory testing have placed 

increasing reliance on the results from in situ testing to determine soil parameters for 

design purposes.  It is therefore important to endeavour to improve the reliability of the 

parameters that can be interpreted from existing in situ tests and to consider new types 

of in situ test in order to optimise design of subsea facilities, pipelines and foundation or 

anchoring systems, and to evaluate natural geohazards such as submarine slides.  

Ideally, in situ testing methods should be developed to a stage where design parameters 

may be obtained with minimal (or ultimately no) requirement for calibration at each site 

by means of laboratory test data.  In addition, since precise estimation of shear strength 

of soils in the upper 1 to 2 m of the seabed is critical for pipeline design, or for the 

short-term stability of subsea completion facilities, the in situ testing methods must also 

allow accurate determination of near-surface strength profiles. 

The in situ tests most commonly used in offshore site investigation are the vane shear 

test and the cone penetration test.  The vane shear test suffers two major drawbacks of 

low testing productivity and uncertainty in the measured shear strength.  This is because 

the test only measures shear strength at discrete depths rather than a continuous profile; 

and each test is time consuming.  In addition, the measured shear strength is sensitive to 

the precise testing procedures, in particular the delay between inserting the vane and 

rotating it, and the rotation rate (Chandler 1988).   

In contrast, the cone penetration test provides a continuous profile of measurements 

with depth.  However, the net cone resistance (from which the soil properties are 

deduced) is intrinsically less accurate in deep water, due to high ambient water 

pressures and uncertainty in corrections for overburden stress and pore pressure on the 

back face of the cone.  In addition, the interpretation of soil properties from the cone 

penetration measurements depends on soil characteristics such as the rigidity index and 

the stress and strength anisotropy (Teh and Houlsby 1991; Lu et al. 2004).  As a result, 

the current practice for interpretation of cone penetration test results for soil engineering 

properties relies largely on empirical correlations obtained from calibration with 

laboratory test data, which may be problematic and costly for soil characterisation at 

deepwater sites.   
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On the other hand, novel full-flow penetrometers, such as T-bar and ball penetrometers, 

allow more accurate determination of soil resistance in deepwater soft soils because 

they have a large projected area relative to the shaft, and therefore give ratios of soil 

resistance to load due to ambient water pressures that are typically an order of 

magnitude higher than the cone.  In addition, the simpler geometry of full-flow 

penetrometers compared with the cone also allow more sophisticated analysis of the 

penetration process and provide a sound basis for interpretation of the test results.  

Closely bracketed plasticity solutions have been proposed in the literature for deducing 

shear strength from penetration resistance (e.g. Randolph and Houlsby 1984; Randolph 

et al. 2000; Martin and Randolph 2006; Einav and Randolph 2005).  In addition, 

remoulded strength may be estimated from cyclic full-flow penetration and extraction 

tests.  Due to these advantages, since 1997, full-flow penetrometers have started to be 

used quite widely as one of the site investigation tools for characterisation of deepwater 

soft soils.   

1.2 RESEARCH OBJECTIVES 

The objective of this study is to provide an improved quantitative framework for the 

characterisation of soft offshore sediments, particularly those associated with deepwater 

developments, with the emphasis on improved in situ testing methods.  Specifically, this 

study aims to: 

 Develop a framework that will (a) suggest resistance factors appropriate for each 

type of penetrometer for estimating shear strength in different soil types, and (b) 

allow additional soil characteristics to be deduced from site investigation data using 

resistance ratios for different types of penetrometer. 

 Develop a testing method for accurate shear strength measurement of near surface 

seabed soft soil.   

 Seek to maximise the potential of flow-full penetrometers in determining soil 

characteristics other than shear strength, which will in turn add value to the site 

investigation data with minimum (or no) increase in cost.   

 Suggest new strategies for site investigation whereby parallel testing using different 

penetrometers may provide additional insight into aspects such as the rigidity index, 

strain rate dependency or sensitivity to disturbance. 
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 Provide recommendations on the design of in situ tools and the associated testing 

procedures for high quality in situ tests, and on the optimal combinations of 

different in situ tests for design of different engineering problems in various soil 

conditions. 

An underlying principle of this study is to endeavour to progress beyond the current 

reliance on empirical correlations to determine appropriate resistance factors for each 

site.  While the correlation studies conducted in this study are essential in order to 

validate and calibrate analytical work, the aim is to derive robust average values and 

reliability indices for different types of in situ test, and to understand what are the key 

soil properties (such as rigidity index or sensitivity) that affect resistance factors for 

different types of penetrometer.  Essentially, this will reduce dependence on a purely 

empirical approach and should lead to more reliable (and less conservative) assessment 

of in situ soil strengths because effects of scatter in vane and laboratory strengths that 

arise from sample disturbance can be avoided.  In addition, this will also add value to 

site investigation data by interpreting measured correlations in terms of other soil 

characteristics. 

1.3 RESEARCH METHODOLOGY 

In this study, high quality field and laboratory data from 3 onshore and 11 offshore sites 

worldwide will be assembled into a database.  With this database, empirical correlations 

between penetration resistances measured by different types of penetrometer (i.e. cone, 

T-bar, ball) and between penetration resistances and laboratory (and vane) shear 

strengths will be conducted.  These empirical correlations will be interpreted in terms of 

the theoretical solutions, identifying soil characteristics that contribute to differences in 

resistance factors and variations in the ratios of penetration resistance measured with 

different penetrometers.  With these analyses, the performance of each penetrometer in 

characterisation of soft soils will be evaluated.  In addition, the database will be used to 

explore the potential of full-flow penetrometers in determining soil properties other than 

shear strength. 

For accurate measurement of shear strength of near seabed surface soft soil, a manually 

operated offshore penetrometer (DMS), fitted with T-bar and ball penetrometer tips, has 

been developed.  The potential of the DMS as an alternative means of measuring the 

strength profile within offshore box cores will be evaluated by comparing the measured 
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penetration resistances with those measured by motor-driven miniature piezocone, T-bar 

and ball penetrometers and with vane shear and laboratory strengths.   

With the findings from this study, recommendations for future site investigation practice 

will be developed, both in terms of evaluating optimal site investigation tools for 

different applications, and in regard to proposed resistance factors and their reliability. 

1.4 OUTLINE OF THESIS 

This thesis comprises ten chapters.  Following this introductory chapter, a review of 

existing offshore soil sampling techniques and in situ testing for soil characterisation at 

deepwater sites is given.  The review mainly focuses on the current techniques for 

determining shear strength of soft seabed sediments. 

Chapter 3 presents the soil data collected from two major characterisation studies at the 

Burwood site, a UWA research site in Western Australia.  In this chapter, the 

engineering characteristics and properties of Burswood clay (clay underlying the 

Burswood site) are presented.  In addition, the measurements of shear strength and 

stiffness from various laboratory and in situ tests are compared, and the effect of sample 

disturbance on the measured strength, stiffness and compressibility of Burswood clay is 

also evaluated.  The soil data presented in this chapter form part of the worldwide 

database described in Chapter 4.  

Chapter 4 briefly describes a high quality database that was assembled from data 

collected from comprehensive field and laboratory testing at 3 onshore and 11 offshore 

sites worldwide.  In this chapter, the assembled worldwide database is used to derive 

resistance factors for the estimation of intact undrained shear strength from each 

penetrometer and the derived resistance factors are then compared with published 

theoretical solutions.  From this comparison, the soil characteristics that contribute to 

differences between the resistance factors for each penetrometer are identified and the 

variations in resistance factors with specific characteristics are quantified.  In addition, 

the potential of full-flow penetrometers for estimating remoulded undrained shear 

strength and strength sensitivity is also explored.  Lastly, resistance factors for the 

estimation of intact and remoulded undrained shear strengths from the penetration 

resistance of each type of penetrometer are recommended.   

Chapter 5 presents a comparison of penetration resistances measured by cone, T-bar and 

ball penetration tests.  The comparison is based on data from the worldwide database 
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described in Chapter 4.  In this chapter, soil characteristics that contribute to differences 

in the relative magnitudes of net penetration resistance measured with cone, T-bar and 

ball penetrometers are identified.  Based on these findings, additional soil characteristics 

that may be inferred from parallel penetrometer testing are discussed. 

Chapter 6 summarises the findings of a series of 1 g penetration tests, vane shear tests 

and laboratory strength tests (triaxial and simple shear) carried out on reconstituted 

Burswood clay.  Results from a new manually operated offshore penetrometer (DMS), 

fitted with T-bar and ball penetrometer tips, and from motor-driven miniature 

piezocone, T-bar and ball penetrometers are compared with vane shear and laboratory 

strengths to evaluate the potential of the DMS as an alternative means of measuring the 

strength profile of near seabed surface sediments in offshore box cores.   

In Chapter 7, the results of field T-bar and ball twitch tests in both intact and remoulded 

Burswood clay and variable rate cyclic penetration tests in remoulded Burswood clay 

are presented.  These test results are used to assess the potential of twitch or variable 

rate penetration tests in evaluating the effect of penetration rate on undrained 

penetration resistance and in determining the in situ coefficient of consolidation. 

In Chapter 8, the results of penetration and dissipation tests performed using a 

piezocone and a piezoball (ball penetrometer with pore pressure measurement) at the 

Burswood site are compared.  The rate of excess pore pressure dissipation around the 

piezoball is evaluated using the coefficients of consolidation deduced from the 

piezocone dissipation tests.  With the results presented in this chapter, the potential of 

the piezoball in estimating the in situ coefficient of consolidation is evaluated. 

Chapter 9 summarises the key outcomes of this study and a joint industry project 

undertaken jointly by the Norwegian Geotechnical Institute and the Centre for Offshore 

Foundation Systems, UWA in terms of recommendations for the design of the in situ 

tools and the associated testing procedures, with the aim of improving the accuracy, 

reliability and consistency of the in situ test data.  In addition, guidelines for the 

interpretation of the penetration test data are provided, with particular focus on 

estimating intact and remoulded undrained shear strengths from the penetration 

resistance measured by the different penetrometers.  In order to maximise the potential 

of in situ tools in determining design parameters for deepwater soft soils, further 

developments of the in situ tools and testing procedures are also proposed.  Finally, 

guidance is provided on which type of in situ tools should be used for optimal 
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characterisation of deepwater soft soils, depending on the soil conditions and the 

engineering problem under consideration. 

Finally, Chapter 10 summarises the limitations of this study and provides suggestions 

for future studies. 

Appendix A is a paper that was published in the proceedings of the Offshore 

Technology Conference 2008.  In this paper, some existing approaches for measuring 

the strength profile of near seabed surface sediments were reviewed.  The review was 

followed by the descriptions of a box corer capable of recovering high quality 

undisturbed samples of the near seabed surface sediments and the DMS for measuring 

undisturbed and remoulded undrained shear strengths within the box cores.  DMS data 

from a field trial in the Gulf of Mexico were presented, and compared with the strength 

data measured by motorised miniature vane shear tests, to evaluate the potential of the 

box corer and the DMS in the characterisation of soft seabed surface sediments from 

deepwater sites. 
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Figure 1-1  Evolution in deepwater drilling and production (Veldman and Lagers 1997) 
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Figure 1-2  Evolution of development concepts and foundations systems for offshore 
hydrocarbon production structures (Courtesy: Minerals Management Services) 
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Figure 1-3  Subsea to shore layout for the Ormen Lange Field (Fausa 2006) 
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CHAPTER 2    DEEPWATER SITE INVESTIGATION 

2.1 INTRODUCTION 

The design of foundations (such as anchoring systems for floating structures, pipelines) 

and geohazard evaluation for offshore facilities at deepwater sites require geotechnical 

design parameters for soils at depths ranging from a few metres to a few tens of metres 

below the seabed (generally less than 40 m).  These design parameters are commonly 

acquired by performing laboratory tests on soil samples recovered from the seabed and 

by in situ tests such as the cone penetration test and the vane shear test.   

This chapter reviews existing offshore soil sampling techniques and in situ testing for 

soil characterisation at deepwater sites.  Since offshore design is dominated by 

assessment of capacity or ultimate limit state, rather than deformations and 

serviceability, the shear strength profile of the seabed sediments is the most critical 

design parameter.  Therefore, the review will mainly focus on the current techniques for 

determining shear strength of soft seabed sediments typical of deepwater sites.   

2.2 OFFSHORE SOIL SAMPLING 

In this section, the need for obtaining high quality soil samples for geotechnical design 

purposes is highlighted through showing the effects of sample disturbance on the 

measured engineering properties and behaviour of fine-grained soils (which is the 

predominant soil type encountered at deepwater sites).  This will be followed by a 

review of the performance of existing soil samplers commonly used for recovering soft 

clay samples from the seabed at deepwater sites and recent advances in seabed sampling 

technology.   

2.2.1 High Quality Soil Samples 

Ideally, soil samples recovered from the seabed should be of high quality, subjected to 

minimum mechanical sampling disturbance and preserving the in situ stratigraphy.  The 

former is important for geotechnical characterisation of seabed soil properties while the 

latter is important for oceanography and sedimentology studies.  All such information is 

important for economic and safe geotechnical design of offshore facilities and for 
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assessment of geohazards that may lead to damage of offshore infrastructures or cause 

natural disasters (e.g. tsunami).   

Over the past two decades, substantial study has been devoted to understand and 

identify sources and factors that contribute to sample disturbance and its effect on the 

measured engineering properties and behaviour of normally to lightly overconsolidated 

fine-grained soils.  All of these studies have been focused on onshore sites and sampling 

techniquies such as La Rochelle and Lefebvre (1971) on Canadian Champlain clay; 

Lunne et al. (2006) and Long et al. (2009) on Norwegian clay; Hight et al. (1992) on 

Bothkennar clay; Tanaka et al. (1996) on Japanese clay and Long (2006) on Irish varved 

clay.  Based on the understanding gained from these studies, it was suggested that 

sample disturbance for offshore sampling may be caused by (Lunne and Long 2006; 

Lunne and Andersen 2007): 

1. Stress relief when the soil sample is removed from the seabed. 

2. Mechanical disturbance due to sampling tube penetration and retrieval. 

3. Techniques used to retrieve sample onto the ship deck. 

4. Extrusion. 

5. Transportation. 

6. Sample storage environment. 

7. Specimen preparation for laboratory testing. 

The hypothetical stress path experienced by a normally to lightly overconsolidated clay 

sample subjected to processes 1 to 7 is illustrated in Figure 2-1.  As a consequence of 

experiencing the stress path from point 1 to point 9, the soil sample is subjected to stress 

relief and mechanical disturbance leading to partial destructuration of the natural soil 

microstructure.  As a result, as shown in Figure 2-1, the mechanical properties or soil 

behaviour measured from tests on soil samples brought to the laboratory (point 9) will 

be different from those in situ (point 1).   

In general, in normally to lightly overconsolidated plastic clays, sample disturbance 

causes a reduction in the measured peak shear strength, pre-failure stiffness, yield stress 

and compression index, but causes an increase in the measured strain to failure and 

recompression index (see Figure 2-2 and Figure 2-3, where the block sample is the 

highest quality sample while the 54 mm sample is the poorest quality sample).  
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However, the effect of sample disturbance in normally to lightly overconsolidated low 

plasticity clays (with plasticity index less than 20 %) and silty soils is essentially the 

reverse.  In these soils, sample disturbance generally causes densification and leads to 

an increase in the measured peak shear strength, pre-failure stiffness and yield stress but 

causes a reduction in the measured compressibility.  In addition, the undrained shear 

behaviour measured from a disturbed sample is dilative as opposed to the contractive 

behaviour measured from a high quality sample (see Figure 2-4) (Lunne and Andersen 

2007).   

In short, the use of low quality soil samples for laboratory tests would give misleading 

results that are not representative of in situ behaviour.  The discrepancy in the measured 

behaviour is a function of stress history, gas concentration in solution and plasticity (i.e. 

soil composition) of the soil, the sampling method and equipment, and the sample 

handling procedure (Hight 2001).  Therefore, the soil parameters determined from these 

soil samples could lead to conservative and expensive design in some cases and unsafe 

design in other cases.  All these findings have emphasised the need to obtain high 

quality samples if in situ soil design parameters are to be obtained from laboratory 

testing.  However, success in obtaining high quality samples for laboratory testing may 

not always be easy to achieve in practice because it depends on many issues, including 

the design of the sampling tool and the care of the laboratory technician who sets up the 

soil sample for laboratory testing.   

2.2.2 Offshore Seabed Soil Corer 

Since the mid 20th century, offshore seabed corers have been used widely by the 

oceanographic community to recover soil samples from the seabed for marine 

geological studies.  Extensive research has also been carried out to evaluate their 

performance in recovering soil samples of sufficient quality for geotechnical 

characterisation purposes (e.g. Silva and Hollister 1973; Silva et al. 2000, 2001; Young 

et al. 2000).  With data collated from the literature and in house project experience at 

the Norwegian Geotechnical Institute (NGI), Lunne and Long (2006) undertook an 

extensive review of existing offshore samplers, with particular emphasis on long fixed 

piston coring.   

This section summarises a review of the performance of various long seabed corers 

commonly used to recover soft soil samples from deepwater sites for geotechnical 

characterisation studies and recent developments of new seabed corers.  The samplers 



CHAPTER 2   DEEPWATER SITE INVESTIGATION 

 16

deployed down drill-strings from specialist drilling vessels (i.e. downhole mode 

sampling) will not be covered in this section.  This is because they are vulnerable to 

weather and the quality of the heave compensation systems.  They are often not 

economical and cannot easily recover high quality soil samples for geotechnical 

characterisation study at deepwater sites, where the focus is usually on the upper 30 to 

40 m of the seabed (Lacasse and Lunne 1998; Randolph et al. 2005).   

2.2.2.1 Box Corer 

Box corers were initially developed for recovering seabed soils for biological and 

geochemical studies.  However, they have been shown to provide a simple means of 

recovering high quality very soft seabed surficial sediments (i.e. the upper 0.5 m of the 

seabed) for geotechnical characterisation studies (Borel et al. 2005; Randolph et al. 

2007).  The box corer typically consists of a square box (occasionally a large diameter 

cylinder) with a cross-sectional area up to 0.25 m2, but with length generally less than 

1.2 m (Weaver and Schultheiss 1990).  Examples of box corers are shown in Figure 2-5. 

To recover a soil sample from the seabed, the box corer is either penetrated into the 

seabed under its own weight and dynamic force or is pushed into the seabed using a 

seabed frame.  Prior to pull out, the bottom of the box corer is closed by either single 

(Figure 2-5(a)) or double (Figure 2-5(b)) spade lever arm system.  The top of the box 

corer is usually closed to ensure an undisturbed sediment-water interface.  When the 

box corer is on the deck, in order to obtain the best quality measurement, the 

geotechnical properties are measured within the box corer while the soil sample is still 

intact, rather than within samples that are subsampled from the box corer (Randolph et 

al. 2007).   

The quality of the measured geotechnical properties in a box core was found generally 

more accurate than those measured in a gravity piston core at very shallow depths, as 

shown in Figure 2-6.  Therefore, it is recommended that, for accurate geotechnical 

characterisation of near seabed surface sediments, the box corer is the best available 

option (Borel et al. 2005; Randolph et al. 2007).  However, due to its size, the box corer 

can only be used to recover very shallow seabed soils (upper 0.5 to 1 m of the seabed). 

2.2.2.2 Open-drive Gravity Corer 

Among the long coring devices, the open-drive gravity corer (without piston) is the 

simplest and least expensive sampler that can be used to recover long soil samples from 
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the seabed.  Typically, it consists of a large head weight, which is attached to a core 

barrel at one end and a hoist cable at the other end.  A core cutter and a core catcher are 

attached at the lower end of the core barrel.  The cross section of the core barrel can be 

either circular or square.  A suction ball valve is occasionally fitted at the upper end of 

the core barrel to prevent the wash out of soil sample during recovery.  An example of 

an open drive gravity corer is shown in Figure 2-7.  The open-drive is usually deployed 

using a high speed winch and penetrated into the seabed under its self-weight and 

dynamic force. 

The open-drive gravity corer suffers major drawbacks of mis-sampling due to sediment 

plugging in the core barrel, which may develop continuously or intermittently during 

the coring process (Parker and Sills 1990), and repenetration of the core barrel caused 

by vertical oscillations of the cable (Weaver and Schulthesis 1990).  As a result of these 

drawbacks, the recovery ratio for this corer is normally less than 70 % and the quality of 

the recovered sample is often poor for geotechnical and stratigraphic studies (Lunne and 

Long 2006).  The recovery ratio is defined as the ratio of the length of the recovered 

sample to the core barrel penetration depth.  The typical length of soil samples 

recovered using the open-drive gravity corer is about 5 to 6 m in soft clays but less than 

1 m in stiff clays (Smits 1990).   

2.2.2.3 Kullenberg Type Gravity Piston Corer 

The Kullenberg type gravity piston corer was introduced by Kullenberg (1947) in order 

to overcome the low recovery ratio limitation of the open-drive gravity corer.  In 

principle, the operation of the gravity piston corer is essentially similar to that for an 

open drive gravity corer except the lower end of the core barrel is enclosed by a piston 

until penetration starts within the soil, after which the piston is supposed to remain at a 

fixed elevation while the corer penetrates the seabed.  The piston is either connected 

directly to the main cable used to lower the corer or to an independent piston cable 

(Weaver and Schultheiss 1990).  A typical gravity piston corer is shown in Figure 2-8.  

The gravity piston corer is deployed using the free fall methodology, which is achieved 

by unlatching the connection between the hoist cable and the top of the corer.  The 

unlatching is achieved by a mechanism that is triggered after a trigger object hits the 

seabed (Borel et al. 2002).  The trigger object can be an open-drive gravity corer or a 

counter weight (Fäy et al. 1988).   
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Although the use of a piston has successfully increased the penetration depth 

significantly (with cores of over 20 m often recovered), the piston for this corer is only 

partially stationary.  The common problems encountered with the Kullenberg type 

gravity piston corer are improper placement of the piston at the initiation of sampling, 

incoherent movement of the piston during coring due to wire rebound, and upward 

movement of the piston during retrieval of the corer (Buckley et al. 1994).  The 

irregular piston movement during coring results in fluctuation of the piston cavity 

pressure within the corer.  With the combination of these problems, the recovered 

sample is highly disturbed and can be either shorter than the corer penetration depth (i.e. 

‘core shortening’) or exceed the corer penetration depth (i.e. ‘core lengthening).  This 

has diminished the value of the core sample for geotechnical characterisation studies. 

Since the introduction of the Kullenberg type gravity piston corer, considerable 

modifications have been made to improve its performance in recovering high quality 

samples.  The giant piston corer (GPC) (Hollister et al. 1973; Silva and Hollister 1973) 

and jumbo piston corer (JPC) (Silva et al. 1999, 2000) are among the most intensively 

researched Kullenberg type gravity piston corers.  The experience of their use for 

recovering soil samples from sites in water depths up to 5000 m for geotechnical 

characterisation are well documented in the literature (e.g. Silva and Hollister 1973; 

Silva et al. 1999, 2001; Young et al. 2000).  Although many improvements have been 

made for the GPC and JPC, such as minimising the piston movement during sampling, 

while the sample quality may be sufficient for oceanographic study, it is still not good 

enough for the purpose of geotechnical characterisation.  Based on data collated from 

the literature and the NGI database, Lunne and Long (2006) showed that the quality of 

the recovered samples falls mostly in the ‘poor’ classification according to the sample 

quality criteria proposed by Lunne et al. (1997a) and the sample quality generally 

reduces with increasing depth (see Figure 2-9).  As such, the profile of the geotechnical 

properties deduced from tests on the core samples may be misleading.  In addition, 

although a longer core sample could be recovered, the GPC and JPC recovery ratio 

seems no better than the open-drive gravity corer.  According to the published 

experience, the average recovery ratio for the GPC and JPC is generally about of 60 to 

70 % (Lunne and Long 2006).   
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2.2.2.4 Stationary Piston Corer (STACOR®) 

The STACOR® was developed by Institute Francais de Petrole (IFP) with the aim to 

recover large and long samples of different soil types from the seabed (Lunne and Long 

2006).  The operation principle is similar to the Kullenberg type gravity piston corer, 

with both being deployed using the free fall methodology.  The main difference between 

the STACOR® and the Kullenberg type gravity piston corer is the STACOR® has an 

effectively stationary piston.  The piston immobility is achieved by attaching the piston 

to a seabed frame by a cable running over pulleys at both ends of the core barrel (Borel 

et al. 2002).  In other words, the piston is decoupled from the hoist cable used to deploy 

the corer.  This improvement has overcome the sampling problems encountered in 

Kullenberg type gravity piston corers caused by the piston mobility during sampling.  A 

schematic of the STACOR® is shown in Figure 2-10 and detailed descriptions of the 

STACOR® can be found in Borel et al. (2002).   

Since 2001, the STACOR® has been used extensively in the Gulf of Guinea for 

geotechnical characterisation of seabed soils.  The reported core length ranges from 11 

to 23 m and the recovery ratio ranges from 85 to 105 % with an average of 94 % (Borel 

et al. 2002).  Based on the sample quality criterion proposed by Lunne et al. (1997a), the 

quality of the recovered samples is mostly in the ‘very good to excellent’ and ‘good to 

fair’ category (see Figure 2-9).  In addition, unlike the Kullenberg type gravity piston 

core where the sample becomes more disturbed with increasing depth, the quality of the 

STACOR® core is consistent throughout the depth.   

However, there is still some doubt about the STACOR® capability in sampling the very 

soft seabed surficial soils.  This is because the base plate may penetrate slightly into the 

very soft seabed surficial soil during impact, causing displacement and disturbance of 

soils in front of the piston.  According to Wong et al. (2008), the base plate penetration 

could be up to 2 m in West Africa deepwater soft clays.  As a consequence of the base 

plate penetration, soils in the top few metres of the seabed may be missing from the 

recovered core.  In addition, the penetration depth of the STACOR®, particularly 

relative to the seabed, cannot be measured accurately.  All these problems result in error 

in the determined geotechnical property profiles for design, especially for seabed 

supported facilities.   
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2.2.2.5 Recent Developments for Offshore Seabed Sampler 

Based on the current offshore experience with long cores summarised above and the 

findings from extensive research on onshore sampling techniques, Lunne and Long 

(2006) proposed the following criteria for recovering high quality very soft to soft clay 

samples with recovery ratios higher than 95 %: 

 The piston should be stationary relative to the seabed surface. 

 The cutting shoe should be sharp, with 5° recommended for soils that are susceptible 

to sample disturbance. 

 The area ratio (Ca) should be smaller than about 17 %, combined with sufficient 

length before any increase in diameter as shown in Figure 2-11.  Ca is defined as: 

2
i

2
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a D

DD
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where De and Di are the external and internal diameter at the sampler cutting edge, 

respectively. 

 Inside friction should be as small as possible. 

 The sampler should be penetrated at a steady speed and penetration should be 

accurately measured so that a reliable calculation of the recovery ratio can be made. 

With the above criteria, the Norwegian Geotechnical Institute developed a so-called 

deepwater sampler (DWS), which is manufactured by A.P. van den Berg and deployed 

by GardlineLankelma.  Detailed descriptions of the design of the DWS can be found in 

Lunne et al. (2008).  The DWS has so far been tried out once at Onsøy and Oslo Fjord, 

Norway and twice at the Troll deepwater site (with water depth of approximately 

300 m).  In these trials, the DWS was deployed using a seabed frame, which pushed the 

DWS into the ground or seabed at a penetration rate of 20 mm/s.  The quality of the soil 

samples recovered from these trials was ‘excellent to very good’ and ‘good to fair’ 

(according to the Lunne et al. (1997a) criteria) and was found to be consistent with 

depth (Lunne et al. 2008).  In fact, the DWS is still in the very early development stage 

and it is not yet commercially available.  The maximum length of core (with diameter of 

110 mm) that can be recovered using the current version of the DWS is 10 m.  The aim 

of the final DWS design is to be capable of recovering high quality core of about 20 m 

in length (with a recovery ratio of at least 95 %) in water depths up to 2500 m.   
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Another recent exciting development of seabed sampling techniques is the hydraulically 

tethered piston corer (HTPC) using the so-called PROD (portable remotely operated 

drill) developed and operated by Benthic Geotech Pty Ltd (as be described in detail in 

Section 2.3.2).  Each individual HTPC can recover core of 2.75 m in length and 44 mm 

in diameter.  Full details of the design and deployment of the HTPC can be found in 

Kelleher and Hull (2008).  Kelleher and Hull (2008) showed that the quality of soft soil 

samples recovered from a deepwater site, offshore Western Australia, using the HTPC 

was ‘excellent to very good’ and ‘good to fair’.  In addition, according to Kelleher and 

Hull (2008), this sampling technique is capable of recovering continuous soil samples 

up to 100 m below the seabed, including recovering soil sample from layers beneath 

intermittent hard soil layers, which is normally not achievable using a gravity corer or 

single push system such as the DWS.  Continuous sampling is achieved via the 

deployment and recovery of individual barrels down the borehole until the target depth 

is achieved.   

The reported experience on the performance of the DWS and HTPC shows promising 

results in the quality of the recovered samples.  However, more research is required to 

confirm the performance of these samplers in various soil and site conditions. 

2.3 OFFSHORE IN SITU TESTING 

As discussed in the previous section, the existing offshore seabed corers have 

limitations in recovering high quality soil samples from deepwater sites and high quality 

laboratory test results can only be obtained if good practices are maintained from the 

sampling operation to sample set up for laboratory testing, all of which involves many 

parties and inevitable human errors.  In addition, deepwater soil samples tend to be 

prone to gas ‘exsolution’ (gas coming out of solution) due to the huge total stress relief.  

The gas ‘exsolution’ will lead to fracturing of the sample on horizontal planes and 

possible formation of voids within the sample (Lunne et al. 2001).  As a result, the 

measured soil properties with these samples will not be representative of those in situ.  

All these limitations and difficulties have driven engineers to seek other options to 

improve the reliability of seabed soil characterisation at deepwater sites and in situ 

testing is one such option.  This section summarises a review of in situ testing 

commonly used for offshore site investigation and the deployment technologies at 

deepwater sites.   
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2.3.1 Deployment at Deepwater Sites 

At deepwater sites, in situ tools can be deployed in two modes, which are (Lunne 2001):  

(a) Downhole mode, where the in situ tool is lowered through the drill string (which 

could have a length of several hundreds to thousands of metres) from a surface vessel 

and latched into the base, after which the tool is pushed into the soil hydraulically at the 

bottom of the borehole.  

(b) Seabed mode, where the in situ tool is pushed into the soil using a seabed rig that is 

placed independently on the seabed.   

The main advantage of downhole mode testing is that the in situ test can be carried out 

to a depth of 150 m or more below the seabed.  However, the disadvantages are the 

costly and time-consuming operations and the soil disturbance caused by borehole 

drilling, which may extend down to 0.8 m beneath the base of the borehole due to the 

surface vessel movement (Lunne 2001).  In addition, a sophisticated vessel (with good 

heave compensation system) is required to carry out high quality tests.   

On the other hand, the deployment for seabed mode testing is comparatively easier, 

quicker and cheaper.  Where a seabed rig is used, the vessel need merely be large 

enough to carry the equipment, with typical dry weights of around 10 to 15 tonnes, 

which will generally fit within one or two standard 6 m containers.  In addition, it may 

be possible to perform a series of tests at different locations without hoisting the seabed 

rig up and down from the vessel and this could save significant amount of time and cost 

for deepwater site investigation.  The problem of soil disturbance due to drilling is also 

avoided because the seabed rig is largely independent of vessel movement and hence 

the test quality is generally higher (Lunne 2001; Randolph 2004), as shown in 

Figure 2-12.  Figure 2-12 shows a comparison of profiles of net cone resistance 

obtained from (a) downhole mode testing, and (b) seabed mode testing.  The profile 

obtained from seabed mode testing shows less variability, and generally higher values 

of cone resistance; in particular it gives much better definition of the significant strength 

intercept at the seabed. 

However, the main disadvantage of seabed mode testing is its limited testing depth.  The 

majority of existing commercial seabed frames are only capable of carrying out tests 

down to 40 to 50 m below the seabed, due to their limited self-weight.  Nevertheless, 

this testing depth capacity is sufficient for the determination of geotechnical properties 
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for design of foundations at deepwater sites, where the depth of interest is typically 

limited to the upper 30 to 40 m of seabed (Randolph et al. 2005).  Therefore, at 

deepwater sites where floating production and storage facilities or fixed subsea systems 

are the common production concepts, seabed mode deployment has an edge over 

downhole mode deployment in term of cost and time efficiency.   

2.3.2 Development of Seabed Frame 

In seabed mode deployment, the in situ tools are pushed into the soil using a seabed 

frame.  In the early 1970s, Fugro introduced the first seabed frame to carry out seabed 

mode cone penetration tests (Zuidberg 1974).  However, up to 1983, all the commercial 

seabed frames were only able to perform discontinuous penetration, with a stroke length 

of 0.9 m (Lunne 2001).  In 1983, A.P.v.d. Berg made a significant breakthrough in the 

seabed testing technology.  The company developed a seabed frame (ROSON) that is 

capable of performing continuous penetration using a wheel system as shown in 

Figure 2-13.  Subsequently, other systems offering penetration capacities to 45 to 50 m 

in soft to medium stiff soils and with self-levelling capacities have been developed 

(Lunne et al. 1997b).  The dry weight of these rigs typically ranges from 5 to 10 tonne.  

For soil investigation along a pipeline route where only 3 to 5 m of penetration is 

required, lightweight seabed frames that weigh less than 3 tonne were also developed by 

several offshore site investigation contractors.  When these lightweight frames are used 

from a modern dynamic positioning vessel, daily production of 25 to 30 tests that span 

over several kilometres is frequently feasible (Lunne and Powell 1992).   

Figure 2-14 shows a photograph and schematic diagram for one of the more advanced 

and commonly used seabed frames in recent years, Fugro’s Wheeldrive Seacalf.  The 

frame can operate in water depths up to 3000 m and can provide a continuous 

penetration for cone or other penetrometers down to maximum depths of 40 to 50 m 

(Peuchen 2000; Lunne 2001).  Prior to the penetration test, the cone rods are 

preassembled and kept under tension from the vessel.  Compressible studs may be 

mounted on the wheel-drives to provide a distributed grip on the cone rods, minimising 

any slippage.   

Another significant improvement in seabed mode testing technology is the recent 

development of the portable remotely operated drill (PROD) by Benthic Geotech Pty 

Ltd (Figure 2-15).  The PROD is a fully independent seabed unit, connected to the 

support vessel via an electrical umbilical.  The unit is capable of taking soil samples and 



CHAPTER 2   DEEPWATER SITE INVESTIGATION 

 24

carrying out in situ penetration tests.  Carter et al. (1999) gave an overview of the 

original device, but its current capabilities include (Randolph 2004): 

 Operating in water depths up to 2000 m. 

 Rotary drilling and piston sampling down to maximum depth of 125 m below the 

seabed.  

 Carrying out piezocone (36 mm in diameter) penetration tests with 2.75 m pushes 

down to maximum depth of 100 m below the seabed.   

 Carrying out piezoball (ball penetrometer, 60 mm in diameter, with pore pressure 

measurement) penetration tests with 2.75 m pushes down to maximum depth of 

100 m below the seabed.   

The fully loaded PROD weighs approximately 10 tonne in air, or approximately 6 tonne 

in water.  The PROD is portable i.e. when folded it can fit within a standard 6 m 

shipping container.  The touch down of the PROD on the seabed can be monitored in 

real time and hence pre-embedment of the in situ tool prior to the start of a penetration 

test can be avoided.  Although the unit is still at a relatively early stage of development, 

it has already shown far-reaching potential for robotic deepwater investigations.  Not 

only are the limitations of drilling from a surface vessel (high costs and vulnerability to 

weather) reduced but the depth range for sampling and penetrometer testing exceeds 

that of other seabed frames or remote coring devices (Randolph 2004).  In other words, 

the PROD brings together the advantages of both downhole and seabed mode 

deployments.   

Although seabed mode testing is a cost and time efficient means of geotechnical 

characterisation of seabed soil at deepwater sites, there is some doubt in the reliability 

of test results obtained from tests in the upper few metres of the seabed.  This is 

because, if the opening within the bearing plate of the seabed frame is not wide enough, 

the seating of the seabed frame on the seabed may disturb the soil in the vicinity of the 

in situ test location and affect the measured parameters in the upper few metres of the 

seabed.  In addition, the in situ tools may be pre-embedded into the seabed before the 

start of the test due to sinking of the seabed frame into the soft seabed, potentially 

resulting in load cell zero offset.  These uncertainties are of particular concern for 

pipeline or riser design, where the geotechnical properties in the upper few metres of the 

seabed are critical (Randolph et al. 2007).  As such, the bearing plate of the seabed 
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frame should be designed to minimise these uncertainties, such as for the PROD, which 

has its bearing foundations approximately 1.3 m away from the testing location.  In 

addition, it is advisable to monitor the touch down of the frame on the seabed to avoid 

any pre-embedment of in situ tools before the start of the test.  Alternatively, the 

influence of the seabed frame can be avoided by performing in situ tests from a 

remotely operated vehicle (ROV) as described by Newson et al. (2004) or carrying out 

geotechnical testing in box cores (Randolph et al. 2007). 

2.3.3 In Situ Tools 

The recent revolutionary developments in seabed testing technology have allowed high 

quality seabed mode testing to be carried out in a cost and time efficient manner at 

deepwater sites (Lunne 2001).  The quality of test results obtained from offshore in situ 

tests is generally as good as, if not better than, those from their onshore courterparts.  As 

a result, there is increasing tendency to rely more on in situ testing to determine soil 

parameters for offshore foundation design and geohazard assessment at deepwater sites.  

Table 2-1 summarises a list of in situ tools that have been used offshore.  However, the 

following discussions will only focus on vane, piezocone, T-bar penetrometer and ball 

penetrometer because they are the main subjects of this study and are commonly used 

offshore.  

2.3.3.1 Vane 

Since the late 1940s, vane shear testing has been used extensively on a worldwide basis 

for undrained shear strength measurement in onshore soft to stiff clays with strength 

less than 200 kPa.  However, the test was only started to be used widely in offshore site 

investigation since the 1970s due to the expansion of offshore petroleum activities 

worldwide and improvements in the testing device and deployment (Young et al. 1988).  

Since then, offshore vane shear testing devices and deployment (both downhole and 

seabed modes) have been continuously developed to a stage that the test can provide 

data of quality comparable to its onshore counterpart.  High quality data obtained from 

offshore vane shear tests, in particular in the soft normally consolidated clays in the 

Gulf of Mexico, have been reported extensively in Geise et al. (1988), Johnson et al. 

(1988), Kolk et al. (1988), Quiros and Young (1988) and Young et al. (1988).  The 

detailed historical development of the vane shear test for onshore and offshore testing 

was given by Flodin and Broms (1981) and Young et al. (1988) respectively and the 
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latest developments in offshore vane shear testing device and deployment were 

summarised by Lunne (2001).   

Table 2-2 summarises standard procedures that are commonly adopted for performing 

onshore vane shear testing.  In typical offshore practice, the vane is pushed to the 

required depth at a rate of 20 mm/s and then left for no more than 5 minutes before 

being rotated at 0.1 or 0.2 °/s (Randolph 2004).  The remoulded strength is measured 

using a similar procedure after the vane is rotated for up to one revolution at a rotation 

rate of 0.6 °/s.  This remoulding rotation is significantly less than those summarised in 

Table 2-2 and hence may overestimate the remoulded strength.   

The main shortcomings of the vane shear test are that (a) the strength measurement can 

only be made at discrete depths rather than a continuous profile; and (b) performing 

vane shear tests is time consuming, especially when both peak and remoulded strengths 

are required.  Typically, a test at a single depth could easily take more than 30 minutes, 

which is equivalent to the time required to obtain a penetration resistance profile of 

about 25 m from a penetrometer test.  Although some recommendations for shortening 

the testing time to 2 to 10 minutes were proposed by Peuchen and Mayne (2007) for an 

advanced offshore vane shear tool, considerable time is still required to obtain a full 

profile of undrained shear strength from the vane shear test.  Consequently, the current 

state of practice is primarily based around cone penetrometer testing, to give a 

continuous strength profile, coupled with vane shear tests at discrete interval for 

calibration of cone factors.   

2.3.3.2 Cone or Piezocone 

The first (Dutch) cone penetrometer test was carried out in Holland in 1932 with a 

mechanical cone penetrometer and the penetration resistance was read on a manometer 

(Lunne et al. 1997b).  The first electric cone penetrometer was probably developed in 

Germany during the World War II (Broms and Flodin 1988).  The electric cone 

penetrometer is a significant improvement over the mechanical cone penetrometer 

because it eliminates measurement errors due to push rod friction and allows continuous 

penetration and high quality measurement to be made.  Since the recognition of the 

importance of penetration pore pressure measurement for the interpretation of cone 

penetration test (CPT) data (e.g. Schmertmann 1974; Baligh et al. 1980), a cone that 

allows simultaneous cone resistance and pore pressure measurement (i.e. piezocone) 

was developed by Roy et al. (1980).  Since then, a large number of piezocones that 
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allow simultaneous cone resistance, sleeve friction and pore pressure were developed 

(e.g. de Ruiter 1981; Baligh et al. 1981).  The pore pressure can be measured at the tip 

(ut), face (u1) and shoulder (u2) of the cone or behind the friction sleeve (u3) 

(Figure 2-16).  A detailed historical development of the cone and piezocone penetration 

test (CPT/CPTU) is given by Lunne et al (1997b). 

The cone penetrometer, particularly piezocone, is now regarded as essential in most 

offshore soil investigations.  It is estimated that more than 95 % of all in situ testing 

offshore consists of CPT/CPTU (Lunne 2001).  Offshore cone penetration testing is 

carried out in general accordance with the International Reference Test Procedure 

(IRTP) for the cone penetration test published by the ISSMGE (1999), with a standard 

35.7 mm diameter (projected area of 1000 mm2) cone of 60º apex angle.  However, for 

seabed mode testing, cone penetrometers with projected area of 1500 mm2 are 

commonly used.  Cone penetrometers with projected areas as small as 100 mm2 are also 

being deployed using light weight seabed frames to improve the testing productivity in 

the upper few metres of the seabed (Lunne 2001).  During the test, the cone 

penetrometer is pushed into the soil at a penetration rate of approximately 20 mm/s.  

Almost all offshore cone penetrometers include pore pressure measurement, with the u2 

position being the most common.   

The measured cone resistance must be corrected for the so-called ‘unequal area effect’ 

(Figure 2-17) using the following relationship (Baligh et al. 1981; Campanella et al. 

1982; Lunne et al. 1997b): 

)1(uqq 2ct   
(2-2)

where qt is the corrected cone resistance; qc is the measured cone resistance; u2 is the 

measured pore pressure at the shoulder of the cone;  is the unequal area ratio (i.e. ratio 

of ‘inner’ area to total area of the cone).  The  value can be obtained from pressure 

calibration in a pressure vessel as outlined by Lunne et al. (1997b).  Typical  values 

range from 0.55 to 0.90 (Lunne et al. 1997b).  For tests in soft soil, the  value is 

preferred to be as close to unity as possible to ensure the accuracy of qt.  

The net cone penetration resistance, from which the soil properties are deduced, is 

estimated as:  

0vtnet qq   
(2-3)
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where σv0 is the in situ total vertical stress (obtained by integrating γbulk with depth, 

where γbulk is the total unit weight of the soil).   

The main advantage of the CPTU is that it provides continuous measurement profiles 

with depth.  The concurrent measurement of cone resistance, sleeve friction and pore 

pressure during the penetration test have rendered the CPTU extremely useful in 

determining soil stratigraphy and soil behavioural classification (Baligh et al. 1981; 

Robertson 1990).  There is also an increasing tendency for the CPTU to be used to 

estimate soil parameters (e.g. undrained shear strength and coefficient of consolidation) 

for offshore foundation design or assessment of geohazards (Lunne 2001).  However, 

for soft soil characterisation at deepwater sites, the CPTU is intrinsically less accurate 

due to the large corrections on the measured cone resistance required for the unequal 

area effect and the contribution to the cone resistance from the overburden stress (Eqs. 

(2-2) and (2-3)).  In addition, due to the high ambient water pressure, a high capacity 

load cell is required.  This inevitably reduces the measurement sensitivity in detecting 

small incremental resistance resulting from the cone penetration in soft soils.  While the 

use of a large diameter cone increases the magnitude of the measured penetration force, 

it does not change the ratio between incremental resistance due to the soil resistance and 

the background force due to the ambient water pressure.  These CPTU equipment 

limitations have lead to the introduction of full-flow penetrometers to improve the 

reliability of soft soil characterisation at deepwater sites.   

2.3.3.3 Full-flow Penetrometers 

The full-flow penetrometer is named after soil flow mechanism that occurs during the 

penetrometer penetration in soil.  The first full-flow penetrometer was the T-bar 

penetrometer, which consists of a cylindrical bar mounted at right angles to the push-

rods (Figure 2-18).  The T-bar penetrometer was originally developed at the University 

of Western Australia as a laboratory device to give improved definition of shear 

strength profiles in centrifuge testing, but was later scaled up for field application 

(Stewart and Randolph 1991, 1994).  The first offshore T-bar penetration test was 

conducted in Australian waters in 1996 (Randolph et al. 1998).  Since then, T-bar 

penetration testing has been widely used in offshore site investigation.   

To overcome the T-bar penetrometer’s susceptibility to eccentric loading (potentially 

corrupting the measurement of penetration resistance due to induced bending moments) 

and the incompatibility of its geometry with downhole penetration testing, ball 
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penetrometers have also been introduced (Figure 2-18) and first trialled in 2003 

(Peuchen et al. 2005).  Although a plate penetrometer (Figure 2-18) was also trialled in 

an onshore research project (Chung 2005), it has not been used in any offshore site 

investigation to date because the plate penetrometer tends to carry soil with it, both 

during penetration and extraction.  This is particularly problematic in highly non-

homogeneous soils where soil at shallow depth (often softer) may be trapped beneath 

the plate and be carried down during penetration or flow back to cover the whole top 

side of the plate, thus affecting the resistance measurements and strength estimation.  

This was indicated by the numerical study carried out by Lu et al. (2001).  Therefore, 

the plate penetrometer is less attractive than the ball penetrometer for soil profiling. 

The advantages of full-flow penetrometers relative to a conventional cone penetrometer 

include (Randolph 2004): 

 Minimal correction for overburden and pore pressure effects due to the flow around 

failure mechanism during the full-flow penetrometer penetration. 

 Improved resolution in resistance measurement due to the larger size of the full-flow 

penetrometers compared to the cone.  The projected area of the full-flow 

penetrometer is normally 10 times of that of the cone and the same load cell can be 

used for both penetrometers.  This also reduces the sensitivity to any load cell drift.   

 Closely bracketed plasticity solutions are available for deducing undrained shear 

strength from penetration resistance. 

 Remoulded shear strength may be assessed from cyclic penetration and extraction of 

full-flow penetrometer. 

At present, the NORSOK (2004) standard published by Standards Norway and owned 

by the Norwegian petroleum industry is the only standard that covers T-bar penetration 

testing.  NORSOK (2004) recommends the use of a T-bar penetrometer of 40 mm in 

diameter and 250 mm in length, which gives a projected area of 10,000 mm2 (i.e. 10 

times the standard cone rod size).  On the other hand, the dimension of ball 

penetrometer is presently not standardised and there are very few results reported 

regarding the effects of dimensions and probe material type on the test results.  The ball 

penetration tests reported in the literature to date have been carried out using a 113 mm 

ball attached to standard cone rods (e.g. Chung and Randolph 2004; Yafrate and DeJong 

2005, 2006); a 78 mm ball connected to a 25 mm diameter shaft (Peuchen et al. 2005); 
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or a 60 mm ball connected to a 20 mm diameter shaft (Kelleher and Randolph 2005).  In 

each case, the aim has been to maintain an area ratio of approximately 10:1 relative to 

the shaft. 

In offshore testing, T-bar and ball penetrometers can be deployed using existing CPTU 

equipment.  Monotonic T-bar and ball penetration tests are performed at the same 

penetration rate of 20 mm/s as the CPTU.  Cyclic T-bar and ball penetration tests are 

generally performed by penetrating and extracting the T-bar and ball penetrometers at a 

rate of 20 mm/s over a short depth interval (typically 0.5 to 1 m) for around 10 cycles in 

order to remould the soil locally within a rectangular slot (T-bar) or cylindrical column 

(ball).   

Similar to the measured cone penetration resistance, the T-bar and ball penetration and 

extraction resistances measured during the initial penetration and the cyclic penetration 

tests must be corrected appropriately for the effects of unequal pore pressure and 

overburden pressure.  The correction applied for full-flow penetration resistance is 

generally expressed as (Chung and Randolph 2004): 

p
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where qT-bar and qball is the net penetration resistances for T-bar and ball penetrometer 

respectively; qm is the measured penetration resistance; u0 is the hydrostatic water 

pressure; As is the cross-sectional area of the connection shaft; Ap is the projected area 

of the penetrometer in a plane normal to the shaft; and  is the net area ratio (as defined 

above).  A slightly more refined version of Eq. (2-4) was presented by Randolph et al. 

(2007) as follows: 
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where u2 (equivalent to u2 measured at the shoulder of the cone) and the vertical 

effective stress, 'v (resulting from the penetration of full-flow penetrometer), are 

strictly the values that would have acted had the shaft not been present.  Randolph et al. 

(2007) estimated that the difference between Eqs. (2-4) and (2-5) is less than 3 % during 

penetration and Eq. (2-4) avoids the need for accurate measurement of u2 during T-bar 

and ball penetration tests and the estimation of 'v.  In addition, Eq. (2-4) also shows 

that the correction for the overburden stress and unequal area effect to obtain net 
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penetration resistance is much less than that for the cone penetration resistance because 

the As/Ap ratio is typically 0.1.  Therefore, in soft soils, the net full-flow penetration 

resistance estimated using Eq. (2-4) should be more reliable than the net cone 

penetration resistance estimated using Eqs. (2-2) and (2-3). 

The recent development of full-flow penetrometers has involved fitting pore pressure 

sensor(s) to obtain parameters in addition to the penetration resistance, thus enhancing 

the capability of full-flow penetrometers for estimating geotechnical parameters other 

than undrained shear strength.  Peuchen et al. (2005) and Kelleher and Randolph (2005) 

showed the excellent potential of the T-bar and ball penetrometers with pore pressure 

measurement (i.e. piezo T-bar and piezoball) for assessing soil stratigraphy.  In their 

respective tests, Peuchen et al. (2005) measured the pore pressure along the axis of the 

T-bar (with one sensor at the centre and one at the edge) and at the tip of the ball while 

Kelleher and Randolph (2005) measured pore pressure at the mid-height of the ball.  In 

the characterisation of peaty soil, Boylan and Long (2006) also showed that the pore 

pressure data measured at a location of one third the ball diameter from the tip of the 

ball appeared to be useful in identifying the relative humification within a peat deposit.  

Low et al. (2007) and DeJong et al. (2008) showed that, as for the piezocone, piezoball 

dissipation tests (with pore pressure measurement at the mid-height of the ball) may be 

used to estimate the consolidation parameters of a soil. 

2.4 INTERPRETATION OF SHEAR STRENGTH FROM IN 

SITU TESTS IN SOFT CLAYS 

The main focus of this study is to evaluate the performance of various in situ tools in 

estimating undrained shear strength (denoted as su from hereon) of soils at deepwater 

sites.  In this section, before methods of estimating shear strength from in situ tests in 

soft clays is reviewed and discussed, soft clay characteristics that affect the 

interpretation of shear strength from in situ tests will first be outlined. 

2.4.1 Soft Clay Characteristics 

This section briefly discusses how various soft clay characteristics can affect the 

interpretation of shear strength from in situ test measurements.   
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2.4.1.1 Soil Microstructure and Destructuration 

The behaviour of natural clay generally differs from that of the same soil after it has 

been reconstituted and brought to its in situ stress state following the stress history of 

the natural clay.  This is because, in the reconstituted clay, neither the depositional 

environment of the natural clay (rate of deposition, stillness of water, geochemistry and 

so on) nor the post-depositional processes to which it has been subjected are matched 

(Leroueil and Hight 2002).  The natural clay generally exhibits higher pre-yield 

stiffness, higher yield stress and strength (manifested as stress and strength sensitivity of 

the soil), more brittle behaviour, and higher natural variability and anisotropy than the 

reconstituted clay.  These differences cannot be accounted for by differences in void 

ratio and stress history alone and are attributed to ‘soil microstructure’ induced by 

processes such as cementation and aging (Leroueil and Vaughan 1990; Burland 1990).  

Examples of these differences are shown in Figure 2-19 and Figure 2-20.   

Soil microstructure can be damaged (i.e. destructured) progressively by shear and 

volumetric strains such as during the installation of in situ testing devices, sampling and 

reconsolidation in laboratory tests (Hight and Leroueil 2002).  This implies that the 

strength and stiffness of a natural soil will degrade when it is disturbed or loaded.  One 

good example of the effect of destructuration on mechanical soil properties measured 

from an in situ test is the effect of vane insertion on the measured strength.  It is well 

documented that vane insertion causes local destructuration of soil around the vane 

blade and results in lower measured shear strength (La Rochelle et al. 1973; Roy and 

Leblanc 1988; Cerato and Lutenegger 2004).   

The effects of soil microstructure or destructuration are not normally taken into account 

in theoretical modelling of soil behaviour and may lead to inadequate prediction of 

actual in situ soil behaviour.  For example, it has been shown by Randolph (2004), 

Einav and Randolph (2005) and Zhou and Randolph (2009a) that by taking account of 

the effect of strain softening (as a result of destructuration) in the analysis of full-flow 

penetration, the resulting resistance factors are different from those obtained from the 

analysis of full-flow penetration in non-softening soil.  The predicted trend is consistent 

with the experimental data reported by Yafrate and DeJong (2006) which showed that 

the resistance factors for extremely sensitive soil (with strength sensitivity greater than 

100) are much lower than the resistance factors for moderately sensitive soil (as will be 

discussed later).  This example illustrates the importance of considering the effects of 



CHAPTER 2   DEEPWATER SITE INVESTIGATION 

 33

soil microstructure and destructuration in the theoretical analysis to give realistic 

theoretical predictions. 

2.4.1.2 Strength Anisotropy 

The shear strength of soft clays depends on the stress path or strain path or plane on 

which the soil is sheared and this characteristic is known as strength anisotropy.  An 

example of the effect of the direction of applied major principal stress at failure relative 

to the vertical direction (denoted by the  angle) on su measured in a hollow cylinder 

apparatus (HCA) is shown in Figure 2-21.  Figure 2-21 shows that su measured from a 

triaxial compression test (when  = 0°) is significantly higher than su measured from a 

triaxial extension test (when  = 90°) with su measured from a simple shear test being 

close to the average of su measured from triaxial compression and extension tests.   

With data obtained from K0 consolidated triaxial compression and extension tests 

(CK0UC and CK0UE) and simple shear (SS) tests conducted on various normally 

consolidated clays and silts, Ladd (1991) presented the peak undrained strength ratios 

measured from each shearing mode versus plasticity index (Ip) (Figure 2-22).  These 

data clearly demonstrate that most normally consolidated soils exhibit significant 

strength anisotropy, which generally becomes more important in lean clays, especially if 

the clays are also sensitive.  Ladd (1991) also showed that clays with yield stress ratio 

greater than one also exhibit pronounced strength anisotropic behaviour.  He showed 

that, for relatively non-structured soils, the degree of anisotropy usually decreases with 

increasing yield stress ratio.  By contrast, yield stress ratio may have little effect on the 

anisotropy of sensitive and cemented soils.  In general, the in situ degree of strength 

anisotropy of soft clays is determined by the inherent anisotropy of the soil due to its 

fabric and bonding and the stress induced anisotropy due to the in situ anisotropic stress 

state.  The degree of strength anisotropy may evolve as straining proceeds and the fabric 

changes and may be induced by a previous strain history (Hight and Leroueil 2002).   

During an in situ test, the stress or strain path experienced by soil elements around the 

in situ tool is very complex.  Baligh (1984) showed the soil elements around an 

advancing cone are subjected to principal stress rotation with the direction of major 

principal stress rotating from the vertical direction (triaxial compression failure mode) 

beneath the cone to the horizontal direction around the shaft (pressuremeter failure 

mode).  Similarly, Randolph and Andersen (2006) also showed that the failure mode 

varies along the failure surface in the full-flow mechanism around the T-bar 
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penetrometer.  All these findings suggest that strength anisotropy will affect the 

measurements recorded by in situ tools.  As such, it is important to take the effect of 

strength anisotropy into account when deriving design parameters such as shear strength 

from the in situ test measurements.  For example, due to the symmetry of the full-flow 

failure mechanism, the full-flow penetration resistance is likely to give a good estimate 

of the average strength measured in triaxial compression, triaxial extension and simple 

shear tests or the simple shear strength.   

2.4.1.3 Strain Rate Effect 

There is extensive literature on the effect of strain rate on the measured or deduced su of 

soft clays (e.g. Graham et al. 1983; Kulhawy and Mayne 1990; Biscontin and Pestana 

2001).  The effect of strain rate on su is normally expressed as semi-logarithmic or 

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

reference strain rate, ref ;  and  are rate coefficients for semi-logarithmic law and 

power law respectively.   

With a large database of triaxial compression tests on normally and overconsolidated 

clays from around the world, Kulhawy and Mayne (1990) showed the typical  

coefficient is around 0.1 (see Figure 2-23).  Graham et al. (1983) and Lunne and 

Andersen (2007) observed that the strain rate dependency of su for soils with yield stress 

ratio less than 4.5 appears independent of soil plasticity, stress history and test type and 

their reported  coefficient is in the range of 0.1 to 0.2.  However, Sheahan et al. (1996) 

showed that below a threshold strain rate, the strain rate dependency of su tends to 

diminish with the transition point being a function of yield stress ratio.  With limited 

data obtained from unconsolidated undrained tests on intact and remoulded Onsøy 

clays, Lunne and Andersen (2007) found the strain rate dependency of su in both intact 

and remoulded clay was similar. 
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The strain rate dependency of su tends to increase with increasing rates of shearing and 

the tendency appears to better captured by the power law (i.e. Eq. (2-7)).  Biscontin and 

Pestana (2001) and Peuchen and Mayne (2007) found that, for vane tests conducted at a 

wide range of rotation rates (over 9 orders of magnitude), the strain rate dependency in 

the vicinity of the standard rotation rate of 0.1 °/s was captured adequately using 

Eq. (2-6) with  of 0.1.  However, at higher rates of rotation, the  coefficient increased 

to around 0.2, and better overall fits to the data were provided by the power law with 

values of  in the range 0.05 to 0.1 (see Figure 2-24).  Similar behaviour was also 

observed by Sheahan et al. (1996) in variable rate triaxial compression tests on Boston 

Blue clay. 

In reality, the strain rate applicable to in situ tests, laboratory tests and operational 

conditions cover an extremely wide range, typically up to 6 to 8 orders of magnitude 

(Randolph 2004).  With such wide differences in strain rate and strain rate dependency 

of strength of soil, one should not expect that soil strength deduced from in situ test 

measurements using theoretical solutions based on simple rate-independent perfectly 

plastic soil models would match that measured in the laboratory tests or that mobilised 

during the operation of engineered structures.  Instead, the effect of strain rate on shear 

strength should be taken into account to yield reliable prediction of field behaviour, 

such as the proposal of vane correction factors by Bjerrum (1973). 

2.4.2 Interpretation of Shear Strength from Vane Shear Test 

With the vane shear test, the peak and remoulded su (su,vane and sur,vane respectively) can 

be determined from the measured torque using: 
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where Tvane is the measured torque; dvane is the diameter of the vane blade and hvane is 

the height of the vane blade.  Eq. (2-8) is derived based on the assumption that the su is 

isotropic and the shear stress on both the cylindrical (vertical) and the top and bottom 

(horizontal) failure surfaces is uniform and mobilised simultaneously.  However, using 

a more realistic analysis taking both strength anisotropy and non-uniform stress 

distribution around the vane blade into consideration, Chandler (1988) showed Eq. (2-8) 

may underestimate the su.   
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The vane appears to be a simple device for measuring su in situ.  Yet, researchers have 

shown that the su measured from vane shear tests is affected by many factors.  Among 

the important factors are soil disturbance due to vane insertion, delay between insertion 

and test, rotation rate and strength anisotropy.  As mentioned previously, insertion of the 

vane will result in destructuration of soil around the vane blades and cause a reduction 

in the measured su.  The reduction of the measured su was shown to be proportional to 

the perimeter ratio of vane blade (= 4evane/πdvane, where evane is vane blade thickness; 

dvane is vane diameter) (e.g. Roy and Leblanc 1988; Cerato and Lutenegger 2004) and 

the strength sensitivity of soil (Chandler 1988).  By allowing a delay between vane 

insertion and rotation, the reduction of su caused by vane insertion may be partially 

compensated due to the consolidation of soils around the vane.  However, the degree of 

compensation will depend on soil permeability, delay duration and vane geometry.  In 

short, the reliability of su measured from the vane shear test is sensitive to vane 

geometry, precision of testing procedures and soil type (Chandler 1988).  As such, sole 

reliance on strengths from vane shear tests for design may be questionable. 

To account for the effect of strength anisotropy and the difference in strain rate induced 

during a vane shear test and during field operation, it has been suggested to adjust the 

su,vane before it is used for design.  For onshore design practice, it is common to apply 

correction factors to the measured su,vane, such as those proposed by Bjerrum (1973) and 

Aas et al. (1986) for the geotechnical design of embankments and basement excavations 

(Figure 2-25).  For offshore design practice, in normally consolidated clays with 

su,vane/σ'v0 ranging from 0.2 to 0.3, Young et al. (1988) recommended to adopt correction 

factors of 0.7 to 0.8 for design of axially loaded piles; 1.0 for development of p-y curves 

for laterally loaded piles; and 0.8 to 0.9 for bearing capacity and slope stability 

problems.  Due to the empirical nature of the correction factors, the selection of 

appropriate correction factor should depend on the design problem from which the 

correction factors were derived.   

2.4.3 Interpretation of Shear Strength from Cone Penetration Test 

The cone penetration test does not give direct measurement of su; instead it measures the 

tip resistance exerted on the cone penetrometer when it is being pushed into the soil.  In 

clays, su can be estimated using the following expressions (Lunne et al. 1997b): 
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where v0 is the in situ overburden pressure and Nkt, Nu and Nke are the cone factors.  

Among the cone factors, the Nke has a major disadvantage in estimating su in soft clays 

because the measured qe value is often very small (as qt  u2) and hence will be very 

sensitive to small errors in the qt and u2 measurements.  The measured pore pressure is 

arguably the most accurate measurement among the piezocone measurements in soft 

clays (provided the pore pressure measurement system is fully saturated and stiff), 

therefore, it was suggested that Nu is more accurate in estimating su for soft clays than 

other cone factors (Lunne et al. 1997b; Karlsrud et al. 2005).  However, it will be shown 

in this study that the Nu value is highly dependent on soil rigidity index and site-

specific correlation is required.  This in turn reduces the attractiveness of Nu in 

estimating su for soft clays.   

Over the past few decades, numerous theoretical studies have been conducted to derive 

the theoretical Nkt factor and the majority of the derived solutions are summarised in 

Table 2-3.  All these solutions, except those derived from bearing capacity theory, show 

the theoretical Nkt is a function of rigidity index, (Ir), interface friction ratio (αs) and 

normalised in situ shear stress (∆).  Since cone penetration is a complex process, none 

of the theoretical solution summarised in Table 2-3 is perfect due to the simplified 

assumptions regarding soil behaviour, failure mechanism and boundary conditions made 

in the analyses.  In addition, the majority of theoretical solutions were derived based on 

isotropic Tresca or Von Mises material and did not consider the effects of strain rate, 

strain softening, stress history and strength anisotropy, which could have significant 

effect on the derived Nkt.  As a result, the current practice of estimating su from CPTUs 

still relies heavily on empirical correlations.   

A wide range of empirical cone factors have been reported in the literature.  The Nkt 

factor is reported to have typical range of 10 to 20 for non-fissured clays (e.g. Aas et al. 

1986) and the range could increase significantly to 10 to 30 for fissured clays (Powell 
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and Quarterman 1988).  Similarly, Nu and Nke factors are reported to range from 1 to 

20 (e.g. Lunne et al. 1985; Campanella and Robertson 1988; Baligh et al. 1980) and 1 to 

13 (Lunne et al. 1985) respectively.  These wide ranges of cone factors could be 

attributed to the dependency of cone factors on soil characteristics such as Ir as shown 

by the theoretical solutions and the non-uniqueness of su value, which depends on the 

mode of shearing, strength anisotropy, strain rate and stress history.  In addition, the 

variation in quality of soil samples used to determine su may also contribute to the wide 

range of cone factors.  Therefore, in order to reduce the variation in cone factors 

obtained from empirical correlation, it is important to state the testing methods that used 

to obtain the reference su and evaluate the quality of soil sample before using the 

measured su for the correlations.  Due to the wide range of cone factors reported in the 

literature, calibration at each site by means of laboratory test data is always required, 

which is not attractive for deepwater site characterisation due to the difficulties in 

recovering high quality soil samples for laboratory testing.  

2.4.4 Interpretation of Shear Strength from Full-flow Penetration Test 

2.4.4.1 Intact Strength 

Similar to the CPTU, su can be estimated from T-bar and ball net penetration resistances 

(denoted as qT-bar and qball respectively) using the following expressions: 

barT

barT
u N

q
s



  (2-12) 

ball

ball
u N

q
s   (2-13) 

where NT-bar and Nball are the resistance factor for T-bar and ball penetrometers 

respectively.  The relatively simple geometry of T-bar (cylindrical) and ball (spherical) 

penetrometers renders their penetrating process more amenable for detailed theoretical 

analysis than the cone.  Over the last decade, extensive theoretical studies have been 

conducted to derive the theoretical NT-bar and Nball (e.g. Randolph 2004; Einav and 

Randolph 2005; Martin and Randolph 2006; Randolph and Andersen 2006; Zhou and 

Randolph 2007, 2009a).   

The theoretical NT-bar was based originally on the plasticity solution proposed by 

Randolph and Houlsby (1984) for lateral pile capacity in clays, which showed the NT-bar 

is only dependent on the interface friction ratio at the T-bar-soil interface (s).  This 
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solution was initially thought to be exact but an error was found later in the upper bound 

solution, which led to a maximum discrepancy between lower and upper bound NT-bar of 

about 9 % when s = 0 (upper bound NT-bar = 9.97 compared with lower bound NT-bar = 

9.14) (Randolph et al. 2000).  This upper bound solution was later improved by Einav 

and Randolph (2005) and Martin and Randolph (2006) to obtain an upper bound NT-bar 

that is just 0.65 % higher than the lower bound NT-bar for fully smooth T-bar (i.e. 9.20).  

The latest upper and lower bound solutions for NT-bar are summarised in Figure 2-26.  

Since the discrepancy between the upper and lower bound solutions for NT-bar is very 

small for all s values, the original closed-form expression derived by Randolph and 

Houlsby (1984) may still be used to describe the variation of NT-bar with s for ideal 

non-softening, rate independent and perfectly plastic isotropic soil: 
















 








 





 2

sin
sin

2

sin
cos4)cos(sin2sin2N s

1
s

1

s
1

s
1

barT (2-14)

This expression gives NT-bar varying between 9.14 (fully smooth i.e. s = 0) and 11.94 

(fully rough i.e. s = 1).  A value of 10.5 (s  0.4) has been proposed to be used for the 

estimation of su in soft clays (Stewart and Randolph 1991, 1994). 

The theoretical Nball was derived based on the upper and lower bound approaches used 

to derive the theoretical NT-bar, with the flow mechanism adapted to axisymmetric flow 

for the ball (Randolph et al. 2000; Einav and Randolph 2005).  The resulting lower and 

upper bound Nball solutions (obeying either Tresca or Von Mises failure criterion) for 

each s value are summarised in Figure 2-26.  For soil that obeys the Tresca failure 

criterion, the lower bound solutions for Nball range from 10.98 (fully smooth) to 15.10 

(fully rough) while the best upper bound solutions for Nball range from 11.36 (fully 

smooth) to 15.31 (fully rough).  The corresponding upper bound Nball solutions based on 

the Von Mises failure criterion (with plane strain strengths equivalent to Tresca failure 

criterion) are about 5 % lower.  These values are respectively 20 to 28 % (Tresca) or 18 

to 21 % (Von Mises) higher than the corresponding theoretical NT-bar.  Similar to the 

theoretical NT-bar, the theoretical Nball for ideal non-softening, rate independent and 

perfectly plastic isotropic soil depends only on s.  This was further confirmed by Lu et 

al. (2000) using large deformation finite element analysis.  They showed that, unlike the 

cone factors, the effects of soil rigidity index and stress anisotropy on NT-bar and Nball are 

negligible.   
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The theoretical Nball/NT-bar ratios obtained from the plasticity solutions discussed above 

are contrary to the experimental findings, which show NT-bar and Nball are essentially 

identical in materials ranging from reconstituted to natural soils (e.g. Watson 1999; 

Chung and Randolph 2004; Boylan et al. 2007).  This discrepancy between the 

experimental and theoretical Nball/NT-bar ratios is intriguing and various soil 

characteristics such as strength anisotropy, strain rate dependency, strain softening, and 

strength sensitivity, none of which is accounted for in the above plasticity solutions, 

have been mooted as contributing factors.   

In an attempt to explain the discrepancy between the experimental and theoretical 

Nball/NT-bar ratio, Randolph (2000) implemented a generalised Von Mises failure 

criterion to explore the effect of strength anisotropy on T-bar and ball penetration 

resistances.  In his analysis, Randolph made a conservative assumption that the shear 

strength for shearing in the horizontal plane was equal to the strength in triaxial 

extension and it transpires that this assumption leads to much more significant effects of 

anisotropy.  The analysis showed Nball is relatively more sensitive to strength anisotropy 

than NT-bar.  For typical strength anisotropy ratio (extension to compression strength 

ratio) of 0.5 to 0.7, Nball would be about 7 to 10 % higher than NT-bar – hence the 

discrepancy has been greatly reduced from the original 18 to 21 % for isotropic 

strength.  However, if the shear strength for shearing in horizontal plane is assumed 

equal to the simple shear strength, instead of the triaxial extension strength, the effect of 

strength anisotropy on Nball would disappear (Randolph 2004).  Note that this analysis 

does not allow for the gradual softening of soil as it flows around the penetrometer and 

the dependency of soil strength on strain rate, which may also influence the resistance 

ratio in addition to strength anisotropy.   

To account for the combined effect of strain softening and strain rate on NT-bar and Nball, 

Einav and Randolph (2005) provided an analytical analysis by combining established 

upper bound mechanisms (Randolph and Houlsby 1984; Randolph et al. 2000; Martin 

and Randolph 2006) with the strain path approach to estimate the total plastic work.  

The analysis was based on the kinematic mechanism applicable for rate-independent 

and non-softening soil, and was not optimised to allow for the actual distribution of 

shear strength due to the high strain rates and gradual strain softening.  The analysis was 

later improved by Zhou and Randolph (2009a) using large deformation finite element 

analysis.  They showed that the penetration resistance obtained using Einav and 

Randolph’s approach was higher than that from the finite element analyses.   
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Zhou and Randolph (2009a) showed that effects of strain softening and strain rate on 

NT-bar and Nball (for s and rem = 0.2) can be expressed as: 

)ideal(barT
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remrembarT N)e)1()(8.41(N 95barT





  (2-15)
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where  is the rate coefficient for semi-logarithmic rate law; rem is the ratio of fully 

remoulded strength to intact strength; 95 is the accumulated absolute plastic shear strain 

for the soil to undergo 95 % remoulding; T-bar is taken as 3.7; ball is taken 3.3; 

NT-bar(ideal) and Nball(ideal) are the NT-bar and Nball for non-softening and rate independent 

soil.  According to Zhou and Randolph, the other values of s and rem (i.e. other 

strength sensitivity of soil, St), the rate factor (i.e. the coefficient 4.8) is likely to remain 

largely unchanged, but the factors T-bar and ball will decrease slightly with increasing 

value of s (Einav and Randolph 2005).  The rate factor of 4.8 in both Eqs. (2-15) and 

(2-16) implies that the average rate of strain experienced by soil flowing past the T-bar 

and ball penetrometers is some 104.8 %/hr for a penetration rate of 0.5 diameters per 

second and 0.25 diameter per second for T-bar and ball penetrometers respectively 

(Zhou and Randolph 2009a).  

With Eq. (2-15) and relevant values of  (0.05 to 0.2) and 95 (10 to 25), extreme values 

for NT-bar range between 8 and 16, while those for Nball are some 20 % higher, which is a 

similar trend to the solutions obtained from the analyses with non-softening and rate 

independent soil.  However, there is evidence (Randolph 2004; Boylan et al. 2007) 

showing lower rate dependency for Nball than that for NT-bar which may partly explain 

the discrepancy between the theoretical and experimental Nball/NT-bar in addition to the 

small strength anisotropy effect shown by Randolph (2000).   

Another important conclusion that can be inferred from Eqs. (2-15) and (2-16) is that, 

for a soil with a given , NT-bar and Nball depends on St, which is reflected by the rem 

and95 - soil with high St is associated with low rem and 95.  It has been shown 

experimentally and numerically by Yafrate and DeJong (2005) and Zhou and Randolph 

(2009b) that a higher degree of soil remoulding occurs during the initial penetration of 

the T-bar and ball penetrometers in high sensitivity soil than for low sensitivity soil.  As 

such, NT-bar and Nball for soil of high sensitivity are expected to be lower than those for 

soil of low to moderate sensitivity.  This has been confirmed by Yafrate and DeJong 
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(2006), who found that NT-bar and Nball based on vane shear strength for soils with St up 

to 90 could be as low as 7, which is significantly lower than the NT-bar and Nball values 

of approximately 12 observed in soils with moderate sensitivity by Randolph (2004).   

As noted above, there has been tremendous progress in the theoretical studies of NT-bar 

and Nball.  However, direct comparison between high quality experimental data and 

theoretical solutions for the NT-bar and Nball is still rather limited.  Limited correlation 

studies (e.g. Randolph 2004; Lunne et al. 2005) indicated that the NT-bar is generally 

higher than the recommended value of 10.5, when the penetration resistance is 

correlated to the average strength measured in triaxial compression, triaxial extension 

and simple shear tests (su,ave).  In addition, it was also shown that the range of NT-bar for 

some soil types is somewhat smaller than the range of cone Nkt factor, and hence 

provides greater reliability in the interpreted shear strength.  In these studies, NT-bar was 

reported to be in the range of 10 to 14, as compared to 11 to 18 for Nkt (when related to 

su,ave).  However, experience in other soil types (e.g. Long and Gudjonsson (2004) in 

Irish clay; Boylan and Long (2006) in peaty soil; Yafrate and DeJong (2006) in highly 

sensitive Canadian clays) have suggested that the range of NT-bar may be broader.   

Before any suggestion can be made on possible NT-bar or Nball values to be adopted in 

practice, it is important to ensure that the su data used to correlate with the penetration 

resistance are of high quality, and also to identify soil characteristics that may explain 

the variation of NT-bar and Nball from one soil type to another.  This may be achieved by 

gathering more high quality data for a wide range of soil types and evaluating the 

variation of NT-bar and Nball on the basis of theoretical solutions to identify soil 

characteristics that may contribute to the correlation scatter.   

2.4.4.2 Remoulded Strength 

As mentioned earlier, one of the advantages of full-flow penetrometers is their potential 

to evaluate the remoulded undrained shear strength (sur) in situ, by means of cyclic 

penetration and extraction tests (e.g. Chung and Randolph 2004; DeJong et al. 2004; 

Long and Gudjonsson 2004).  The sur can be estimated from the ‘remoulded’ penetration 

resistance measured at the end of a cyclic test (qrem) using a suitable remoulded 

resistance factor, Nrem (= qrem/sur).  Subsequently the St may be deduced as su/sur, where 

su is the intact undrained shear strength measured in the same type of test as for sur.   

At present, only limited experimental studies have been carried out to compare qrem with 

sur measured from various techniques e.g. fall cone and vane shear test (Randolph and 



CHAPTER 2   DEEPWATER SITE INVESTIGATION 

 43

Andersen 2006; Yafrate and DeJong 2006).  These studies showed a very wide scatter 

of Nrem for both T-bar and ball penetrometers (denoted as NT-bar,rem and Nball,rem 

respectively), which range between 7 and 39 when compared with sur estimated from 

remoulded fall cone tests and vane shear tests.  Randolph and Andersen (2006) 

suggested an average T-bar resistance factor of 13 for sur taken as the average of 

residual vane and remoulded fall cone strengths.  Based on limited data, Yafrate and 

DeJong (2006) and Yafrate et al. (2009) showed that the wide scatter of Nrem may be 

attributed to its dependency on St with the value of Nrem increasing with increasing St.  

This reported trend may partly reflect reducing accuracy of sur measured in soils of high 

sensitivity (for example 0.3 kPa for Gloucester clay with St of ~100).  It may also reflect 

the differences in the evolution of failure mechanism and extent of the remoulded zone 

for soils of different St; and the effect of adopting the resistance at the 10th cycle as the 

‘remoulded’ resistance because the resistance continues to reduce gradually after the 

10th cycle but at different rates for soils of different St (Zhou and Randolph 2009b).  At 

this stage, the observation on the dependency of Nrem on St is only based on limited data, 

therefore, more study and data are required to confirm the trend. 

The experimental and numerical studies also showed that NT-bar,rem and Nball,rem are 

higher than NT-bar and Nball.  The differences may be attributed primarily to the strength 

reduction due to partial remoulding during the initial penetration, but not after 

remoulding when the soil becomes fully remoulded locally at the end of a cyclic test.  In 

addition, slight differences in the width of the failure mechanisms during penetration for 

intact and fully remoulded conditions may also contribute marginally to differences in 

initial and remoulded N-factors (Zhou and Randolph 2009b).  A consequence of the 

difference in initial and remoulded N-factors is that the ratio of qT-bar/qT-bar,rem or 

qball/qball,rem is less than the St of the soil.  Field data reported in the literature (Yafrate 

and DeJong 2006) and large deformation finite element analyses (Zhou and Randolph 

2009b) indicate that St may be double the ratio of qT-bar/qT-bar,rem or qball/qball,rem for soil 

with St of 10, or conversely, the N-factors for remoulded soils may be double that for 

intact soils. 

2.5 SUMMARY 

The current tools and techniques for soil sampling at deepwater sites have limitations in 

recovering high quality soil samples for geotechnical characterisation purposes.  In 

addition, high quality laboratory test results can only be obtained if good practices are 
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maintained from the sampling operation in the field to setting up of the sample for 

laboratory testing in the laboratory.  All these limitations have led to a search for other 

options to improve the reliability of seabed soil characterisation for offshore foundation 

design and geohazard assessment at deepwater sites.  Due to the recent revolutionary 

developments in seabed testing technologies, in situ testing has become a cost efficient 

and reliable means for site investigation at deepwater sites.  As a result, there is 

increasing tendency to rely more on in situ tests to determine soil design parameters.   

At present, the most commonly adopted in situ tests in offshore site investigation are the 

vane shear test and the CPTU.  The novel full-flow penetrometers, i.e. T-bar and ball 

penetrometers, are also now being used as one of the site investigation tools in many 

deepwater soft soil characterisation.  The main shortcomings of the vane shear test are 

that the strength measurements can only be made at discrete depths rather than a 

continuous profile; and performing vane shear test is also time consuming, especially 

when both peak and remoulded strengths are required.  In addition, the value of su 

measured from the vane shear test is sensitive to vane geometry, precision of testing 

procedures and soil type.  As such, sole reliance on strengths from vane shear tests for 

design may be questionable. 

Penetration tests are inherently superior to vane shear tests as they provide a continuous 

strength profile.  From the equipment point of view, the CPTU is intrinsically less 

accurate for soft soil characterisation at deepwater sites, due to the large corrections 

required for the unequal area effect and the contribution of the overburden stress to the 

cone resistance.  While the use of a large diameter cone increases the magnitude of the 

measured penetration force, it does not change the ratio between incremental force due 

to the soil resistance and the background force due to the ambient water pressure.  By 

contrast, full-flow penetrometers allow more accurate determination of soil resistance 

because their projected area is normally 10 times of that of the shaft; they therefore give 

ratios of soil resistance to the load arising from the ambient water pressure that are an 

order of magnitude higher than for any size of cone.   

From a theoretical point of view, cone penetration is a relatively complex process and 

the resulting cone penetration resistance is influenced by various soil characteristics 

such as soil stiffness, stress and strength anisotropy, dependency of strength on strain 

rate and strength sensitivity.  As a result, estimation of shear strength from CPTUs relies 

heavily on empirical correlations.  By contrast, though the T-bar and ball penetration 
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resistances are also affected by the strain rate dependency of soil strength and strength 

sensitivity, they are not affected by the soil stiffness and stress anisotropy.  Furthermore, 

the relatively simple geometry of T-bar (cylindrical) and ball (spherical) penetrometers 

renders the penetration process more amenable for detailed theoretical analysis than the 

cone and thus potentially allows a more robust theoretical basis for deriving factors 

relating penetration resistance and shear strength.  In principle, therefore, estimation of 

shear strength from full-flow penetration resistance should potentially prove less 

dependent on soil type and more reliable as compared to estimating shear strength from 

the cone penetration resistance.  In addition, since soil is able to flow around the 

full-flow penetrometer, remoulded penetration resistance can be measured at the end of 

a cyclic penetration and extraction test and may be used to estimate the remoulded shear 

strength in situ. 

There has been tremendous progress in theoretical studies of resistance factors for cone, 

T-bar and ball penetrometers.  However, direct comparison between high quality 

experimental data and theoretical solutions is still rather limited.  In order to provide a 

clear guidance on the possible resistance factors to be used in practice, there is a need to 

gather more high quality data for a wide range of soil types, and evaluating the variation 

of resistance factors on the basis of theoretical solutions to identify soil characteristics 

that may contribute to the correlation scatter.   

It has been reported in the literature that the net cone penetration resistance is normally 

higher than the net T-bar and ball penetration resistances, and also that the ball 

penetration resistance is generally very close to the T-bar penetration resistance.  The 

similarity of T-bar and ball penetration resistances is contradictory to the theoretical 

solutions, which show the ball penetration resistance is up to 20 % higher than the T-bar 

penetration resistance.  It would be useful to understand and identify how different soil 

characteristics contribute to the variation of the measured resistance ratios (qT-bar/qnet 

and qball/qT-bar) as that would potentially provide additional information from site 

investigations where data from more than one type of penetrometer are available.   
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Table 2-1  Offshore in situ test (modified from Lunne 2001) 

In situ test 
method 

Category Main Purpose Main reference on 
applicability 

CPT/CPTU A Soil profiling and soil 
parameter determination 

Lunne et al. (1997b) 

Vane B Determination of 
undrained shear strength of 
clay 

Chandler (1988) 

Seismic 
CPT/CPTU 

B Shear wave velocity, soil 
profiling and soil 
parameter determination  

Campanella and Davies 
(1994) 

BAT/DGP B Pore water and gas 
sampling and 
determination of gas 
content 

Mokkelbost and Strandvik 
(1999) 

Piezoprobe C In situ pore pressure 
measurement and 
determination of 
coefficient of consolidation

Dutt et al. (1997) 

T-bar C Soil profiling and 
determination of undrained 
shear strength of clay 

Randolph et al. (1998), 
Peuchen et al. (2005) 

Ball C Soil profiling and 
determination of undrained 
shear strength of clay 

Kelleher and Randolph 
(2005) 
Peuchen et al. (2005) 

Electrical 
resistivity 

D Determination of in situ 
density of sand and 
identification of soil 
contamination 

Campanella and Kokan 
(1993) 

Nuclear 
density 

D Determination of in situ 
density of sand 

Tjelta et al. (1985) 

Dilatometer D Soil profiling and soil 
parameter determination 

Marchetti (1997) 

Heat flow D Thermal properties Zielinski et al. (1986) 

Pressuremeter D Stress strain properties and 
in situ horizontal stress 

Clarke (1995) 

Hydraulic 
fracture 

D Conductor setting depth Aldridge and Haaland (1991) 

Note:  A: Widely used; B: Used regularly for specific purposes; C: ‘New” tools starting to be used 
frequently; D: Used occasionally last 10 to 15 years. 
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Table 2-2  Summary of testing standards for field vane shear test (modified from Geise 
et al. 1988) 

Parameters ASTM-D2573-
08 (2008) 

BS 1377 (1990) NGF (1982) 

Vane Geometry Rectangular/ 
tapered 

Rectangular Rectangular 

Height to diameter ratio 2 2 2 

Vane blade diameter (mm) 38.1/50.8/ 
63.5/92.1 

50/75 55/65 

Thickness of blade (mm) 2  
3.2 

 2 

Diameter of vane rod (mm) 12.7 < 13 12 

Accuracy of torque reading ± 1.2 kPa 1 % of range (0 
to 700 Nm) 

± 0.5 % of 
maximum 
range 

Drive of vane Geared drive 
preferred 

Geared drive Geared drive 
preferred 

Area ratio < 12 % < 12 % < 12 % 

Depth of insertion 5 times 
borehole 
diameter 

3 times 
borehole 
diameter 

0.5 m 

Rate of rotation (°/min) 6 6 to 12 12 

Time to failure (min) 2-5  5  1 to 3 

Minimum rotation before 
remoulded shear strength 
measurement (°) 

10 6 25 

Delay between insertion and 
testing (min) 

None or < 1  5  < 5  

Depth intervals between tests (m) > 0.76 0.5  0.5 to 1.0  
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Table 2-3  Theoretical Nkt factors (modified from Lunne et al. 1997b) 

Nkt [= (qt – 0)/su] 0 Theoretical 
Approach 

Reference 

7.41 v0 BCT Terzaghi (1943) 

7.0 v0 BCT Caquot and 
Kerisel (1956) 

9.34 v0 BCT, Smooth 
base 

Meyerhof (1951) 

9.74 v0 BCT, Rough 
base 

de Beer (1977) 

9.94 v0 BCT Meyerhof (1951) 
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Table 2-3  Theoretical Nkt factors (modified from Lunne et al. 1997b) 
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failure 
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Su and Liao 
(2002) 

1.25 + 1.84 ln Ir + 2s – 2 v0 SPM Teh and Houlsby 
(1991) 







  sr

r 4.2)Iln1(
1500

I
67.1  

 8.12.0 s  

v0 SPM + FEM Teh and Houlsby 
(1991) 





 83.137.2Iln233.0
cs

s
r  

v0 FEM Yu et al. (2000) 

2.45 + 1.8 ln Ir - 2.1 v0 CCET + FEM Abu-Farsakh et 
al. (2003) 

 9.13.1)Iln(6.14.3 sr  v0 FEM Lu et al. (2004) 

Note:   E50 is the secant Young modulus at 50 % of failure stress; 
 Et is the initial tangent Young modulus;  
 Eu is the undrained Young modulus;  
 Er is the Young modulus at remoulded strength;  
  is the semiapex angle;  
 sa is the remoulded cohesion between cone surface and clay;  
 mean is the mean total stress [= (v0 + 2h0)/3];  
 c is the cone apex angle;  
 s is the interface friction ratio (i.e. the ratio of limiting shear stress on the cone-soil interface to 

the shear strength);  
 Ir is the rigidity index [= G/su, where G is the shear modulus];  
  is the anisotropic shear strength ratio [= sue/suc, where sue and suc is undrained triaxial extension 

and compression strength respectively];  
  is the normalised in situ shear stress [= (σv0 – σh0)/2su, where σv0 and σh0 are the in situ vertical 

and horizontal total stresses] 
 s is the interface friction angle 
 cs is the critical state friction angle 
 BCT is bearing capacity theory; SCET is spherical cavity expansion theory; CCET is cylindrical 

cavity expansion theory; SPM is strain path method; and FEM is finite element method. 
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Figure 2-1  Hypothetical stress path during tube sampling and specimen preparation of a 
lightly overconsolidated clay (Ladd and DeGroot 2003) 

 

 

Figure 2-2  Effect of sample disturbance on stress strain and undrained shear behaviours 
measured from anisotropically consolidated undrained triaxial compression tests on a 
lightly overconsolidated plastic clay (Lunne and Long 2006). 
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Figure 2-3  Effect of sample disturbance on compression curve measured from one 
dimensional constant rate of strain consolidation tests on a lightly overconsolidated 
plastic clay (Lunne and Long 2006) 

 

Figure 2-4  Effect of sample disturbance on stress strain and undrained shear behaviours 
measured from anisotropically consolidated undrained triaxial compression tests on a 
lightly overconsolidated low plastic clay (Lunne et al. 2006)  
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(a) (b) 

Figure 2-5  (a) box corer with single-spade and tripod frame (Bouma 1969)  (b) IOS box 
corer (double spade) (Peters et al. 1980). 
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Figure 2-6  Example of undrained shear strength profile obtained by miniature vane 
tests in box core and gravity piston core (Randolph et al. 2007) 
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Figure 2-7  Square barrel Kastenlot core (Kogler 1963) 

 

 

 

(a) (b) 

Figure 2-8  Typical Kullenberg type gravity piston corer (a) as deployed  (b) after 
triggering at the seabed (Weaver and Schultheiss 1990). 
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Figure 2-9  Quality of samples recovered with Kullenberg gravity piston corer and 
STACOR® (Lunne and Long 2006) 

 

  

(a) (b) 

Figure 2-10  STACOR® (a) general description  (b) principle of stationary piston (Borel 
et al. 2002) 
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Figure 2-11  Outline design of ideal sampler cutting head (Lunne and Long 2006) 
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Figure 2-12  Comparison of downhole and seabed mode CPTs (Randolph 2004) 

 

Figure 2-13  ROSON seabed frame (Lunne et al. 1997b) 
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(a) (b) 

Figure 2-14  Fugro’s Wheeldrive Seacalf system (a) photograph of unit being prepared 
for launching  (b) schematic of Wheeldrive and cone penetrometer (Randolph 2004) 

 

(a) (b) 

Figure 2-15  Benthic Geotech’s Portable Remotely Operated Drill (PROD) (a) launching 
PROD off the stern of vessel  (b) schematic of PROD after deployment (Randolph 2004) 
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Figure 2-16  Terminology for cone penetrometers (Lunne et al. 1997b). 

 

Figure 2-17  Pore water pressure effects on measured penetrometers (Lunne et al. 
1997b). 
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Figure 2-18  Cone, T-bar, plate and ball penetrometers (Randolph 2004). 

 

 

Figure 2-19  One dimensional compression behaviour of the natural and reconstituted 
Pappadai Clay (Cotecchia and Chandler 1997). 
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Figure 2-20  Stress-strain relationship from undrained triaxial tests on intact and 
destructured clays (Tavenas and Leroueil 1985). 
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Figure 2-21  Comparison of undrained strength ratios obtained in HCA tests and triaxial 
compression and extension and simple shear tests simulated in HCA on KSS (clay-silt-
sand) mix (Jardine et al. 1997). 
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Figure 2-22  Undrained strength anisotropy from K0 consolidated undrained tests on 
normally consolidated clays and silts (Ladd 1991). 
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Figure 2-23  Effect of strain rate on the undrained shear strength measured in triaxial 
compression (Kulhawy and Mayne 1990). 
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Figure 2-24  Normalized undrained shear strength as a function of rotation rate 
(Peuchen and Mayne 2007). 
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Figure 2-25  (a) Field vane correction factor as a function of plasticity (Bjerrum 1973) 
(b) Field vane correction factor as a function of stress history (Aas et al. 1986) 
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CHAPTER 3    GEOTECHNICAL CHARACTERISATION 

AND ENGINEERING PROPERTIES OF BURSWOOD 

CLAY 

By: Han Eng Low, Melissa M. Landon, Mark F. Randolph and Don J. DeGroot 

ABSTRACTS:  The Burswood clay is a lightly overconsolidated and sensitive silty 

clay of high to extremely high plasticity.  In two extensive characterisation studies, a 

wide range of in situ tests have been carried out at the Burswood site including full-flow 

penetrometer tests (T-bar, ball and plate).  In addition, thin wall tube samples and high 

quality Sherbrooke block samples were also collected for laboratory testing.  It was 

found that the net penetration resistances for the T-bar and ball penetrometers were very 

similar but were only 90 % of those for the cone and plate penetrometers.  The 

normalised excess pore pressures measured at mid-depth of the ball were found to be 

lower than that measured at the shoulder of the cone during penetration, but higher 

during extraction.  The Burswood clay was found to be highly compressible with non-

linear virgin compression curves for undisturbed samples, but of all the soil parameters 

measured in the laboratory the compressibility was the most sensitive to sample 

disturbance.  The stress-strain behaviour for Burswood clay is also non-linear with the 

small strain shear modulus measured from seismic cone tests being three to six times 

higher than the shear modulus measured from the pressuremeter and laboratory tests at 

strain levels of about 1 %.  The in situ and laboratory test results indicate significant 

anisotropy in respect of strength, stiffness and permeability.  Significant strain rate 

dependency of shear strength and stiffness was found, with similar dependency for both 

intact and remoulded conditions.  The best fitted SHANSEP relationships for undrained 

shear strength were comparable with those reported in the literature.  Peak strength 

friction angles measured in triaxial compression tests ranged from 30 to 53º while those 

in extension ranged from 31 to 42º.  The critical state effective friction angles measured 

from CK0UC tests on a block specimen and a reconstituted sample were found to be 39° 

and 32º respectively.  Correlations between shear strength, small strain shear modulus 

and yield stress and the net penetration resistances measured by piezocone and full-flow 

penetrometers are proposed for Burswood clay.   
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3.1 INTRODUCTION 

The Burswood site is situated on the Burswood peninsula, inside a meander of the Swan 

River a few kilometres upstream from the city centre of Perth, Western Australia (see 

Figure 3-1).  The site has been the focus of two extensive geotechnical studies 

conducted by the University of Western Australia (UWA) Geomechanics Group and 

Centre for Offshore Foundation Systems (COFS), in collaboration with local and 

international collaborators and industry partners.  The first study focused on the 

measurement of in situ coefficient of consolidation through self-boring pressuremeter 

and piezoprobe testing and was conducted by Lee Goh (1994) between 1989 and 1990 

for Main Roads Western Australia, before the construction of the Graham Farmer 

Freeway.  The second study focused on penetrometer testing using penetrometers of 

different shapes, i.e. cone, plate, cylindrical (T-bar) and ball (Chung 2005; Schneider et 

al. 2004; NGI-COFS 2006-1) and was conducted in collaboration with the Norwegian 

Geotechnical Institute (NGI) between 2000 and 2005.  The main aim of this second 

study was to develop improved procedures for offshore site investigation practice in 

deepwater soft sediments using T-bar and ball penetrometers pioneered by COFS.  A 

complementary component of the penetrometer study was laboratory testing of 

Sherbrooke block and thin-walled tube samples collected from the site to provide 

reference properties for interpretation of the penetrometer test results.  This paper 

summarises data obtained from in situ and laboratory tests performed on soil from the 

Burwood site, henceforth termed Burswood clay.  Locations for boreholes and in situ 

tests (self-boring pressuremeter, vane shear, and penetrometer tests) considered in this 

paper are indicated in Figure 3-2. 

3.2 SITE GEOLOGY AND STRATIGRAPHY 

The Burswood peninsula is believed to have developed during the Holocene Period, 

following the end of the last glaciation, as the river slowed due to rising sea level.  This 

belief is based on the suggestion by Churchill (1959) that the sea level was 21 m lower 

in 8000 BC than the present sea level.  This elevation is close to the base of the soft clay 

layer at the site, which is about 20 m below ground level.  The Burswood clay is 

therefore thought to have been deposited in an estuarine environment less than 10000 

years ago (Cray 1988; Lee Goh 1994).  
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The ground surface at the Burswood site is essentially level, with RL of +0.95 m, where 

RL is the reduced level relative to datum sea level in Perth.  Penetrometer test results 

show the soil deposit is reasonably homogeneous laterally.  The water table is within 1 

to 2 m below the ground surface, although seasonal fluctuations may have caused the 

soil deposit to become lightly overconsolidated.  The stratigraphy generally consists of a 

3 m thick weathered crust underlain by a 17 m layer of soft silty clay, under which is a 

layer of stiff and fine sand.  Soil shallower than 12 m contains frequent shell fragments 

and silt lenses and tiny shell fragments exist occasionally at greater depth.  Desiccated 

plants may be found at depths shallower than 7 m.   

3.3 SOIL SAMPLING 

3.3.1 Tube Sampling 

Tube samples of 72 mm and 100 mm diameter were collected from boreholes (BH) 1 

and 2, respectively, using plastic (BH1) and stainless steel (BH2) fixed piston tube 

samplers.  Details of the tube sampling procedures were presented by Chung (2005) and 

sampler dimensions are summarised in Table 3-1.  The sampling tubes were 750 mm 

long with zero inside clearance (i.e. the inside wall was flush for the entire length).  The 

ratio of the external diameter to wall thickness, De/ts, for the plastic sampler was 31, 

which is lower than the minimum De/ts of 45 suggested by Ladd and DeGroot (2003).  

Additionally, the outside cutting edge angle for both plastic and stainless steel samplers 

is larger than the 5° recommended by Hight and Leroueil (2002).  Both criteria were 

recommended for recovery of high quality soft clay samples.  Therefore, the tube 

samplers used in this study probably caused greater sample disturbance than if ‘ideal’ 

high quality tube samplers had been used.  All tubes were x-rayed before extrusion to 

identify existence of cracks, shells or other abnormalities, but this would not have 

identified damage at the microstructural level.  Where possible, soil containing visible 

cracks and shells was avoided when selecting specimens for laboratory testing. 

3.3.2 Sherbrooke Block Sampling 

Sherbrooke block sampling (Lefebvre and Poulin 1979) was also conducted at the 

Burswood site to obtain high-quality undisturbed samples for laboratory testing.  This 

sampler uses jetted drilling fluid to carve cylindrical blocks (250 mm in diameter and 

350 mm high) at depths greater than possible by traditional hand-carved block 
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sampling.  Details of the sampling procedures are presented by DeGroot et al. (2003) 

and Landon (2007). 

A total of 24 block samples were collected from the Burswood site.  Four samples from 

6.7, 8.8, 11.4, and 13.7 m were transported according to procedures described by 

DeGroot et al. (2003) to the University of Massachusetts (UMass), Amherst for 

additional laboratory testing.  At UWA, each block was sliced horizontally into 

subsamples of about 100 mm thick for X-ray inspection.  The X-ray images were used 

to avoid shells and to optimise use of the block samples for laboratory testing. 

3.3.3 Sample Quality Assessment 

The quality of both tube and block samples was assessed using the normalized volume 

change criteria proposed by Lunne et al. (1997a).  These criteria are based on e/e0, 

where Δe is the change in void ratio measured on reconsolidation back to the in situ 

stresses in the laboratory test and e0 is the initial void ratio.  This is a robust method as it 

is based on the normalised volume change relative to the initial state (e0) and with some 

accounts taken of the yield stress ratio (YSR) and hence soil stiffness.   

Figure 3-3 presents ∆e/e0 measured from all constant rate of strain consolidation (CRS), 

simple shear (SS) and triaxial (TC and TE) tests as a function of depth, along with the 

sample quality criteria.  All block samples (BS) and most of the triaxial tube specimens 

(TS) are of quality ratings 1 and 2 (good to excellent), while the majority of the simple 

shear and CRS specimens from tube samples are of quality rating 3 and 4 (poor to very 

poor).  Subsequent analysis of simple shear undrained shear strength and stiffness, as 

well as compression index immediately following the yield stress, showed that results 

from tube sample specimens were generally lower than those from block sample 

specimens.  This suggests that e/e0 adequately indicates sample quality of Burswood 

clay.  Additionally, block samples that shipped to UMass Amherst in protective 

containers by a commercial carrier did not suffer any additional disturbance based on 

e/e0 values and showed good comparisons of CRS and recompression CAUC data 

between UWA and UMass Amherst.   

3.4 SOIL COMPOSITION AND INDEX PROPERTIES 

In this section, only the soil composition and index properties data obtained from tests 

on block samples will be presented.  This is because the data from tests on tube samples 
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were deemed unreliable (except the bulk density) because the tests were carried out on 

dried samples (NGI-COFS 2006-1).  The tests on block samples were carried out in 

accordance with Australian Standards (AS 1289 1995) at UWA and ASTM Standards 

(2008) at UMass Amherst. 

3.4.1 Particle Distribution 

Figure 3-4(a) shows the particle size distribution profile with depth is fairly constant 

throughout the depth.  The fines content (< 0.063 mm) varies between 86 and 100 %, 

with an average of 96 % and the clay size content (< 0.002 mm) ranges from 8 to 25 % 

with an average of 14 %.   

3.4.2 Specific Gravity 

The specific gravity for Burswood clay decreases slightly with depth from 2.64 at 4.5 m 

to 2.60 at 7 m (Lee Goh 1994; Landon 2007). 

3.4.3 Unit Weight 

Figure 3-4(b) presents the depth profile of unit weight of Burswood clay, along with the 

profile adopted for estimation of in situ stresses and interpretation of in situ test results.  

The unit weight was measured from intact triaxial, simple shear and CRS consolidation 

test specimens trimmed from both tube and block samples.  The unit weight generally 

increases from 14 kN/m3 near the ground surface to 15.8 kN/m3 at 12.3 m and then 

decreases slightly to 15.4 kN/m3 at 14.5 m.  For deeper soil, the unit weight is 

approximately constant at 14.6 kN/m3. 

3.4.4 Natural Water Content 

Figure 3-4(c) presents the depth profile of natural water content (wn) which ranges from 

65 to 120 % and generally decreases with depth to 13 m, after which it increases 

slightly.  

3.4.5 Soil Plasticity 

Figure 3-4(c) presents the depth profile of liquid limit (LL – measured in accordance 

with the Australian Standard fall cone method in AS 1289 1995) and plastic limit (PL).  

Both LL and PL decrease with depth with LL experiencing a greater reduction.  Over 

the main depth of investigation (5 to 15 m), LL ranges from 65 to 100 % (average 

~85 %) and PL ranges from 25 to 38 % (average ~32 %).  This results in Plasticity 

Index (Ip) ranging from 40 to 70 % (averaging ~52 %).  Based on the soil classification 
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chart (BS 5930:1981), the soils are classified as silty clay of high to extremely high 

plasticity (CH/CV/CE).  

Figure 3-4(d) shows the depth profile of liquidity index (IL) and activity (= Ip/clay 

fraction).  The IL ranges from 0.67 to 1.15 and activity ranges from 2.4 to 6.2.  Both 

index properties generally decrease with increasing depth.  The activity values indicate 

the Burswood clay is classified as ‘active’, in accordance with the classification by 

Skempton (1953).   

3.5 PENETROMETER TESTING 

Penetrometers tested at the Burswood site included piezocone, seismic piezocone, 

T-bar, ball, piezoball, and plate (Schneider et al. 2004; Chung 2005; NGI-COFS 

2006-1).  Table 3-2 provides details of each of the penetrometers.  The majority of the 

penetrometer tests were performed at a penetration rate of 20 mm/s.  To measure the 

remoulded penetration resistance, cyclic T-bar and ball penetration tests were performed 

by penetrating and extracting the T-bar through a stroke of at least 0.5 m (± 0.25 m) for 

10 cycles at a displacement rate of 20 mm/s.  Some variable rate monotonic and cyclic 

penetration tests were also carried out to investigate the effect of penetration rate on the 

measured penetration resistance in intact and remoulded Burswood clay (Low et al. 

2008).   

Figure 3-5 shows the profiles of (a) average net penetration resistance measured using 

the different penetrometers (the subscript reflecting the penetrometer type with qnet for 

the cone), (b) ratio of extraction to penetration resistance (qout/qin) for T-bar, ball and 

plate penetrometers, (c) ratio of qT-bar, qball and qplate to qnet, and (d) normalised friction 

ratio, Fr (= fs/qnet) measured from the piezocone penetration test (CPTU).  The net 

penetration resistances are the net values after the measured penetration resistance were 

corrected for pore pressure effects on the load cell and overburden pressure acting on 

the cone rods (Lunne et al. 1997b; Chung and Randolph 2004).  Since qT-bar values for 

all T-bars (rough, smooth, long, short) were similar, only values for the standard 

250 mm long rough T-bar are presented in Figure 3-5.  The qball profile shown in 

Figure 3-5 is that from the 113 mm diameter ball.  The profile from the 80 mm diameter 

piezoball was similar to that shown while results from the 60 mm diameter piezoball 

were about 15 % greater (Low et al. 2007). 
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In general, all net penetration resistances increase with depth at a gradient of about 

15 kPa/m.  As shown in Figure 3-5(a), qT-bar and qball are consistently similar over the 

depth of investigation, except in the weathered crust.  The ratio of qT-bar or qball to qnet 

fluctuates around 0.9 between 6 and 13 m but increases to around unity between 13 and 

15 m.   Figure 3-5 also shows that qplate is approximately equal to qnet between 6 and 13 

m.  Figure 3-5(c) shows the qout/qin ratio for the T-bar fluctuates around 0.65 between 5 

and 18 m, while the qout/qin ratio for ball and plate increases from 0.55 at 5 m to 0.6 at 

18 m.  

Figure 3-6 shows the comparison of pore pressure measured from piezocone and 

piezoball tests, denoted as u2 and umball respectively (the m subscript referring to mid-

height of the ball where the pore pressure was measured), and their respective 

normalised pore pressure parameters, Bq (= u2/qnet) and Bmball (= umball/qball).  The 

extraction profiles are plotted as dotted lines in Figure 3-6.  Since the pore pressure 

measured using the 60 mm piezoball was affected by sluggish measuring response (Low 

et al. 2007), only pore pressure data measured using the 80 mm piezoball (DeJong et al. 

2008) are presented in Figure 3-6.  Figure 3-6(a) shows the penetration pore pressures 

are consistently greater than the extraction pore pressures.  The umball is lower than u2 

during penetration but is greater than u2 during extraction (where u2 dropped close to the 

hydrostatic pore pressure).  Correspondingly, Bmball is constantly lower and higher than 

Bq during penetration and extraction respectively.  Bmball is fairly consistent during 

penetration and extraction, and generally fluctuates around 0.4 before reducing 

gradually to about 0.3 between 11 and 14 m.  On the other hand, Bq increases gradually 

from around 0.4 at 5 m to around 0.6 at 15 m during penetration but is close to zero 

during extraction.   

Lastly, Figure 3-6(c) shows the normalised friction ratio (Fr) measured from CPTU 

fluctuates around 2 % between 5 and 12 m, and decreases slightly to 1.6 % at greater 

depths.  Interestingly, Fr is higher (around 3 %) in the higher plasticity material 

shallower than 5 m.  The normalised cone parameters plot in the middle of soil 

classification 3 (clay to silty clay) in the classification chart of Robertson (1990), which 

is consistent with the classification based on Atterberg limits. 
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3.6 IN SITU STRESS STATE 

3.6.1 Vertical Yield Stress 

Profiles of vertical yield stress ('vy) and yield stress ratio (YSR = 'vy/'v0, where 'v0 is 

in situ vertical effective stress) determined from one dimensional constant rate of strain 

(CRS) consolidation tests on tube and block samples are shown in Figure 3-7, along 

with the best estimated 'v0 profile.  'vy was determined using the Casagrande method 

and values determined from poor quality specimens (quality rating 3) are circled in the 

plots.  Overall, values of 'vy and YSR measured from block and tube samples having 

e/e0 sample quality ratings of 1 and 2 (good to excellent) are comparable, while values 

measured from samples with e/e0 quality ratings of 3 (poor) are consistently lower 

than those from higher quality samples.   

Figure 3-7 shows that the YSR reduces from greater than 3 near the ground surface to 

1.4 at 6 m, after which it remains approximately constant throughout the depth.  This 

constant YSR with depth profile suggests that the cause of overconsolidation for 

Burswood clay is due to drained creep (Bjerrum 1967).   

It is common to correlate 'vy with the net cone resistance, qnet (e.g. Chen and Mayne 

1996; Demers and Leroueil 2002).  Correlation statistics between 'vy and net 

penetration resistances measured from piezocone, T-bar, ball, and plate penetrometer 

tests (i.e. qnet, qT-bar, qball and qplate) are summarised in Table 3-3 for the Burswood site.  

The deduced mean kcone (= 'vy/qnet) value (0.34) falls within the literature reported 

range of 0.2 to 0.5 (Lunne et al. 1997b) and the mean k values for other penetrometers 

are rather similar (0.31 to 0.36).  The coefficients of variation for the k factor from each 

penetrometer are also comparable (0.14 – 0.18).   

3.6.2 In Situ Coefficient of Earth Pressure at Rest, K0 

Figure 3-8 shows the profile of K0 (= 'h0/'v0, where 'h0 is the in situ effective 

horizontal stress) determined from the self-boring pressuremeter tests performed by Lee 

Goh (1994) (K0SBP).  The pressuremeter had a length to diameter ratio of 6 and the tests 

were performed at incremental pressure rates of 10 kPa/min and 100 kPa/min.  Since no 

significant difference was observed in the total horizontal stresses (h0) measured at 

both incremental pressure rates, all the measured h0 values were used in K0SBP 

determination.  Several tests were performed at a single depth between 4.3 and 7.3 m 
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while only a single test was performed at each depth greater than 7.3 m.  For clear 

presentation, only the average, minimum and maximum values at depths where multiple 

tests were performed are presented in Figure 3-8.  In general, K0SBP decreases gradually 

from a value of about 0.90 at 4 m to a value of about 0.55 at 19 m.   

Landon (2007) carried out a series of CK0UC SHANSEP tests to characterise the 

variation of shear strength and K0 with YSR for Burswood clay for mechanical 

unloading.  From these tests, the relationship between K0 and YSR for Burswood clay 

was found to be: 

39.0
)OC(0 )YSR(59.0K   (3-1)

Based on the relationship suggested by Mayne and Kulhawy (1982) (i.e. K0(OC) = K0(NC) 

(YSR)sin'), the coefficients in Eq. (3-1) imply a friction angle of 23 or 24 º, which is 

much lower than measured in triaxial tests (as presented later).  However, it may be 

noted from Figure 3-8 that K0 estimated using Eq. (3-1) and the YSR data shown in 

Figure 3-7(b) are in good agreement with the K0SBP profile. 

3.7 ONE DIMENSIONAL CONSOLIDATION 

The consolidation behaviour of Burswood clay was measured using the one dimensional 

CRS consolidation test.  The CRS testing was performed in general accordance with 

ASTM Standards (2008), Sandbækken et al. (1986) and Ladd and DeGroot (2003) 

(NGI-COFS 2006-1; Landon 2007).  The tests on block and tube specimens were 

performed at a vertical strain rate of about 1 %/hour (2.8 x 10-6 s-1), resulting in a base 

excess pore pressure ratio (ub/v) of less than 15% throughout the test.   

3.7.1 Compressibility 

A comparison of compression curves measured from CRS tests on tube and block 

sample specimens collected from 11.4 m is shown in Figure 3-9.  The block sample 

compression curve shows a distinct break at 'vy, a sharp increase in compressibility at 

stresses immediately following 'vy, and a region of non-linearity at normally 

consolidated stress levels in e-log 'v space, where 'v is the vertical effective stress.  In 

contrast, the tube sample compression curve shows a more gradual change in 

compressibility at 'vy and near linear e-log 'v curve at normally consolidated stress 

levels.  Nonetheless, both compression curves appear to converge at high stresses.  The 
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non-linear e-log 'v curve for the block sample implies that Burswood clay is 

destructured progressively as it compresses.   

To further illustrate the effect of progressive destructuration of Burswood clay due to 

compression, compression curves measured from block samples (the highest quality test 

results) and a compression curve measured from a sample remoulded at its natural water 

content are plotted against the intrinsic compression line (ICL) and sedimentary 

compression line (SCL) proposed by Burland (1990) in Figure 3-10.  The ICL, 

determined from reconstituted soil, is a useful frame of reference for evaluating the 

influence of soil microstructure on the compressibility of natural soil because it is 

inherent to the soil and independent of the influence of soil microstructure caused by 

depositional and post-depositional processes (Burland 1990).  On the other hand, the 

compression curve for remoulded soil may represent the response of soil with minimal 

soil microstructure (Leroueil et al. 1985).  To eliminate the effect of variation in soil 

type, the compression curves are plotted in the Iv-log 'v space, as suggested by 

Burland, where Iv is the void index (= [e - e*
100]/Cc

*, where e*
100 is the void ratio on the 

ICL at a vertical effective stress of 100 kPa and Cc
* is the change in void ratio on the 

ICL for an increase in vertical effective stress from 100 kPa to 1000 kPa).  Although 

e*
100 and Cc

* for Burswood clay were not measured, since the Burswood clay Atterberg 

limits data plot above the A-line, their values were estimated from the void ratio at 

liquid limit (eL) using Burland’s empirical correlations:   

e*
100 = 0.109 + 0.679eL – 0.089eL

2 + 0.016eL
3 (3-2) 

Cc
* = 0.256eL – 0.004 (3-3) 

In Figure 3-10, the Iv-log'v curves for the intact block sample specimens cross the ICL 

during initial loading at low stresses, indicating the in situ soil has acquired post-

depositional structure.  However, when the specimens are loaded to stresses greater than 

'vy, the curves are non-linear, significantly steeper than the ICL and SCL and converge 

gradually to the ICL.  This implies the soils are progressively destructured by 

compression and approaches the level of microstructure similar to that of reconstituted 

soil.  As a result, the soils are becoming less compressible, as indicated by the 

decreasing slope of Iv-log'v curves.  It is generally accepted that remoulded soil has 

less microstructure than reconstituted soil (Leroueil et al. 1985), the Iv-log 'v curve for 

the remoulded specimen falls below the ICL, as expected.  Even so, the remoulded Iv-
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log 'v curve gradually converges towards the ICL curve at high stresses, suggesting a 

possible gradual development of microstructure. 

Figure 3-11 shows the depth profiles of maximum Cc (= e/log 'v) at stresses greater 

than 'vy (Ccmax), Cc at a stress level of 3 times 'vy (Cc (at 3'vy)) and recompression index 

(Cr).  The Cr was taken as the average slope of e-log 'v curve at stresses between 'v0 

and 'vy.  The recompression and compression indices generally decrease with depth.  

Ccmax for block samples is on average 1.4 times Cc (at 3'vy) for block samples while the 

later are generally comparable with Ccmax and Cc (at 3'vy) for tube samples.  Figure 3-11 

also shows that Cr values for block samples are generally slightly lower than those for 

tube samples.  Figure 3-12 shows the variation of different compression indices with eL, 

along with the relationship of Eq. (3-3).  Figure 3-12 clearly shows the compression 

indices for Burswood clay increase with increasing eL but are about 1.5 to 3 times 

higher than Cc
* that represents the compressibility of reconstituted soil.   

In summary, the data shown in Figure 3-10, Figure 3-11 and Figure 3-12 indicate that 

the compressibility of Burswood clay is influenced by soil microstructure and plasticity.  

The observed differences in compression curves measured from block and tube sample 

specimens suggest that the measurement of compressibility is more sensitive to sample 

disturbance than is the determination of 'vy for Burswood clay.  Sample disturbance 

leads to destructuration and results in higher compressibility measured during 

recompression to 'vy and lower compressibility during compression beyond 'vy.  The 

compressibility results also suggest that the non-linearity in e-log 'v curve for normally 

consolidated Burswood clay is only noticeable when the sample quality is rated as 1 in 

accordance with Lunne et al. (1997a) criteria (such as for the block samples).  Based on 

the differences in compressibility measured on intact and remoulded (completely 

disturbed) samples shown in Figure 3-10, values of compressibility deduced from tests 

on highly disturbed samples would lead to an overestimation of settlement in the field.   

3.7.2 Consolidation Properties 

Vertical coefficient of consolidation (cv) of Burswood clay was determined from CRS 

tests on Sherbrooke block sample specimens because they gave the highest quality tests.  

Horizontal coefficient of consolidation, ch, was determined from piezocone dissipation 

tests performed with the cone rods clamped at the ground surface (Low et al. 2007).  

The piezocone dissipation tests were interpreted by best fitting the measured dissipation 
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curve with the theoretical curve proposed by Teh and Houlsby (1991) for degree of 

dissipation between 20 and 80 % using the least square error method (Low et al. 2007).  

Note that dissipation tests give rise to (primarily) horizontal flow but with soil close to 

the cone undergoing consolidation and soil further from the cone swelling (Levadoux 

and Baligh 1986; Fahey and Lee Goh 1995).  As such, the value of the deduced ch will 

reflect horizontal permeability and compressibility that lies between values for swelling 

and consolidating soil.  

Figure 3-13 shows the resulting cv and ch profiles.  It is well recognised that cv is a stress 

dependent parameter for soil, therefore cv at 'v0, cv at 'vy and cv for normally 

consolidated stress states (cvnc) are shown in Figure 3-13.  Note that the cvnc values for 

Burswood clay are fairly constant throughout the entire stress range explored.  In 

addition, cv values estimated from variable rate penetration tests (Low et al. 2008) are 

also plotted for comparison.  As shown in Figure 3-13, the cv data tend to decrease with 

depth to a minimum at a depth of 12 m before increasing again with depth.  The cv 

values estimated from the variable rate penetration tests agree with cvnc fairly well.  This 

is consistent with the fact that the empirical backbone curve used to interpret the 

variable rate penetration tests was derived based on cvnc.  In general, values of cv at 'v0, 

cv at 'vy and cvnc for Burswood clay range from 3.7 to 46 m2/year, 2.0 to 11.2 m2/year 

and 0.5 to 2.6 m2/year respectively.  Based on the CRS test results, the vertical 

coefficient of permeability at 'v0, kv0, is estimated to lie in the range 5 × 10-10 to 

7 × 10-9 m/s for Burswood clay.  

In general, the ch data estimated from the piezocone dissipation tests follow the same 

pattern as the cv profiles, but data estimated from the short dissipation tests (with degree 

of dissipation less than 35 % - circled in the plot) fall at the upper bound of the ch data.  

This suggests that short duration dissipation tests may tend to overestimate ch.  Overall, 

ch estimated from the piezocone dissipation tests ranges from 6 to 46 m2/year, which 

agrees reasonably well with the cv values at 'v0, but are on average 4 times the cv at 

'vy.   

The difference between the deduced ch and cv at 'vy may be attributed partly to 

anisotropic permeability and partly to differences in stiffnesses during consolidation and 

swelling.  Typical permeability ratios for natural clays range from 1.1 to 1.5 (e.g. 

Tavenas et al. 1983), but the ratio for Burswood clay may be higher in view of 

observations of silt lenses in the sampled stratigraphy during specimen trimming.  These 
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observations imply that kh/kv for Burswood clay may fall in the range of 2 to 5, based on 

the empirical anisotropic permeability ratio (kh/kv) proposed by Baligh and Levadoux 

(1986).  Even with no allowance for the difference in stiffness, this range bounds the 

ratio of 4 deduced from the ch and cv at 'vy data.   

3.8 SHEAR MODULUS 

Figure 3-14 summarises the shear modulus (G) determined from self-boring 

pressuremeter tests, seismic cone tests and anisotropically consolidated undrained 

triaxial compression, triaxial extension and simple shear tests (CAUC, CAUE and 

CAUSS).  At UWA, the triaxial tests were conducted at an axial strain rate of 12 %/hr 

(shear strain rate of 18 %/hr), both in compression and in extension, and the simple 

shear tests were conducted at a shear strain rate of 22 %/hr (Chung 2005; NGI-COFS 

2006-1).  However, at UMass Amherst, the triaxial tests were conducted at an axial 

strain rate of 0.5 %/hr (Landon 2007).  The deformation of the laboratory specimens 

was measured externally for all the tests, and hence the determined shear modulus may 

be lower than the ‘true’ shear modulus.   

Small strain shear modulus data, G0, were measured in the field by seismic cone tests 

and in the CAUC tests using bender elements after the specimens were reconsolidated 

back to in situ effective stresses.  G50 is the secant shear modulus at a stress level of the 

average of initial (just before shearing) and peak deviatoric stress for triaxial tests, or at 

a horizontal shear stress level of 50 % of the maximum for simple shear tests.  The 

initial pressuremeter shear modulus, Gipm, was determined from the initial loading part 

of the pressure-cavity strain curve and the unload-reload pressuremeter shear modulus, 

Gurpm, was determined from the unload-reload cycle after the pressuremeter had been 

inflated to 4% cavity strain.  The average shear strain level at which G50 was determined 

was 0.5 %, 1.1  % and 0.8 % for CAUC, CAUSS and CAUE tests respectively while the 

shear strain strain level at which Gipm was determined was less than 2 %. 

As shown in Figure 3-14, the field G0 increases from 2 MPa below the crust to 15 MPa 

at 19 m.  The G0 values determined from the two shallow CAUC test specimens are 

about 25 % less than the corresponding field values, but the CAUC bender element tests 

on the two deeper specimens gave rather similar values to the profile measured from the 

seismic cone tests.  The two low G0 values determined from the shallow CAUC test 
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specimens suggest slight irrecoverable changes to soil microstructure during sampling, 

setup and reconsolidation, but the overall measure of agreement is encouraging.   

G50 values determined from CAUC tests at UWA increases from about 1 MPa at 6 m to 

about 5 MPa at 17 m and are consistently greater than those from CAUSS and CAUE 

tests by factors of 1.4 and 1.5, respectively.  These values are also on average 20 % 

higher than those determined from tests performed at UMass Amherst at the lower axial 

strain rate.  Due to sample disturbance, the G50 values measured from CAUSS tests on 

tube sample specimens are the lowest among the measured G50.  As for the shear 

modulus deduced from pressuremeter tests, Gipm and Gurpm measured at the incremental 

pressure rate of 10 kPa/min are generally comparable with the CAUC G50 but are about 

5 % lower than Gipm data for tests with the incremental pressure rate of 100 kPa/min.  

On the whole, G0 values are about 3 to 6 times higher than G50, Gipm, and Gurpm and the 

G values presented in Figure 3-14 suggest that the stress-strain behaviour for Burswood 

clay is non-linear, anisotropic and strain rate dependent.    

Tanaka et al. (1994) proposed that G0 can be expressed as a factor, , times qnet.  

Table 3-4 summarises the correlation statistics between G0 and qnet, qT-bar, qball and qplate.  

The  factor for qnet seems the least variable (with COV of 0.10) while the coefficient of 

variation for the T-bar,ball and plate factors are similar (COV of 0.13 to 0.14).  The 

mean  factor for qnet of 30 is lower than those reported in the literature e.g. 50 for 

Japanese clay (Tanaka et al. 1994) and 38 for Bangkok clay (Shibuya and Tamrakar 

2002).   

3.9 UNDRAINED SHEAR STRENGTH 

Figure 3-15 shows the profiles of intact and remoulded undrained shear strength 

(denoted as su and sur respectively) measured from in situ and laboratory tests and the 

profile of strength sensitivity (su/sur) determined from vane shear tests.  At the field, the 

vane shear testing was performed using a 60 mm diameter vane with a height of 130 

mm.  The vane blade thickness was 2.1 mm, resulting in a perimeter ratio of 4.5 % and 

an area ratio of 8.9 %.  The vane was advanced to the testing depth at approximately 

30 mm/s and allowed to rest for 1 minute before testing.  The vane was rotated 

manually using a torque wrench at approximately 5 revolutions per minute 1800 °/min 

to measure both peak and remoulded strength.  The remoulded strength was determined 

after the vane was rotated rapidly for 10 rotations and rested for 1 minute (Chung 2005).  
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The pressuremeter shear strengths (supm) were determined by Lee Goh (1994) from the 

slope of cavity pressure versus natural log of cavity strain curve.  For comparison, the 

net cone resistance profile is shown, reduced by a factor of 10 (approximating Nkt) to 

give a nominal shear strength. 

In the laboratory, triaxial compression, triaxial extension and simple shear strengths 

(denoted as suc, sue and suss respectively) were measured from block and tube samples 

reconsolidated anisotropically to in situ stresses using a K0 of 0.8 (Chung, 2005; NGI-

COFS 2006-1; Landon 2007).  Fall cone remoulded strengths (sur,fc) were interpreted 

using the Karlsson (1977) method with a fall cone factor of 0.8 (for a 30º cone) while 

the sur,UU was measured from unconsolidated undrained triaxial compression (UU) test 

on remoulded sample, which was performed at an axial strain of 60 %/hr (NGI-COFS 

2006-1). 

As noted above, the laboratory strength tests at UWA laboratory and the field vane tests 

were not carried out at standard strain rate or rotation rate, therefore the measured 

strength values have to be adjusted to account for the use of non-standard shear and 

rotations rates.  In order to establish adjustment factors, a series of simple shear tests 

were conducted at different shearing rates (discussed later), and these led to a 13% 

increase in suss for each order of magnitude increase in strain rate.  This factor was used 

to adjust the strength data (both intact and remoulded) presented in Figure 3-15.  The 

standard testing rates used for the adjustment were 0.5 % axial strain/hour for the 

triaxial test, 5 % shear strain/hour for the simple shear test, and 12º/min for the vane 

shear test.  After the adjustment, values of suc measured at UWA were found to show 

much better agreement with those measured at UMass Amherst at the standard rate of 

0.5 % axial strain/hour, confirming that the adopted strength adjustment was 

appropriate. 

In general, the shear strength at the Burswood site increases nearly linearly with depth 

at a gradient of about 1.5 kPa/m.  The clay exhibits a significant degree of ‘strength 

anisotropy’ with average sue/suc ratio of 0.65.  Figure 3-15 shows suss is generally 

comparable to suc, however, if the suss is adjusted to the same reference shear strain rate 

as in the triaxial tests, the suss/suc ratio would reduce to about 0.9.  The su,vane data are 

greater than suc and more variable at depths shallower than 5 m before decreasing to 

values lower than suc at greater depths where average su,vane/suc ratio is 0.87.  The 

pressuremeter shear strengths, supm, lie at the upper bound of all the intact strengths, 
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with values measured at the pressure incremental rate of 10 kPa/min generally 30 % and 

15 % higher than su,vane and suc respectively but are about 11 % lower than supm 

measured at the pressure incremental rate of 100 kPa/min.  Figure 3-15 also shows that 

sample disturbance has significant effect on the measured intact strengths with suss 

measured on the tube sample specimens of poor to very poor quality (with quality rating 

of 3 and 4) forming a lower bound to the suss data.  These data also suggest that the 

decrease in void ratio during reconsolidation of specimen in those tests has not 

compensated the effects of destructuration due to sampling.  

Remoulded strengths of Burswood clay increase with depth at a rate of about 0.5 kPa/m 

and are significantly less than intact strengths.  Among the remoulded strengths, sur,vane 

is the highest and is on average 1.2 and 1.8 times sur,fc and sur,UU respectively.  Ignoring 

outlying data in the depth zone between 4 and 5 m, the strength sensitivity determined 

from vane shear test reduces gradually with depth from 4.5 at 5 m to 3.5 at 13 m 

(Figure 3-15(c)).   

3.9.1 Normalised Strength Relationships 

The relationship between shear strength and yield stress ratio was evaluated for the 

Burwood clay using the SHANSEP (stress history and normalised soil engineering 

properties) relationship (Ladd et al. 1977):   
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  (3-4) 

where (su/'vc)oc is the strength ratio for overconsolidated soil; (su/'vc)nc is the strength 

ratio of normally consolidated soil; 'vc is the vertical consolidation effective stress 

before shearing to failure; and YSR is the yield stress ratio.  Note that for vane shear 

test, 'vc is replaced by in situ vertical effective stress, 'v0.  The SHANSEP 

relationships determined from triaxial compression, triaxial extension, simple shear and 

vane shear tests on intact and reconstituted Burswood clay are shown in Figure 3-16.  

Tests on reconstituted samples were conducted on samples collected from box samples 

prepared for 1 g model tests (Low and Randolph 2008).  The vane shear test in 

reconstituted samples was conducted using miniature vane shear at a rotation rate of 

60 º/min and the presented data were corrected for rate effect as described above.  In 

addition, data from a series of K0 consolidated undrained triaxial compression (CK0UC) 
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SHANSEP tests performed by Landon (2007) are also plotted in Figure 3-16 for 

comparison.   

Figure 3-16 shows the strength ratio, su/'vc, for intact samples at a given YSR, 

including results from SHANSEP tests, are generally higher than those measured from 

tests on reconstituted samples with the exception of the triaxial extension results.  This 

may be attributed to the fact that the intact samples have more microstructure than the 

reconstituted samples, as shown in Figure 3-10.  The low su/'vc values from simple 

shear tests on tube specimens, are again due to the effect of sample disturbance on the 

measured strength.   

The SHANSEP parameters (i.e. (su/'vc)nc and m) for recompression tests on intact 

Burswood clay and vane shear tests in both intact and reconstituted soils were 

determined by fitting Eq. (3-4) to the measured data using the least square error 

regression.  For SHANSEP tests and laboratory tests on reconstituted samples, the 

measured (su/'vc)nc was used for the regression analysis to determine the m parameter.  

The best-fitted values are summarised in Table 3-5.  As expected from strength 

anisotropy, CAUC and CAUE tests give the highest and lowest (su/'vc)nc values, 

ranging from 0.29 to 0.34 and 0.18 to 0.22 respectively.  These values are in general 

agreement with (su/'vc)nc values reported by Ladd (1991) for soils with Ip in the range 

of 40 to 70 %, which range from 0.29 to 0.35 for CAUC tests and 0.20 to 0.23 for 

CAUE tests.  However, the (su/'vc)nc determined from the CAUSS tests in this study 

(0.30 to 0.31) is slightly higher than the range of 0.24 to 0.29 reported by Ladd (1991) 

for soils of similar Ip.  The range of (su/'vc)nc from vane shear tests shown in Table 3-5 

also fall within the range of 0.16 to 0.33 reported by Jamiolkowski et al. (1985), 

ignoring extreme values from organic shelly clay and highly cemented varved clay.   

The best fitted m values summarised in Table 3-5 are also in general agreement with 

those reported in the literature which typically range from 0.7 to 1.0 (e.g. Mayne 1980, 

1985; Jamiolkowski et al. 1985).  The m values determined from tests on reconstituted 

samples are consistently lower than those determined from tests on intact samples and 

may be atributed to the reconstituted Burswood clay being less microstructured than the 

intact Burswood clay.  Table 3-5 also shows the best-fitted m values for triaxial 

compression tests are comparable to those for simple shear tests while the best-fitted m 

values for triaxial extension tests are higher than those for both triaxial compression and 

simple shear tests.  These results suggest that the strength anisotropy for Burswood clay 
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reduces with increasing YSR, which is consistent with the trend reported by Mayne 

(1985).   

The su/'vy ratio (equivalent to setting m = 1 in Eq. (3-4)) determined from CAUC, 

CAUSS, CAUE and vane shear tests in intact soil was found to be fairly constant with 

depth.  The values range from 0.25 to 0.32 (average = 0.29), 0.22 to 0.32 (average = 

0.28), 0.17 to 0.20 (average = 0.18) and 0.20 to 0.27 (average = 0.23) for CAUC, 

CAUSS, CAUE and vane shear tests respectively.  The average values are very close to 

the best-fitted (su/'vc)nc values for intact soils summarised in Table 3-5, due to the m 

values determined from those tests being close to unity.  The average su/'vy determined 

from vane shear test is also close to the 0.22 value recommended by Mesri (1975) for 

clays having an m value near unity.   

3.9.2 Correlation between Strength and Penetrometer Test Results 

Theoretically, peak and remoulded shear strengths, su and sur, may be estimated from the 

net penetration resistance or cone pore pressure measurement using appropriate 

resistance factors (N-factor).  Table 3-6 summarises the statistics of N-factors for the 

different penetrometers and reference strengths considered here.  The reference 

strengths cover those typically required for engineering design.  su,ave is the average of 

strengths measured in triaxial compression, triaxial extension and simple shear tests 

(= (suc + suss + sue) / 3) and these data contribute to the 25 % of total data points that 

were used to derive Nkt,suss, NT-bar,suss, Nball,suss and Nplate,suss.  qT-bar,rem and qball,rem are the 

average remoulded penetration and extraction resistances measured during the 10th 

cycle of cyclic penetration tests.  Laboratory strength data from samples rated 3 and 4 

according to the Lunne et al. (1997a) criteria were discarded from calculation of the 

statistics.   

As shown in Table 3-6, the NT-bar and Nball factors are very similar while Nkt is higher 

than both NT-bar and Nball, as expected from the profiles of net penetration resistance 

(Figure 3-5).  Interestingly, all N-factors show small and comparable variability in 

estimating intact shear strengths from net penetration resistances and cone pore pressure 

measurement.  For practical purposes, N-factor of around 11 may be used to estimate suc 

and suss from the net penetration resistance measured by piezocone, T-bar, ball and plate 

penetrometers. 
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Correlations between sur and qT-bar,rem or qball,rem show NT-bar,rem,UU and Nball,rem,UU are the 

most variable among the N-factors related to sur, with COV approaching 0.24, due to the 

scattered UU strength data.  In addition, as shown in Table 3-6, the mean N-factors 

related to sur measured from various tests are also different, with NT-bar,rem,UU and 

Nball,rem,UU being the highest and NT-bar,rem,vane and Nball,rem,vane being the smallest.  The 

differences in the remoulded N-factors may be attributed primarily to the differences in 

strain rates adopted in the UU and vane shear tests.  The strain rate adopted in the UU 

tests was 60 %/hr and is estimated to be 2 to 3 orders of magnitude lower than the 

maximum strain rate applicable to a vane shear test with rotation rate of 6 or 12 °/min 

(Einav and Randolph 2006).   

Table 3-6 also shows that the average values of NT-bar,rem,vane and Nball,rem,vane are higher 

than the average NT-bar,vane and Nball,vane.  The lower N-factors for intact soil are because 

the strength enhancement due to high strain rate around the penetrometers is partly 

compensated by the strength reduction due to the partial remoulding during the initial 

penetration, but this is not the case after the soil has been remoulded by a cyclic 

penetration test where no further loss in strength occurs.  In addition, slight differences 

in the width of the failure mechanisms around the T-bar and ball penetrometers during 

the initial penetration and at the end of the cyclic penetration test may also contribute to 

differences in N-factors for intact and remoulded soils (Zhou and Randolph 2009).   

3.10 EFFECTIVE STRENGTH PARAMETERS 

Effective strength parameters of Burswood clay were determined from CAUC and 

CAUE tests on tube and block sample specimens.  Figure 3-17 shows some typical 

effective stress path plots in p'-q space for intact and reconstituted Burswood clay, 

where p' = ('a + 2'r)/3; q = ('a - 'r); 'a is the axial effective stress; 'r is the radial 

effective stress.  In general, the effective stress path plots show that the Burswood clay 

exhibits contractive behaviour and show no significant evidence for anisotropy of 

effective strength parameters.   

Figure 3-18 shows the profiles of effective friction angle at peak strength, 'peak 

determined from the CAUC and CAUE tests, assuming zero intercept in p'-q space.  

Overall, 'peak decreases gradually with depth to a minimum value of 29.9º at 12 m 

before increasing again with depth.  The 'peak measured from both tube and block 

specimens are fairly similar with 'peak measured from CAUC tests generally ranging 
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from 29.9º to 53.1º and 'peak measured from CAUE tests ranging from 31.2º to 41.9º.  

The critical state effective friction angles, cs, measured from a CK0UC SHANSEP test 

(at YSR = 1) on a block specimen (Landon 2007) and CK0UC test (at YSR = 1) on a 

reconstituted sample (Low and Randolph 2008) are about 39° and 32º respectively.  

These measured effective friction angles are higher than those reported for other natural 

clays such as the Champlain sea clays (Díaz-Rodríguez et al. 1992) but are fairly 

consistent with those reported by Hight et al. (1992) for Bothkennar clays.  Further 

studies on microscopic soil structure and mineralogy of Burswood clay are required to 

identify factors contributing to its high effective friction angle.  The wide range of 

measured effective friction angle may be attributed to the change in soil type with 

depth, as reflected by the unit weight (see Figure 3-4), Atterberg limits (see Figure 3-4), 

Cc (see Figure 3-11) and cv (see Figure 3-13) profiles.  

3.11 RATE EFFECTS 

It is accepted that the stress-strain-strength response for a soil depends on the strain rate 

at which the soil is sheared.  In this study, the effect of shear strain rate on the shear 

strength of Burswood clay was evaluated in the laboratory from CAUSS tests and in the 

field from penetrometer tests.    

CAUSS tests were performed on block sample specimens at various shear strain rates 

ranging from 2.2 to 22222 %/hr (see Figure 3-19).  The shear strengths have been 

normalised by a reference strength, suss,ref, taken as that at the lowest shear strain rate 

( ref ) of 2.2 %/hr.  As shown in Figure 3-19, suss/suss,ref increases with increasing  / ref  

but the rate of increase seems to reduce slightly for  / ref  between 1 and 10 (i.e. for   

slower than 22.2 %/hr).  The lower strain rate dependency of suss at low   may possibly 

be attributed to some internal redistribution of pore water in the slower tests, leading to 

varying amounts of strengthening on the shear surface.  On average, suss increases by 

about 13 % for each order of magnitude increase in shear strain rate (as indicated in 

Figure 3-19).  This is consistent with the range of 10 to 20 % strength gain per order of 

magnitude increase in shear strain rate reported in the literature (e.g. Graham et al. 

1983; Kulhawy and Mayne 1990).   

The effect of penetration rate on the penetration resistance in intact and remoulded 

Burswood clay is shown in Figure 3-20 where qref is the penetration resistance measured 

at the reference penetration rate (vref) of 20 mm/s.  These results were obtained from a 
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series of variable rate T-bar and ball penetration tests (Low et al. 2008).  Figure 3-20 

shows qT-bar and qball decrease when the penetration rate is reduced from the standard 20 

mm/s, but begin to rise again at penetration rates lower than a threshold penetration rate 

of about 0.1 mm/s.  The trends in the effect of penetration rate appear similar in both 

intact and remoulded clay.  The initial drop in penetration resistance as the penetration 

rate reduces may be attributed to viscous effects for undrained conditions, while the 

increase in penetration resistance for penetration rates below the threshold rate may be 

attributed to consolidation.  During undrained penetration, qT-bar and qball increase by 

15 % and 10 %, respectively, per order of magnitude increase in penetration rate 

(Figure 3-20) when qref is taken as the penetration resistance measured at the vref of 

20 mm/s.  Given that it is much easier to measure a consistent resistance profile for both 

standard and variable rate tests in remoulded soil, these results suggest that performing 

variable rate penetration tests in remoulded, rather than intact, soil may be preferable.   

3.12 CONCLUSIONS 

Over the last two decades, extensive characterisation of clay at a site in Burswood, a 

suburb of Perth in Western Australia, was conducted through a wide range of in situ 

tests and comprehensive laboratory testing of thin walled tube and Sherbrooke block 

samples.  The in situ tests included self-boring pressuremeter and vane shear tests, as 

well as piezocone, seismic piezocone, and full-flow (T-bar, ball and plate) penetration 

tests.  The primary aims of this paper are to compare measurements of soil strength and 

stiffness from the various tests and evaluate the effect of sample disturbance on the 

measured strength, stiffness and compressibility of Burswood clay.   

The Burswood clay is a silty clay deposit with plasticity index ranging from 40 to 70 %.  

The soil is lightly overconsolidated with a yield stress ratio that is approximately 

constant at 1.4 for depths greater than 6 m.  Below a desiccated crust, the shear strength 

increases linearly with depth at a rate of about 1.5 kPa/m, and the strength sensitivity 

determined from vane shear tests decreases with depth from 4.5 to 3.5.  Peak friction 

angles were found to vary widely between 30 and 53º.  The critical state friction angles 

measured from CK0UC tests on an intact and a reconstituted sample were found to be 

39° and 32º respectively.  

Net penetration resistances measured from T-bar and ball penetration tests were found 

to be very similar but were about 90 % of those measured from piezocone and plate 
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penetration tests.  The ratio of extraction to penetration resistance for the T-bar, ball and 

plate ranged from 0.55 to 0.65, with the ratios for the ball and plate falling at the lower 

end of this range.  Normalised excess pore pressures measured during penetration tests 

were higher for the piezocone than for the piezoball but the reverse was true during 

extraction, during which the piezocone excess pore pressures were nearly zero. 

Burswood clay is highly compressible with e - log'v curves for undisturbed soil 

showing marked non-linearity in the normally consolidated stress range.  Analysis of 

consolidation parameters showed that the horizontal coefficient of consolidation, ch, 

estimated from piezocone dissipation tests agrees reasonably well with the vertical 

coefficient of consolidation, cv, measured from CRS consolidation tests at 'v0, but was 

typically about 4 times greater than cv measured at the yield stress, 'vy.  The factor of 4 

between ch and cv at 'vy may be attributed partly to anisotropic permeability arising 

from silt lenses and partly to the differences in stiffnesses during consolidation and 

swelling.   

The stress-strain behaviour for Burswood clay is non-linear, anisotropic and strain rate 

dependent.  Values of small strain modulus, G0, measured from seismic cone and 

laboratory tests with bender elements were comparable and about 3 to 6 times higher 

than the shear modulus measured from pressuremeter and laboratory tests at a shear 

strain of about 1 %.  Values of secant shear modulus, G50, measured from triaxial 

compression (CAUC) tests were 40 to 50 % higher than those measured in simple shear 

and triaxial extension.  The CAUC G50 values also showed a 20 % increase due to a 24-

fold increase in shearing rate.   

Burswood clay exhibits a significant degree of strength anisotropy, with extension shear 

strengths only 53 to 77 % of compression shear strengths while simple shear strengths 

(measured at an order of magnitude higher strain rate) were similar to compression 

shear strengths.  In addition, the Burswood clay also exhibits considerable shear 

strength strain rate dependency of 10 to 15 % per log cycle, as determined from in situ 

tests (pressuremeter and full-flow penetration tests) and laboratory simple shear tests. 

Comparison of net penetration resistance and laboratory shear strengths showed 

consistent N-factors of around 11 for cone, T-bar, ball and plate penetrometers, with 

coefficients of variation of around 0.1.  N-factors relative to vane strengths were 10 to 

20 % higher, with values for remoulded soils lying at the upper end of that range.  
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Additionally, it was shown that G0 and 'vy for Burswood clay may be estimated from 

the net penetration resistances measured by various penetrometers.   

As a consequence of soil microstructure, the Burswood clay is susceptible to sample 

disturbance.  Sample disturbance generally causes the reduction in the measured su, 'vy, 

stiffness and compressibility.  From the comparison between the data measured on thin 

wall tube samples and Sherbrooke block samples, the compressibility of Burswood clay 

was found the most sensitive to sample disturbance.  Based on the e/e0 criteria, the 

laboratory data suggest that samples with quality rating 1 are required for reliable 

compressibility measurement while samples with quality ratings 1 and 2 generally give 

reliable 'vy and su measurements.  This emphasises the need to obtain high quality soil 

samples for the determination of soil parameters for economical and safe design.  It is 

also recommended that the quality of soil sample should be evaluated (such as using the 

e/e0 criteria) before its measured data are used to determine the design parameters for 

Burswood clay.   
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Table 3-1  Dimension of tube samplers (Chung 2005) 

Borehole Tube type 
External 
diameter, 

De  

Tube 
thickness, 

ts 
De/ts 

Outside 
cutting edge 

angle 

  (mm) (mm)  () 

BH1 Stainless steel 76 1.5 50.7 15 

BH1 Plastic 76 2.5 30.4 15 

BH2 Stainless steel 102 2.0 51.0 7 

BH2 Plastic 111 3.5 31.7 9 

 

Table 3-2  Details of penetrometers 

Penetrometer 
Apex 
Angle 

Pore 
pressure 
location 

Projected 
Area 

Length Diameter 
Shaft 

Diameter 

 (°)  (mm2) (mm) (mm) (mm) 

Piezocone and 
Seismic cone 

60 u2 1000 N/A 36 36 

T-bar1,2 N/A N/A 10000 250 40 36 

T-bar2 N/A N/A 6400 160 40 36 

Ball 2 N/A N/A 10000 N/A 113 36 

Plate2 N/A N/A 10000 N/A 113 36 

Piezoball2 N/A Mid-height 2827 N/A 60 20 

Piezoball2 N/A Mid-height 5026 N/A 80 25 

Note:  1smooth surface; 2rough surface created by light sand blasting 
 

Table 3-3  Summary of statistics for correlation between 'vy and net penetration 
resistances. 

k factor Formula n Range Mean SD COV 

kcone 'vy/qnet 15 0.26 – 0.47 0.34 0.06 0.16 

kT-bar 'vy/qT-bar 15 0.28 – 0.46 0.36 0.05 0.14 

kball 'vy/qball 15 0.25 – 0.45 0.35 0.05 0.15 

kplate 'vy/qplate 15 0.18 – 0.41 0.31 0.06 0.18 

Note:  n is the number of data; SD is the standard deviation; COV is the coefficient of variation 
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Table 3-4  Summary of statistics for correlations between G0 and net penetration 
resistances. 

 factor Formula n Range Mean SD COV 

cone G0/qnet 10 23.9 – 33.5 30.1 3.1 0.10 

T-bar G0/qT-bar 14 24.1 – 41.7 34.0 4.7 0.14 

ball G0/qball 14 25.5 – 42.3 33.9 4.6 0.14 

plate G0/qplate 14 23.0 – 39.1 30.8 4.0 0.13 

Note:  n is the number of data; SD is the standard deviation; COV is the coefficient of variation 
 

Table 3-5  Best fitted SHANSEP parameters 

Test 
Sample 

condition 
nc

'
vc

us












 m R2 

CAUC 

Intact 0.29 0.94 0.71 

SHANSEP test 0.34 0.78 0.98 

Reconstituted 0.32 0.57 0.95 

CAUSS 
Intact* 0.30 0.89 0.73 

Reconstituted 0.31 0.62 0.96 

CAUE 
Intact 0.18 1.06 0.72 

Reconstituted 0.22 0.93 0.99 

Vane shear 
Intact 0.21 1.15 0.60 

Reconstituted 0.23 0.73 0.97 

Note :  *exclude the data measured from tests on tube samples due to sample disturbance 
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Table 3-6 Summary of statistics for N-factors correlating strength and net penetration 
resistance 

N-factor Formula n Range Mean SD COV 

Nkt,suc qnet/suc 10 9.5 – 14.2 11.3 1.4 0.12 

Nkt,suss 
qnet/suss or 
qnet/su,ave

* 
16 7.2 – 14.6 11.2 1.8 0.16 

Nkt,vane qnet/su,vane 15 12.4 – 16.4 14.0 1.2 0.09 

Nu,suc (u2 - u0)/suc 10 4.7 – 6.7 5.6 0.6 0.10 

Nu,suss 
(u2

 - u0)/suss or 
(u2 - u0)/su,ave 

16 4.5 – 6.8 5.8 0.7 0.13 

Nu,vane (u2 - u0)/su,vane 15 5.5 – 8.7 6.9 1.0 0.14 

NT-bar,suc qT-bar/suc 10 9.1 - 13.2 10.8 1.3 0.12 

NT-bar,suss 
qT-bar/suss or  
qT-bar/su,ave

* 
16 8.8 – 13.3 10.7 1.1 0.10 

NT-bar,vane qT-bar/su,vane 15 11.6 – 14.1 13.0 0.8 0.06 

Nball,suc qball/suc 10 10.1 – 13.2 10.9 1.0 0.11 

Nball,suss 
qball/suss or 
qball/su,ave

* 
16 9.4 – 13.6 10.9 1.1 0.10 

Nball,vane qball/su,vane 15 11.7 – 14.1 13.0 0.9 0.07 

Nplate,suc qplate/suc 10 10.3 – 15.0 12.2 1.5 0.12 

Nplate,suss 
qplate/suss or 
qplate/su,ave

* 
16 10.9 – 14.8 12.3 1.2 0.10 

Nplate,vane qplate/su,vane 15 12.6 – 15.8 14.5 1.1 0.07 

NT-bar,rem,UU qT-bar,rem/sur,UU 11 13.4 – 26.1 17.1 4.0 0.23 

NT-bar,rem,fc qT-bar,rem/sur,fc 15 11.6 – 17.0 14.6 1.6 0.11 

NT-bar,rem,vane qT-bar,rem/sur,vane 9 12.0 – 15.6 13.7 1.3 0.10 

Nball,rem,UU qball,rem/sur,UU 9 13.5 – 26.6 18.4 4.3 0.24 

Nball,rem,fc qball,rem/sur,fc 10 13.4 – 17.0 15.3 1.0 0.07 

Nball,rem,vane qball,rem/sur,vane 6 11.9 - 15.5 13.4 1.3 0.10 

Note:  n is the number of data; SD is the standard deviation; COV is the coefficient of variation 
         *when su,ave is available  
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Test siteTest site

 

Figure 3-1  Location map for Burswood site (extracted from www.whereis.com.au) 
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Figure 3-3  Sample quality assessment using e/e0 method of Lunne et al. (1997a) 
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Figure 3-4  Profiles of (a) particle size distribution  (b) unit weight  (c) natural water 
content and Atterberg limits  (d) liquidity index and activity 
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Figure 3-5  (a) Comparison of average qnet, qT-bar, qball and qplate profiles,  (b) 
Comparison of qT-bar/qnet, qball/qnet and qplate/qnet profiles,  (c) Ratio of extraction to 
penetration resistance profiles for T-bar, ball and plate penetrometers 
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Figure 3-6  (a) Pore pressure profiles measured from piezocone and piezoball tests  (b) 
normalised pore pressure parameters, Bq and Bmball  (c) normalised friction ratio, Fr 
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Figure 3-7  Profiles of (a) yield stress (b) yield stress ratio (YSR) measured from CRS 
testing 
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Figure 3-8  K0 profiles measured from pressuremeter and laboratory CK0UC SHANSEP 
testing 
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Figure 3-9  Compressibility of tube (TS) and block (BS) samples measured using CRS 
testing 
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Figure 3-10  Effect of progressive destructuration on compressibility 
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Figure 3-11  Profiles of recompression and compression indices measured from CRS 
testing 
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Figure 3-12  Correlation between the compression indices and void ratio at liquid limit 
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Figure 3-13  Profiles of coefficient of consolidation measured from in situ and 
laboratory tests 
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Figure 3-14  Profiles of in situ and laboratory measured shear modulus 
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Figure 3-16  SHANSEP relationships for suc, suss, sue and su,vane 

 

 

 



CHAPTER 3   BURSWOOD CLAY 

 119

 

0 20 40 60 80 100 120

p' =  
'a + 2'r

3
 (kPa)

-60

-40

-20

0

20

40

60

80

100

q 
=

 
' a -

 
' r (

kP
a)

' = 53o

' = 30o

' = 31o

' = 42o

CK0UC 
SHANSEP
(YSR = 1)

CK0UC 
(Reconstituted sample)
(YSR = 1)

BS (6.65 m)

BS (11.4 m)

BS (14.6 m)BS (8.5 m)

 

Figure 3-17  Typical effective stress path plots for Burswood clay 
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Figure 3-18  Profiles of effective friction angle at peak strength 
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Figure 3-19  Effect of strain rate on suss 

 



CHAPTER 3   BURSWOOD CLAY 

 121

 

0.001 0.01 0.1 1 10 100
Penetration Rate, v (mm/s)

0.5

0.6

0.7

0.8

0.9

1.0

1.1

N
or

m
al

is
ed

 P
en

et
ra

ti
on

 R
es

is
ta

nc
e 

(q
/q

re
f)

Intact

Remoulded


q

qref
 = 1 + 0.15 log 

v
vref

 

(a) qT-bar

0.001 0.01 0.1 1 10 100
Penetration Rate, v (mm/s)

0.5

0.6

0.7

0.8

0.9

1.0

1.1

N
or

m
al

is
ed

 P
en

et
ra

ti
on

 R
es

is
ta

nc
e 

(q
/q

re
f)

Intact

Remoulded


q

qref
 = 1 + 0.10 log 

v
vref

 

(b) qball

Figure 3-20  Effect of penetration rate on penetration resistance 
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CHAPTER 4    ESTIMATION OF INTACT AND 

REMOULDED UNDRAINED SHEAR STRENGTHS FROM 

PENETRATION TESTS IN SOFT CLAYS 

By: Han Eng Low, Tom Lunne, Knut H. Andersen, Morten A. Sjursen, Xin Li             

and Mark F. Randolph 

ABSTRACT:  Difficulties in obtaining high quality soil samples from deepwater sites 

have necessitated increasing reliance on piezocone, T-bar and ball penetration tests to 

determine soil properties for design purposes.  This paper reports the results of an 

international collaborative project in which a worldwide high quality database was 

assembled and used to evaluate resistance factors for the estimation of intact and 

remoulded undrained shear strength from the penetration resistance of each device.  The 

derived factors were then compared with existing theoretical solutions to evaluate the 

influence of particular soil characteristics.  The overall statistics showed similar levels 

of variability of the resistance factors, with low coefficients of variation, for all three 

types of penetrometer.  However, correlations of the resistance factors with specific soil 

characteristics indicated that the resistance factors for the piezocone were more 

influenced by soil stiffness, or rigidity index, than for the T-bar and ball, while the 

effect of strength anisotropy was only apparent in respect of resistance factors for the 

T-bar and ball relative to shear strengths measured in triaxial compression.  At face 

value, therefore, full-flow penetrometers may potentially prove more reliable than the 

piezocone in estimating average or vane shear strengths but the reverse is probably true 

for estimation of triaxial compression strength.  In the correlation between the 

remoulded penetration resistance and remoulded strength, the resistance factors for 

remoulded strength were found higher than those for intact strength and with slight 

tendency to increase with increasing strength sensitivity but insensitive to soil index 

properties.  Based on an assessment of the influence of various soil characteristics, 

resistance factors are recommended for the estimation of intact and remoulded 

undrained shear strength from the penetration resistances of each device for soil with 

strength sensitivity less than eight.   
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4.1 INTRODUCTION 

Deepwater developments face increasing challenges in terms of quantifying the 

geotechnical properties of the seabed sediments.  The difficulty in obtaining high 

quality soil samples from deepwater sites for laboratory determination of soil properties 

has placed increasing reliance on results from in situ testing.  It is therefore important to 

improve the reliability of in situ tests for the estimation of design parameters and to 

develop new types of in situ test that facilitate optimal design of subsea facilities such as 

pipelines and foundation or anchoring systems, and to allow evaluation of natural 

geohazards such as submarine slides.  Ideally, in situ testing methods should be 

developed to a stage where design parameters may be obtained with minimal (or 

ultimately no) requirement for calibration at each site by means of laboratory test data.   

Currently, the most commonly adopted in situ tests in offshore site investigation are the 

vane shear test and the piezocone penetration test (CPTU).  Novel full-flow 

penetrometer tests, i.e. T-bar and ball penetrometer tests, are now being used widely as 

one of the site investigation tools in deepwater soft soil characterisation.  Penetration 

tests are inherently superior to vane shear tests as they provide a continuous strength 

profile.  From the equipment point of view, the CPTU is intrinsically less accurate for 

soft soil characterisation in deep water due to large corrections required for the unequal 

area effect and the contribution to the cone resistance from the overburden stress.  

While the use of a large diameter cone increases the magnitude of the measured 

penetration force, it does not change the ratio between incremental resistance due to the 

soil resistance and the background force due to the ambient water pressure.  By contrast, 

the full-flow penetrometers allow more accurate determination of soil resistance 

because their projected area is normally 10 times of that of the shaft; they therefore give 

ratios of soil resistance to the load due to ambient water pressure that are an order of 

magnitude higher than for any size of cone.   

From a theoretical point of view, cone penetration is a relatively complex process and 

the resulting cone penetration resistance has been shown to be influenced by various 

soil characteristics such as soil stiffness, and stress and strength anisotropy (Teh and 

Houlsby 1991; Lu et al. 2004) and other factors, such as strength sensitivity and strain 

rate dependency of strength, that cannot be modelled easily by theoretical solutions.  As 

a result, estimation of soil properties from CPTUs still relies heavily on empirical 

correlation.  In contrast, since the penetration resistance of full-flow penetrometers is 
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primarily due to the soil flow around the probe, rather than the insertion of additional 

volume (of cone shaft) into the ground, the penetration resistance should be less affected 

by soil stiffness, and stress and strength anisotropy.  Nevertheless, the T-bar and ball 

penetration resistances are still influenced by dependency of strength on strain rate and 

strength sensitivity, but these effects may possibly be quantified in situ by modifying 

the testing procedure, for example using variable rate tests (House et al. 2001; Chung et 

al. 2006; Low et al. 2008) and cyclic penetration tests (Chung and Randolph 2004; 

Yafrate and DeJong 2005; Yafrate et al. 2009).  Furthermore, while the numerical 

simulation of the continuous full-flow penetration process is complicated, a better 

defined failure mechanism may be postulated for the limit analyses of full-flow 

mechanism (essentially plane strain for the T-bar and axisymmetric for the ball and 

circular plate) than for the piezocone and thus potentially providing a more robust 

theoretical basis for deriving factors relating penetration resistance and shear strength.  

In principle, therefore, estimation of shear strength from full-flow penetration resistance 

should potentially prove less dependent on soil type compared to estimating shear 

strength from the cone resistance.  For CPTUs, undrained shear strength can be assessed 

from two independent measurements i.e. the net cone resistance (qnet) and the excess 

pore pressure (u1 or u2) (e.g. Karlsrud et al. 2005), but the data considered in this 

study suggest that estimation of undrained shear strength from the excess pore pressure 

depends markedly on soil type and thus needs site specific correlation.  

Over the last decade, several studies (e.g. Randolph 2004; Lunne et al. 2005) have 

indicated that the range of T-bar resistance factor for some soil types is somewhat 

smaller than the range of cone resistance factor, and hence provides greater reliability in 

the interpreted shear strength.  Nonetheless, direct comparison between high quality 

experimental data and theoretical solutions for the N-factor is still rather limited.  In this 

study, high quality data from comprehensive field and laboratory testing at 3 onshore 

and 11 offshore sites have been interpreted to form the most extensive database for 

full-flow penetrometers to date.  This worldwide database, which covers a wide range of 

soil types, will be used to derive N-factors for the estimation of intact undrained shear 

strength from each penetrometer and the derived N-factors will then be compared with 

published theoretical solutions.  From this comparison, the soil characteristics that 

contribute to differences between the N-factors for each penetrometer will be identified 

and the variations in N-factors with specific characteristics will be quantified.  In 

addition, the potential of full-flow penetrometers for estimating remoulded undrained 
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shear strength and strength sensitivity using the remoulded penetration resistance 

measured at the end of cyclic penetration tests will also be explored.  Lastly, based on 

the understanding of the influence of particular soil characteristics on penetration 

resistance, N-factors for the estimation of intact and remoulded undrained shear 

strengths from the penetration resistance of each type of penetrometer will be 

recommended. 

4.2 DATABASE 

The database established in this study is drawn primarily from 3 onshore and 11 

offshore sites worldwide.  The primary onshore sites are Onsøy (Norway), Burswood 

(Australia) and Ariake (Japan).  For the correlation between the remoulded penetration 

resistance and remoulded undrained shear strength, data from four 1 g model tests (three 

for Burswood clay and one for GOG 1 clay) have also been incorporated.  On the other 

hand, the offshore sites are dominated by West Africa (6 in the Gulf of Guinea, 1 

offshore Mauritania) with additional (single) sites from the Gulf of Mexico, Norwegian 

Sea, Timor Sea, and offshore Egypt.  The water depth for the offshore sites ranges from 

approximately 350 to 1500 m.   

Detailed information on the field and laboratory test data for each site was reported in 

Part 1 of NGI-COFS (2006) and only the key characteristics of the soil properties for 

each site are summarised in Table 4-1 where GOG denotes sites in the Gulf of Guinea 

and GOM denotes the site in the Gulf of Mexico.  As shown in Table 4-1, the Gulf of 

Guinea and Ariake soils are all high plasticity clays, while the remaining sites have 

moderate plasticity.  The yield stress ratio and strength sensitivity for the soils generally 

fall in the range of 1 to 2.5 and 2 to 6, respectively.   

For some of the sites, the strain rate or rotation rate that was adopted in the laboratory 

strength test or the field vane test is considerably higher than the typical testing rate.  In 

order to reduce the variation in the correlation study, for tests that were carried out at 

rates considerably higher than the typical rate, the measured undrained shear strength 

(both intact and remoulded) was adjusted by assuming the undrained shear strength 

increased by 10 % for each order of magnitude increase in strain rate or rotation rate 

(Kulhawy and Mayne 1990; Lunne and Andersen 2007).  The standard testing rates 

adopted were 0.5 % axial strain/hour for triaxial tests, 5 % shear strain/hour for simple 
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shear tests and 0.2º/s rotation rate for vane shear tests, all of which are typical in the 

offshore industry. 

In this study, the correlations were carried out by comparing the penetration resistances 

measured by piezocone, T-bar and ball penetrometers with the strength data measured 

from the tests on high quality soil samples recovered from adjacent boreholes or the 

strength data measured by adjacent field vane tests at the same depth.  The distance 

between the penetration tests, boreholes and field vane tests generally ranges from a few 

metres for onshore sites to 50 m for offshore sites.  This local comparison approach 

helps in minimising the influence of the soil lateral variation on the correlation findings.   

4.3 EQUIPMENT AND PROCEDURES 

The CPTU were all carried out with equipment and procedures in accordance with the 

International Reference Test Procedure (IRTP) published by the International Society of 

Soil Mechanics and Geotechnical Engineering (ISSMGE 1999).  The cone sizes for the 

onshore and offshore piezocones were 1000 mm2 and 1500 mm2 respectively and the 

net area ratio () ranged from 0.59 to 0.85.  In all the CPTUs, the pore pressure was 

measured at the cone shoulder, i.e. u2 position, except for the tests at Laminaria where 

the pore pressures were measured on the cone tip, i.e. u1 position.   

At present, the NORSOK standard (2004) is the only international standard for the 

T-bar penetration test, while there are no international standard for the ball penetration 

test.  All the T-bar penetration tests considered in this study were carried out using a 

cylindrical penetrometer of 40 mm in diameter and 250 mm long, while the ball 

penetration tests were carried out using a spherical penetrometer of 113 mm in diameter.  

The corresponding projected area for both penetrometers is 10,000 mm2.  Although a 

test with a ball penetrometer of 78 mm in diameter was carried out at Chinguetti, the 

test data were not used for the correlation study because no soil sample was recovered 

from the vicinity of the penetration test.  The net area ratio,  (defined as the ratio of the 

cross-sectional steel area at the connection of T-bar or ball and force sensor to the 

projected area of the connection shaft, thus comparable to that for piezocone) ranged 

from 0.70 to 0.85.  The penetration and extraction rates adopted for the T-bar and ball 

penetration tests are similar to that for the CPTU, i.e. 20 mm/s.   

In the attempt to measure penetration resistance in remoulded soil, cyclic T-bar and ball 

penetration tests were carried out by penetrating and extracting the T-bar and ball 
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penetrometers through strokes of approximately 1 m (± 0.5 m) and 0.5 m (± 0.25 m) for 

onshore tests and offshore tests respectively at a rate of 20 mm/s for 10 cycles (for the 

majority of the tests considered in this study).   

4.4 PENETRATION RESISTANCE 

The penetration resistance measured by the piezocone, T-bar and ball penetrometers 

(both during the initial penetration and the cyclic penetration test) must first be 

corrected appropriately for the effects of unequal pore pressure and overburden 

pressure.  The measured cone resistance was corrected to total cone resistance, qt using 

the following relationship (Lunne et al. 1997b):  

)1(uqq 2ct   
(4-1) 

where u2 is the measured pore pressure at the shoulder of the cone and α is the net area 

ratio.  The net cone penetration resistance is then calculated as:  

0vtnet qq   
(4-2) 

where σv0 is the in situ total overburden stress (obtained by integrating γbulk with depth, 

where γbulk is the total unit weight of the soil).   

Similarly, the T-bar and ball penetration and extraction resistances measured during the 

initial penetration and the cyclic penetration tests were also corrected for the unequal 

pore pressure and overburden pressure effects using the following simplified expression 

(Chung and Randolph 2004): 

p

s
00vmballbarT A

A
)]1(u[qqorq   (4-3) 

where qT-bar and qball is the net penetration resistances for T-bar and ball penetrometer, 

respectively; qm is the measured penetration resistance; u0 is the hydrostatic water 

pressure; As is the cross-sectional area of the connection shaft; Ap is the projected area 

of the penetrometer in a plane normal to the shaft; and  is the net area ratio (as defined 

above).  A slightly more refined version of Eq. (4-3) was presented by Randolph et al. 

(2007), but the difference was estimated to be less than 3 % during penetration and Eq. 

(4-3) avoids the need for accurate measurement of u2 during T-bar and ball penetration 

tests.  The net remoulded T-bar and ball penetration resistances will be denoted as 

qT-bar,rem and qball,rem respectively in this paper. 
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Figure 4-1 shows typical profiles of net penetration resistances obtained from 

piezocone, T-bar and ball penetration tests at each site.  It is interesting to note that, 

although the tests were carried out in different parts of the world, the gradients of the 

penetration resistances are remarkably similar.   

4.5 CORRELATION WITH INTACT UNDRAINED SHEAR 

STRENGTH 

Theoretically, the penetration resistance can be related to the intact undrained shear 

strength (denoted as su in this paper) using a resistance factor or N-factor.  It is well 

known that su is not a fundamental soil parameter and its value depends on the mode of 

shearing, strength anisotropy, strain rate and stress history.  In addition, su also depends 

on the quality of the sample that is sheared.  Therefore, it is important to state what 

reference su the penetration resistance is correlated to and to evaluate the quality of 

sample before using the measured su in correlations.   

Table 4-2 summarises the N-factors and various reference values of su that will be 

evaluated in this paper.  The reference su values were chosen because they are typical of 

those available, or of interest in engineering design.  For all sites, the penetration 

resistances and su values that were used for the correlation have been selected with 

engineering judgement, endeavouring to avoid extreme values caused by thin sand 

layers, embedded gravel or shells, bending effect on the penetrometer load cell reading 

(which can be a problem in T-bar penetration tests) and zero shift of the penetrometer 

load cell.  The quality of soil samples was also evaluated using the criteria proposed by 

Lunne et al. (1997a), based on the normalised change in void ratio, e/e0, measured 

during reconsolidation of the soil sample back to its in situ stresses in the laboratory 

tests.  The test results for soil samples with quality of ‘very poor’ (i.e. Category 4) were 

discarded from the correlation study in this paper.  Both recompression and SHANSEP 

reconsolidation procedures were adopted in the laboratory strength tests and hence may 

introduce some anomalies in the correlation.   

4.5.1 N-Factors for Intact Undrained Shear Strength 

Table 4-3 presents an overall statistical comparison of different N-factors from each 

site, which provides a basis to evaluate the variation of N-factors among the different 

soil types while Table 4-4 presents the statistics for Nkt,suc, Nkt,su,ave, NT-bar,suc and 

NT-bar,su,ave for each site.  In addition, the statistics based on the data from sites with 
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parallel piezocone and T-bar penetration tests only are also summarised in Table 4-3 (in 

brackets).  Since the difference in number of data points contributed by each site is large 

(ranging from 2 to 37), the mean and standard deviation in Table 4-3 were calculated 

based on the mean N-factors obtained from each site to avoid any statistical bias caused 

by sites with many data points.  For some of the offshore sites where each core location 

is separated by more than 1 km, each core (and its nearby in situ test) location was 

treated as an individual ‘site’ in calculating the statistics summarised in Table 4-3, even 

though they are geographically located within the overall site that covers a wide area.  

However, the statistics summarised in Table 4-4 were calculated based on all data from 

all the core locations within each overall site.  It should also be noted that only sites or 

core locations with 2 or more data points, and data for soils with strength sensitivity less 

than 8 were considered in the calculation of the statistics.   

The coefficients of variation for each individual ‘site’ are typically between 0.1 and 0.2 

(when a reasonable number of data points are available) except those for Nkt,vane and 

Nu,vane which were as high as 0.35.  As may be noted in Table 4-4, the NT-bar factors for 

Ariake are very low while the NT-bar factors for GOG 4 are very high in comparison with 

the NT-bar factors for all other sites.  Based on the comparison between the piezocone 

and T-bar penetration test data from these two sites, it is believed that the T-bar data 

were polluted by bending effects on the penetrometer load cell reading and error in the 

recorded load cell zero reading.  Therefore, the resulting NT-bar factors are deemed 

unreliable and were excluded from the calculation of the statistics in Table 4-3. 

As shown in Table 4-3, the coefficient of variation (COV) for NT-bar and Nkt, when 

correlated to suc and su,ave,. are fairly similar (particularly the COVs shown in brackets) 

while the COV for Nu is the highest (i.e. Nu is the most variable) among the N-factors 

considered in this study.  It is perhaps surprising to note that the mean N-factors and 

COVs obtained from the correlations between penetration resistances and su,ave and 

su,vane are somewhat similar though vane strengths have been shown to be sensitive to 

the precise testing procedures (Chandler 1988) and are affected by soil characteristics 

such as strength anisotropy (e.g. Bjerrum 1973).  This implies that su,ave for soils at the 

sites considered in this study is somewhat close to su,vane.  In summary, the statistics 

summarised in Table 4-3 suggest that the cone and T-bar (and probably ball) penetration 

resistances reflect equally well the triaxial compression strength and the average or 

simple shear strength. 
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4.5.2 Factors Contribute to the Variability in N-factors for Intact Strength 

The penetration resistance of all penetrometers are affected by strain rate dependency of 

the soil strength and strength sensitivity, although this has only been investigated in 

detail for T-bar and ball penetrometers (Einav and Randolph 2005; Zhou and Randolph 

2009a).  In addition, it has been shown theoretically that the N-factor for cone resistance 

(Nkt) is also affected by: the rigidity index (Ir = G/su where G is the soil shear modulus); 

the normalised in situ stress difference between vertical (v0) and horizontal (h0) 

stresses ( = v0–h0/2su); interface friction ratio (s); and strength anisotropy 

( = sue/suc) (Teh and Houlsby 1991; Lu et al. 2004; Su and Liao 2002).  By contrast, the 

N-factors for T-bar and ball penetrometers have been shown to be independent of the 

first two of these factors (Lu et al. 2000) and only slightly affected by strength 

anisotropy, though they are affected by s to a larger degree than for Nkt (Randolph 

2000; Randolph and Andersen 2006).  Therefore, it is of interest to examine if any of 

these soil characteristics could explain the variation of N-factors shown in Table 4-3.  

The soil characteristics available in this study are Ir, , , yield stress ratio 

(YSR = 'vy/'v0) and strength sensitivity (St = su/sur).  In addition, the influence of index 

properties (water content, plasticity index and liquidity index) on the N-factors has also 

been examined.   

Two types of shear stiffness were considered for the estimation of Ir in this paper, 

namely G50 (the secant shear modulus at a stress level of the average of initial - just 

before shearing - and peak deviatoric stress for triaxial tests, or at a shear stress level of 

50 % of the peak strength for simple shear tests) and the small strain stiffness, G0, 

determined from seismic cone tests.  The denominator of Ir was taken as the reference su 

for the corresponding N-factor.  For instance, G50/suc is evaluated for examining its 

effect on Nkt,suc, Nu,suc, NT-bar,suc and Nball,suc.  In cases where su,ave is the reference 

strength for the N-factor, the average of Ir determined from triaxial compression, triaxial 

extension and simple shear tests was used.  Similarly, the su for the estimation of  is 

the reference su that is used to derive the N-factor.  The total horizontal stress (h0) for 

the estimation of  was based on a best estimate of K0 (e.g. Mayne and Kulhawy 1982; 

Brooker and Ireland 1965) except for the Burswood site where it had previously been 

determined in-situ using self-boring pressuremeter tests (Lee Goh 1994).   

Figure 4-2 to Figure 4-11 show the variation of N-factors with Ir (both G50/su and G0/su), 

 St and plasticity index.  In these figures, the theoretical solutions for N-factors in 
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isotropic Tresca material (Lu et al. 2004 for Nkt; Randolph and Houlsby 1984 and 

Martin and Randolph 2006 for lower bound and upper bound NT-bar respectively; 

Randolph et al. 2000 and Einav and Randolph 2005 for lower and upper bound Nball 

respectively) and anisotropic Von Mises material (Su and Liao 2002 for Nkt,suc and 

Nkt,su,ave; Randolph 2000 for upper bound NT-bar,su,ave and Nball,su,ave) were also plotted for 

comparison.  The theoretical solutions for N-factors based on su,ave were used to 

compare with N-factors derived from su,vane in Figure 4-6 and Figure 4-9.  For clear 

presentation, only the theoretical solution that visually bounds the data the best is 

plotted.  Since the lower and upper solutions for NT-bar are very close, only their average 

value is plotted in Figure 4-2 and Figure 4-3.  Although these theoretical solutions 

mostly bound the data well, both isotropic Tresca and anisotropic Von Mises materials 

considered in the theoretical solutions are rate independent and non strain-softening.  

The ranges of parameters (i.e. Ir,  and ) used for the calculation of the theoretical 

N-factors are restricted to those encountered within the database.  Data obtained from 

‘poor’ quality samples and from SHANSEP test are bracketed in the plots. 

As may be seen from Figure 4-2 to Figure 4-11, among the soil characteristics that are 

considered in this study, Ir derived from G0 has the most effect on the cone N-factors, 

Nkt and Nu (Figure 4-3, Figure 4-5 and Figure 4-6) though the trend is only slight for 

Nkt,suc (Figure 4-3a).  As shown in Figure 4-2(a), no clear trend of Nkt,suc with Ir derived 

from G50 is evident.  The larger spread in the data for Ir derived from G50 (Figure 4-2 

and Figure 4-4) is likely to be due to sample disturbance and errors due to external 

displacement measurement in the laboratory strength tests.  When the data from the 

SHANSEP tests and poor quality samples (bracketed in the plots) are ignored, the 

strength anisotropy,  appears to have marginal effect on Nkt factors, with a slight trend 

for Nkt in respect of su,ave and su,vane to decrease as  increases (Figure 4-7 to Figure 4-9).  

Plots for the effects of  and YSR are not presented here, as these parameters gave no 

apparent correlation with cone N-factors, in contrast to theoretical predictions (Teh and 

Houlsby 1991).  The lack of dependency of cone N-factors on  and YSR may be due to 

the small range of these parameters for the soils included in the database ( ranging 

from 0 to 0.9, and YSR ranging from 1 to 2.5).   

For the full-flow penetrometers, NT-bar,suc and Nball,suc showed a trend to increase with 

increasing  (Figure 4-7), but the NT-bar and Nball factors in respect of su,ave and su,vane 

were found to be only marginally affected by , with a slight trend to increase with 
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increasing  (Figure 4-8 and Figure 4-9  The apparent decreasing trend of NT-bar,suc 

and Nball,suc with increasing Ir shown in Figure 4-2(d) and Figure 4-3 is believed to be 

due to the influence of strength anisotropy as shown in Figure 4-7.  The lack of 

dependency of NT-bar,suc on Ir shown in Figure 4-2(c) seems to further support this 

hypothesis.  As such, the data suggest that NT-bar and Nball are independent of Ir 

(Figure 4-2 to Figure 4-6),  and YSR.   

Cyclic penetration tests (Yafrate and DeJong 2005) and numerical simulation (Zhou and 

Randolph 2009b) have shown that a high degree of soil remoulding occurs during the 

initial penetration of T-bar and ball penetrometers in highly sensitive clay (with St up to 

100).  As a consequence, N-factors for soil of high sensitivity are expected to be lower 

than those for soil of low to moderate sensitivity.  This has been confirmed by Yafrate 

and DeJong (2006), who found that NT-bar,vane and Nball,vane for soils with St up to 90 

could be as low as 7, which is significantly lower than the NT-bar,vane and Nball,vane values 

of approximately 12 observed in the present study.  Although there is no clear trend in 

the data from soil with St up to 6 in Figure 4-10, the two data points from Burswood 

with St of 10 to 12 confirm a tendency for N-factors to decrease at high values of St.  

In the comparison between the index properties and the N-factors, none of the 

N-factors, except Nu factors, was found to show any consistent trends with water 

content, plasticity index and liquidity index.  Figure 4-11 shows the comparison 

between N-factors and plasticity index and similar trends were observed for the 

comparison between N-factors and water content.  The Nu,suc, Nu,su,ave and Nu,vane 

factors were found to decrease with increasing water content and plasticity index but the 

data are very scattered and the correlation is weak.  The dependency of Nu on the water 

content and plasticity index may be due to the strong dependency of Nu on Ir, since G0 

depends on void ratio (and thus water content) at a given stress state (Hardin 1978) and 

Ir correlates fairly well with plasticity index (Andersen 2004). 

As shown in Figure 4-3 to Figure 4-9, the theoretical solution proposed by Su and Liao 

(2002) appears to best bound all the Nkt factors when Ir was derived from G0.  However, 

when Ir was derived from G50, none of the considered theoretical solutions seems to 

predict the Nkt,suc data well, which may be due to sample disturbance or errors in 

external displacement measurement.  The theoretical NT-bar, NT-bar,su,ave and Nball,su,ave 

values (assuming s = 0.3) also appear to bound the measured NT-bar and Nball factors 

well.  The overestimation of NT-bar,suc for Onsøy clay and Nball,suc for both Burswood 
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clay and Onsøy clay (Figure 4-2 and Figure 4-3) is probably due to the effect of strength 

anisotropy on the T-bar and ball penetration resistances shown in Figure 4-7 and 

Figure 4-8.   

4.6 CORRELATION WITH REMOULDED UNDRAINED 

SHEAR STRENGTH 

The ‘remoulded’ penetration (or extraction) resistance, qTbar,rem and qball,rem, measured at 

the end of cyclic penetration tests (normally 10 cycles) may be used to estimate the 

remoulded undrained shear strength (denoted as sur in this paper) using an appropriate 

remoulded N-factor (denoted as Nrem in this paper).  In this study, from practical 

considerations, the remoulded resistance was taken as the average of penetration and 

extraction resistances measured during the 10th cycle of the cyclic penetration test, 

although experimental evidence shows that the resistance is still reducing at a low rate 

by the 10th cycle (Yafrate and DeJong 2005; Yafrate et al. 2009).  For cyclic penetration 

tests that were terminated before the 10th cycle, the resistances measured during the last 

cycle of the test were extrapolated to that for the 10th cycle based on the shape of 

degradation curves (showing the degradation of resistance with cycle number) measured 

by tests with 10 cycles or more.   

In this study, the measured qT-bar,rem and qball,rem were correlated to sur measured by vane 

shear test (sur,vane), fall cone test (sur,fc) and unconsolidated undrained triaxial 

compression (UU) test (sur,UU); their respective Nrem-factors are defined in Table 4-5.  A 

correlation between the remoulded resistance and the CPTU sleeve friction was also 

attempted.  However, due to considerable uncertainties in measurement of CPTU sleeve 

friction (Lunne and Andersen 2007), this relationship will not be presented in this paper 

and it is recommended that the CPTU sleeve friction should not be used for the 

estimation of sur.  Different fall cone factors (e.g. Norwegian Standard’s fall cone factor 

and Karlsson’s (1977) fall cone factor) were used to estimate sur,fc from the fall cone test 

and hence may cause some variations in the correlation.  In addition, in some cases 

where the remoulded shear strength was not measured at the depth where the cyclic 

penetration test was performed, its value was interpolated or extrapolated vertically or 

laterally to find values that corresponded to the depth and location of the cyclic 

penetration test and this may also have introduced variations in the derived Nrem factors. 
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4.6.1 Nrem-Factors for Remoulded Undrained Shear Strength 

The statistics of each Nrem-factor are summarised inTable 4-6.  Since the majority of the 

remoulded strength data were from the Onsøy and Burswood sites, only the average, 

standard deviation, coefficient of variation and range of all data are presented.  As 

shown in Table 4-6, the variation of NT-bar,rem,UU and Nball,rem,UU is the highest among the 

Nrem-factors with coefficient of variation approaching 0.30.  The high variation of 

NT-bar,rem,UU and Nball,rem,UU may be due to the difficulty in accurate low strength 

measurement from UU tests.  In addition, Table 4-6 also shows that the mean 

Nrem-factor varies according to the device used to measure sur, with NT-bar,rem,UU and 

Nball,rem,UU being the highest and NT-bar,rem,vane and Nball,rem,vane being the smallest.  This 

may be attributed primarily to the different strain rates adopted in the UU and vane 

shear tests.  The strain rate for UU tests is typically 60 %/hr while the strain rate for 

vane shear test (with rotation rate of 6 or 12 °/min) is estimated to be about 2 orders of 

magnitude higher than that for the UU test (Randolph 2004).   

The variation of Nrem-factors with water content, Atterberg limits and liquidity index 

was examined but no consistent trends were found.  As an example, plots of 

Nrem-factors against plasticity index are shown in Figure 4-12.  Similar scatter was 

observed for plots between Nrem-factors and water content and liquidity index.  On the 

other hand, as shown in Figure 4-13 (where data points for St determined from fall cone 

tests - as opposed to vane tests - are bracketed), the Nrem-factors show a slight trend to 

increase with increasing St, though the dependency for soil with St less than 6 is 

essentially negligible.  The increase in Nrem-factors for high values of St is consistent 

with the trends reported by Yafrate and DeJong (2006) and Yafrate et al. (2009) for 

clays with St values of up to 100. 

4.7 ESTIMATION OF STRENGTH SENSITIVITY FROM 

CYCLIC T-BAR AND BALL PENETRATION TESTS 

The average values of NT-bar,rem,vane and Nball,rem,vane summarised in Table 4-6 are higher 

than the average NT-bar,vane and Nball,vane given in Table 4-3.  This is primarily due to the 

soil being partially remoulded during the initial penetration of a penetrometer, whereas 

the soil becomes fully remoulded locally at the end of a cyclic penetration test.  As a 

result, the strength enhancement due to high strain rate around the penetrometers is 

partly compensated by the strength reduction due to partial remoulding during the initial 
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penetration, but not after remoulding.  Slight changes in the width of failure mechanism 

around the T-bar and ball penetrometers during the penetration in strain-softening soil 

may also contribute marginally to differences in NT-bar,rem (or Nball,rem) and NT-bar (or 

Nball) (Zhou and Randolph 2009b).  A consequence of the difference in initial and 

remoulded N-factors is that the ratio of qT-bar/qT-bar,rem or qball/qball,rem is less than the St of 

the soil.  Field data reported in the literature (Yafrate and DeJong 2006) and large 

deformation finite element analyses (Zhou and Randolph 2009b) indicate that the St 

may be double the ratio of qT-bar/qT-bar,rem or qball/qball,rem for soil with St of 10.  

A comparison between the ratio of qT-bar/qT-bar,rem or qball/qball,rem and the St of the soil 

determined from vane shear and fall cone tests is shown in Figure 4-14.  The St data 

measured by fall cone tests are bracketed in the plots and the empirical relationship 

between qT-bar/qT-bar,rem or qball/qball,rem and St proposed by Yafrate and DeJong (2006) is 

also plotted for comparison.  In Figure 4-14, the data for St  4 are close to the leading 

diagonal while the qT-bar/qT-bar,rem and qball/qball,rem ratios become increasingly lower than 

St when St is greater than 4.  For St  4, the data seems to follow the empirical 

relationship proposed by Yafrate and DeJong (2006) fairly well.  Given that the 

statistics (Table 4-3 and Table 4-6) and results from numerical analysis (Lunne and 

Andersen 2007; Zhou and Randolph 2009b) show that the Nrem-factor is higher than the 

N-factor (for initial conditions), the data for St  4 falling close to the leading diagonal 

is due to the scatter in the correlation.   

The observation in Figure 4-14 raises an important design question on the most suitable 

type of field or laboratory test to measure St.  For instance, the remoulding action of a 

cyclic T-bar penetration test is similar to that of a pipeline during lay operations or a 

steel catenary riser (SCR) near the touchdown point and the implication is that St 

estimated from, say, a vane or fall cone test may lead to overestimation of the 

remoulded shear strength relevant for pipeline and SCR design in the touchdown zone. 

4.8 SUMMARY AND RECOMMENDATIONS 

The paper has presented results of a correlation study between field penetration test 

measurements (net penetration resistance and excess pore pressure) and shear strength 

data from high quality laboratory tests and vane shear tests.  The data cover lightly 

overconsolidated soft clays from a range of onshore and offshore sites. 
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The summary of overall statistics in Table 4-3 shows that the coefficients of variation 

(COVs) for the main N-factors in undisturbed soil (Nkt for the piezocone, NT-bar for the 

T-bar and Nball for the ball) are closely grouped and relatively low.  This contrasts with 

the wide range of cone factors quoted in the literature, and reflects the careful scrutiny 

of the data and restriction to high quality laboratory tests.   

Detailed correlations of the N-factors against soil characteristics such as rigidity index 

(Ir), strength anisotropy (), strength sensitivity (St) and plasticity index are presented in 

Figure 4-2 to Figure 4-11.  In spite of the similarity in the COVs for piezocone and 

T-bar factors given in Table 4-3, Nkt and Nu appear to depend on Ir to a greater degree 

than do NT-bar or Nball, as predicted theoretically.  None of the N-factors showed clearly 

defined trends with strength anisotropy, with the exception of NT-bar,suc and Nball,suc, 

which decreased as  decreased (increasing strength anisotropy).  These observations 

suggest that, at least for the soils with St less than 8 that dominate the database, T-bar 

and ball penetration tests may potentially prove more reliable than CPTUs in estimating 

su,ave or su,vane but the reverse is probably true for estimation of suc.  Due to its higher 

COV and strong dependency on Ir, Nu is not recommended for the estimation of su 

without area or site specific correlation.  

In the correlation between remoulded penetration resistance and remoulded undrained 

shear strength, the Nrem factors for remoulded strength were found to be higher than N-

factors for intact strength but insensitive to soil index properties and with slight 

tendency to increase with increasing St.  However, the dependency of Nrem-factors on St 

was essentially negligible for soil with St less than 6.  Limited field data reported in the 

literature and theoretical analysis suggest that, for soils with St > 8, N-factors for initial 

conditions tend to decrease with increasing St while Nrem-factors for remoulded 

conditions tend to increase with increasing St.  More data are required to confirm the 

dependency of Nrem-factors on St for clays of moderate sensitivity.   

Table 4-7 summarises the recommended N-factors for the estimation of intact undrained 

shear strength and remoulded undrained shear strength from penetrometer penetration 

resistances.  The N-factors are recommended based on the statistics summarised in 

Table 4-3 and Table 4-6.  Since the Gulf of Guinea sites contribute almost 50 % of the 

data in the database, N-factors specifically for the Gulf of Guinea are also 

recommended.  It is important to note that the recommendations given in Table 4-7 

should only be used for the estimation of intact and remoulded undrained shear 
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strengths for soil with St  8 and may need to be updated as further experience becomes 

available.  The ranges given in Table 4-7 indicate the lowest possible values to be used 

when it is conservative to adopt high shear strength, and the highest possible values to 

be used when it is conservative to adopt low shear strength.  However, extreme caution 

should be exercised if the correlations for a new site fall outside the ranges given, as this 

may indicate questionable data.  Since the statistics for the correlations based on su,vane 

are reasonably similar to those based on su,ave, the N-factors recommended for the 

estimation of su,ave may be used to estimate the su,vane.  Due to uncertainties related to 

accurate measurement of CPTU sleeve friction, it is recommended not to estimate 

remoulded shear strength from the sleeve friction data.   

From the comparison between the ball and T-bar penetration resistances (both initial 

and remoulded) at Onsøy and Burswood, it was found that the ball penetration 

resistance may be approximately 5 % higher than the T-bar penetration resistance.  This 

is smaller than the theoretical prediction for ball penetration resistance, which is some 

20 % greater than for the T-bar in isotropic soil.  Due to the limited ball penetrometer 

data available in the database, it is proposed to adopt Nball = NT-bar at present and only to 

distinguish between Nball and NT-bar if future field data indicate a consistent trend.  The 

likely range for Nball/NT-bar is considered to be 1 to 1.1, and the data should be 

scrutinised carefully if the range from a site falls outside that range. 

The correlation between qT-bar/qT-bar,rem or qball/qball,rem and St of the soils showed 

considerable scatter.  For soil with St  4, qT-bar/qT-bar,rem and qball/qball,rem were found to 

be similar in magnitude to St while for soil with St > 4, qT-bar/qT-bar,rem and qball/qball,rem 

become increasingly lower than St.  This observation rises an important question of how 

best to measure St for a given design application and further research is required in this 

area.   
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Table 4-1  Key characteristics of the sites 

Site wn (%) Ip (%) St
† YSR suc/'v0 suss/suc sue/suc 

Onsøy,  
Norway 

55-70 29-74 2.0-12.0 1.8-1.3 0.37-0.53 0.56-0.76 0.42-0.50 

Burswood, 
Australia 

59-115 39-72 2.0-12.0 1.2-2.8 0.35-0.57 0.72-1.18 0.53-0.78 

Ariake,  
Japan 90-150 40-100 1.7-5.5 1.2-1.7 0.67-0.69 0.60-0.76 0.60-0.91 

GOG 1 120-160 88-110 3.1-5.0 1.3-1.8 0.54-0.58 1.05 0.72 

GOG 2 54-213 37-115 1.3-12.8 N/A N/A N/A N/A 

GOG 3 106-137 87-104 1.9-2.5 1.4-2.0 0.33-0.37 0.77-0.85 0.63-0.79 

GOG 4 88-172 68-100 2.0-16.0 1.0-2.0 0.36-1.00 0.49-1.24 0.56-0.89 

GOG 5 113-215 92-133 2.0-7.7 1.5-2.5 0.48-0.53 0.97-1.22 0.47-0.63 

GOG 6 78-202 62-132 2.0-6.0 2.0-3.4 0.48-0.78 0.81-1.03 0.61-0.73 

GOM 32-162 18-112 1.1-7.6 1.0-1.1 N/A N/A N/A 

Egypt 61-115 41-68 1.9-4.9 1.0-1.2 N/A N/A N/A 

Norwegian Sea 90-160 15-66 1.3-7.0 1.2-2.0 0.54-0.60 0.78-1.11 0.54-0.62 

Chinguetti, 
Mauritania 

27-71 5-80 2.0-10.0 1.2-4.0 0.23-4.40 0.39-0.62 0.31-0.93 

Laminaria, 
Timor Sea 

45-80 20-38 1.3-4.4 1.0-4.0 0.43-0.54 0.76-0.90 0.73-0.92 

Note:   †Based on St determined using laboratory vane shear test, field vane shear test and fall cone test. 
 

Table 4-2  Summary of N-factors definitions 

N-factor Formula 

Nkt,suc qnet/suc 

Nkt,su,ave qnet/su,ave or qnet/suss
* 

Nkt,vane qnet/su,vane 

Nu,suc (u2 - u0)/suc 

Nu,su,ave (u2 - u0)/su,ave or (u2 - u0)/suss
* 

Nu,vane (u2 - u0)/su,vane 

NT-bar,suc qT-bar/suc 

NT-bar,su,ave qT-bar/su,ave or qT-bar/suss
* 

NT-bar,vane qT-bar/su,vane 

Nball,suc qball/suc 

Nball,su,ave qball/su,ave or qball/suss
* 

Nball,vane qball/su,vane 

Note:   *when su,ave is not available 
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Table 4-3  Statistics for N-factors

N-factor No. of site n Range† Mean SD COV 

Nkt,suc 19 
(14) 

71 
(45) 

8.61 – 15.31 
(9.21 – 13.87) 

11.90 
(11.78) 

1.63 
(1.36) 

0.14 
(0.12) 

Nkt,su,ave 22 
(14) 

92 
(56) 

10.56 – 17.39 
(11.08 – 
16.35) 

13.56 
(13.43) 

1.95 
(1.68) 

0.14 
(0.13) 

Nkt,vane 27 
(11) 

225 
(87) 

10.87 – 19.89 
(10.91 – 
17.53) 

13.30 
(13.45) 

2.23 
(2.07) 

0.17 
(0.15) 

Nu,suc 19 
(14) 

71 
(45) 

3.29 – 8.76 
(3.29 – 8.76) 

5.88 
(5.96) 

1.23 
(1.44) 

0.21 
(0.24) 

Nu,su,ave 22 
(14) 

92 
(56) 

3.29 – 12.02 
(3.29 – 12.02) 

6.86 
(6.87) 

2.20 
(2.34) 

0.32 
(0.34) 

Nu,vane 27 
(11) 

226 
(88) 

4.79 – 11.90 
(4.92 – 10.88) 

7.12 
(6.93) 

1.91 
(1.70) 

0.27 
(0.25) 

NT-bar,suc 14 43 7.88 – 13.99 10.26 1.61 0.16 

NT-bar,su,ave 14 55 9.81 – 14.66 11.87 1.41 0.12 

NT-bar,vane 11 85 10.14 – 14.07 11.85 1.09 0.09 

Nball,suc 2 14 8.22 – 10.66 9.44 1.72 0.18 

Nball,su,ave 2 19 10.80 – 11.53 11.17 0.51 0.05 

Nball,vane 2 24 12.00 – 12.38 12.19 0.27 0.02 

Note:  n is the number of data points; SD is the standard deviation; COV is the coefficient of variation 
 †Range of mean N-factor for each site 
 Values in the bracket are the statistics for sites with parallel piezocone and T-bar penetration 

tests 
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Table 4-4  Statistics for Nkt,suc, Nkt,su,ave, NT-bar,suc and NT-bar,su,ave for each site 

Site Ref. su 
Nkt NT-bar 

n Mean COV n Mean COV 

Onsoy 
suc 5 11.70 0.08 5 7.88 0.09 

su,ave 3 16.18 0.05 3 11.13 0.05 

Burswood 
suc 10 11.06 0.11 10 10.59 0.11 

su,ave 16 11.12 0.15 16 10.59 0.10 

Ariake 
suc 6 8.61 0.05 6 5.24 0.11 

su,ave 7 10.87 0.07 7 6.77 0.17 

GOG 1 
suc 2 15.31 0.04 - - - 

su,ave - - - - - - 

GOG 3 
suc 3 13.62 0.20 3 11.47 0.24 

su,ave 3 16.35 0.15 3 13.75 0.19 

GOG 4 
suc 18 12.26 0.15 9 13.79 0.12 

su,ave 19 14.93 0.13 10 15.83 0.14 

GOG 5 
suc 6 11.83 0.19 6 11.65 0.18 

su,ave 10 12.81 0.15 10 12.57 0.15 

GOG 6 
suc 9 12.13 0.12 6 9.23 0.11 

su,ave 17 12.88 0.19 9 10.96 0.11 

GOM 
suc - - - - - - 

su,ave 2 17.39 0.20 - - - 

Norwegian 
Sea 

suc 7 11.86 0.08 5 11.11 0.08 

su,ave 5 13.62 0.10 3 14.10 0.08 

Chinguetti 
suc 5 10.51 0.15 5 9.13 0.10 

su,ave 7 11.95 0.12 11 10.76 0.09 

Laminaria 
suc 4 12.42 0.05 4 10.81 0.14 

su,ave 4 14.43 0.06 4 12.88 0.05 

Note:  n is the number of data points; COV is the coefficient of variation 
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Table 4-5  Summary of Nrem-factors definitions 

Nrem-factor Formula 

NT-bar,rem,UU qT-bar,rem/sur,UU 

NT-bar,rem,fc qT-bar,rem/sur,fc 

NT-bar,rem,vane qT-bar,rem/sur,vane 

Nball,rem,UU qball,rem/sur,UU 

Nball,rem,fc qball,rem/sur,fc 

Nball,rem,vane qball,rem/sur,vane 

 

Table 4-6  Statistics for Nrem-factors 

Nrem-factor n Range† Mean SD COV 

NT-bar,rem,UU 14 13.37 – 32.44 19.71 6.42 0.33 

NT-bar,rem,fc 26 11.61 – 16.98 14.54 1.51 0.10 

NT-bar,rem,vane 20 11.38 – 16.90 13.69 1.52 0.11 

Nball,rem,UU 10 13.51 – 30.26 19.55 5.56 0.28 

Nball,rem,fc 11 13.36 – 16.95 15.23 0.97 0.06 

Nball,rem,vane 11 11.32 – 17.05 14.18 1.56 0.11 

Note:  n is number of data points; SD is the standard deviation; COV is the coefficient of variation 
 †Range of all Nrem-factor 
 

Table 4-7  Recommended N-factors 

N-factor / 
Nrem-factor 

Recommended N-factor 

All Data Gulf of Guinea 

Mean Range Mean Range 

Nkt,suc 12.0 10.0 – 14.0 12.5 10.5 – 14.5 

Nkt,su,ave 13.5 11.5 – 15.5 13.5 11.5 – 15.5 

NT-bar,suc 10.5 8.5 – 12.5 10.5 8.5 – 12.5 

NT-bar,su,ave 12.0 10.0 – 14.0 12.0 10.0 – 14.0 

NT-bar,rem,UU 20.0 13.0 – 27.0 - - 

NT-bar,rem,fc 14.5 12.5 – 16.5 - - 

NT-bar,rem,vane 14.0 12.0 – 16.0 - - 
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Figure 4-7  Comparison between N-factors for suc and strength anisotropy ( = sue/suc) 
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Figure 4-8  Comparison between N-factors for su,ave and strength anisotropy ( = sue/suc) 
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Figure 4-9  Comparison between N-factors for su,vane and strength anisotropy 
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Figure 4-10  Comparison between N-factors for su,ave and strength sensitivity 
(St = su,vane/sur,vane) 
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Legend: 
Onsøy Burswood Norwegian Sea Chinguetti GOM GOG 1 GOG 3  
GOG 4 GOG 5 GOG 6

Figure 4-11  Comparison between N-factors for su,ave and plasticity index 
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Onsøy  Burswood  Norwegian Sea  Burswood 1g model test GOG 1 1g model test  

Figure 4-12  Comparison between Nrem-factors and plasticity index 
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Onsøy  Burswood  Norwegian Sea Burswood 1g model test GOG 1 1g model test

Figure 4-13  Comparison between Nrem-factors and strength sensitivity 
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CHAPTER 5    EFFECT OF SOIL CHARACTERISTICS ON 

RELATIVE VALUES OF PIEZOCONE, T-BAR AND BALL 

PENETRATION RESISTANCES 

By: Han Eng Low, Mark F. Randolph, Tom Lunne, Knut H. Andersen                         

and Morten A. Sjursen 

ABSTRACT:  It has been reported in the literature that the net cone penetration 

resistance is normally higher than the penetration resistance measured using full-flow 

cylindrical (T-bar) or spherical (ball) penetrometers, and also that the ball penetration 

resistance is generally very close to the T-bar penetration resistance.  In this paper, a 

worldwide high quality database (3 onshore sites and 7 offshore sites) was used to 

identify soil characteristics that contribute to differences in the relative magnitudes of 

penetration resistance measured with cone, T-bar and ball penetrometers.  For soils 

covered in this database, the ratio of T-bar to net cone penetration resistance (qT-bar/qnet) 

lay between 0.75 and 1, decreasing with depth from near unity at shallow depths.  For 

the four sites where ball penetrometer data were available, the ratio of ball to T-bar 

penetration resistance (qball/qT-bar) was found to fluctuate around unity, with an average 

just greater than 1, but no distinguishable trend with depth.  The measured qT-bar/qnet and 

qball/qnet followed theoretical trends for the cone resistance to increase with rigidity 

index, G/su, with the best quantitative agreement obtained using a rigidity index defined 

in terms of the small strain stiffness, G0, as measured by in situ seismic cone tests.  The 

resistance ratio also followed the theoretical trend predicted with certain assumptions 

for the effects of strength anisotropy.  However, while qT-bar/qnet and possibly qball/qnet 

appear to depend slightly on the liquidity index, liquid limit and plasticity index, the 

resistance ratios appeared independent of other soil parameters, including normalised in 

situ shear stress, sensitivity and yield stress ratio, for the soils covered in this study.   
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5.1 INTRODUCTION 

Characterisation of offshore sediments for the design of foundation and anchoring 

systems is facing increasing challenges due to the development of hydrocarbon fields in 

water depths now approaching 3000 m (Randolph 2004).  In general, the shallow seabed 

sediments encountered at deepwater sites are soft, geologically normally consolidated, 

fine-grained deposits, with low strengths (< 10 kPa) at the seabed surface and moderate 

strength increases with depth (1 to 2 kPa/m).  Due to the technical difficulties and high 

cost of recovering high quality samples in deep water, in situ testing becomes 

increasingly important for characterisation of deepwater sites.   

Currently, the most commonly adopted in situ tests in offshore site investigation are the 

vane shear and cone penetration tests.  However, since its first commercial debut in 

1996 (Randolph et al. 1998), T-bar penetration testing has also been widely used in 

offshore site investigation.  To overcome the T-bar penetrometer’s susceptibility to 

eccentric loading (potentially corrupting the measurement of penetration resistance due 

to induced bending moments) and incompatibility of its geometry with down hole 

penetration testing, ball penetrometers have also been introduced, first trialled in 2003 

(Peuchen et al. 2005).  Therefore, there is a need to understand what soil characteristics 

affect the relative measurements from these different penetrometers in order to improve 

confidence in determining soil parameters such as an appropriate shear strength profile, 

which is fundamental to the geotechnical design of offshore facilities.   

Table 5-1 summarises the ratios of penetration resistance measured with cone, T-bar 

and ball penetrometers that have been reported in the literature.  The ratio of T-bar 

penetration resistance to net cone penetration resistance (qT-bar/qnet) ranges from 0.4 to 

1.0 for natural deposits but with values as high as 1.5 for reconstituted clays.  On the 

other hand, the T-bar and ball penetration resistances are essentially identical 

(qball/qT-bar = 1), with the exception of tests in Louiseville clay and Connecticut Valley 

varved clay.  Values of qball/qT-bar close to unity are contrary to plasticity solutions, 

which show qball is 22 to 27 % higher than the corresponding theoretical qT-bar, 

depending on the surface roughness, for isotropic, rate independent and non-softening 

soils (Randolph 2004).  The discrepancy between the experimental and theoretical 

qball/qT-bar ratio is intriguing and various soil characteristics such as strength anisotropy, 

strain rate dependency, strain softening, and strength sensitivity, none of which is 

accounted for in the plasticity solutions, have been mooted as contributing factors. It 
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would be useful to understand and identify how different soil characteristics contribute 

to the variation of the measured resistance ratios qT-bar/qnet and qball/qT-bar as that would 

provide additional information from site investigations where data from more than one 

type of penetrometer are available.   

The cone penetration resistance has been shown theoretically to be influenced by 

various soil characteristics such as rigidity index, and stress and strength anisotropy 

(Teh and Houlsby 1991; Su and Liao 2002).  By contrast, the T-bar and ball penetration 

resistances are not affected by rigidity index or stress anisotropy (Lu et al. 2000; Einav 

and Randolph 2005).  Therefore, comparison between the penetration resistances 

measured by the cone and full-flow penetrometers potentially provides an indication of 

additional soil characteristics such as rigidity index, or degree of anisotropy.  It should 

also be noted that strain rate dependency of shear strength (and stiffness), and gradual 

remoulding of soil as it flows past the penetrometer, will affect the net penetration 

resistance, but while studies of these effects have been undertaken for T-bar and ball 

penetrometers (Einav and Randolph 2005; Zhou and Randolph 2009a), similar studies 

have not been reported for the cone.  Randolph (2004) has also argued that comparison 

of the resistance ratios may also allow checking of the reliability of the penetrometer 

data, but first it is necessary to quantify what ranges of resistance ratio are plausible for 

different soil types.   

In this paper, high quality data from a worldwide database (the most extensive database 

for full-flow penetrometers to date), covering a reasonable range of soil types relevant 

for offshore engineering, are considered.  The data are used to identify soil 

characteristics that may contribute to the variation in penetration resistance measured 

with cone, T-bar and ball penetrometers, and hence lead to an understanding of the 

differences in penetrometer resistance factors noted by Low et al. (2009).  Ultimately, 

the aim of this study is to understand what additional soil characteristics may be inferred 

from parallel penetrometer testing and hence maximise the potential for penetration 

testing in offshore site characterisation. 

5.2 DATABASE 

The database established in this study is drawn primarily from 3 onshore and 7 offshore 

sites worldwide.  The primary onshore sites are Onsøy (Norway) and Burswood 

(Australia).  Data reported by Boylan et al. (2007) for penetration tests at the well 
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characterised Bothkennar site (Scotland) were also included for comparison purposes in 

the paper.  On the other hand, the offshore sites are dominated by West Africa (4 in the 

Gulf of Guinea, 1 offshore Mauritania) with additional (single) sites from the 

Norwegian Sea and the Timor Sea.  The water depth for the offshore sites ranges from 

approximately 350 to 1500 m.   

Detailed information on the field and laboratory test data for each site was reported in 

Part 1 of NGI-COFS (2006) and only the key characteristics of the soil properties for 

each site are summarised in Table 5-2, with GOG denoting sites in the Gulf of Guinea.  

As shown in Table 5-2, the Gulf of Guinea soils are all high plasticity clays, while the 

remaining sites have moderate plasticity.  The yield stress ratio (or overconsolidation 

ratio, OCR) and strength sensitivity for the soils generally fall in the ranges of 1 to 2.5 

and 2 to 6, respectively.   

In this study, the penetration resistances measured by adjacent piezocone, T-bar and ball 

penetration tests were compared.  The resulting resistance ratios were then correlated 

with the soil parameters measured from independent tests on generally high quality soil 

samples recovered from adjacent boreholes at the same depth.  The distance between the 

penetration tests and boreholes generally ranged from a few metres for onshore sites to 

50 m for offshore sites.  The local comparison approach helped to minimise the 

influence of lateral variation in soil properties.   

5.3 EQUIPMENT AND PROCEDURES 

The details of the penetrometers and testing procedures for tests considered in this paper 

are given in Low et al. (2009), except those for tests at Bothkennar site which are given 

in Boylan et al. (2007).  Standard cone sizes of 1000 mm2 and 1500 mm2 were used for 

onshore and offshore sites respectively, while the full-flow penetrometers, except the 

ball penetrometer used at Chinguetti, had a projected area of 10 times the cone shaft (40 

mm diameter by 250 mm long for the T-bar, and 113 mm diameter for the ball).  The 

ball penetrometer used at Chinguetti had a diameter of 78 mm and was connected to a 

shaft of about 25 mm in diameter.  All penetration resistances in this paper are reported 

as net values after corrections for pore pressure effects on the load cell, and for the 

overburden pressure acting on the cone rods, as described by Low et al. (2009).  
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5.4 COMPARISON OF PENETRATION RESISTANCES 

Figure 5-1 shows the profiles of average net penetration resistances obtained from 

piezocone, T-bar and ball penetration tests at 3 onshore sites and 7 offshore sites (sites 

with only piezocone test were excluded from the plots) while Figure 5-2 shows the 

average profiles of the ratio of T-bar or ball penetration resistance to net piezocone 

penetration resistance and the ratio of ball penetration resistance to T-bar penetration 

resistance for each site.  Figure 5-3 shows the average profiles of the ratio of extraction 

to penetration resistance for T-bar and ball penetration tests at each site.  It is interesting 

to note that, although the tests were carried out in different parts of the world, the 

gradients of the net penetration resistances are remarkably similar.  However, distinctive 

differences may be observed in the ratio of T-bar or ball penetration resistance to net 

piezocone penetration resistance and the ratio of extraction to penetration resistance.   

With the exception of Onsøy, Burswood, Bothkennar, and GOG 5, the ratio of T-bar 

penetration resistance to net piezocone penetration resistance (qT-bar/qnet) generally 

decreases from about unity just below the soil surface to values between 0.75 and 0.9 at 

a depth of 25 m.  For Burswood and Bothkennar, the qT-bar/qnet ratio is relatively 

constant throughout the depth with values that fluctuate around 0.95 and 0.75 

respectively.  The qT-bar/qnet ratio for GOG 5 is also relatively constant with depth with 

values close to unity, down to a depth of 25 m before reducing to 0.75 at a depth of 

35 m.  For Onsøy, the qT-bar/qnet ratio decreases from 0.8 to 0.6 over the upper 11 m 

before increasing gradually to about 0.75 at the depth of 25 m.  In general, the qT-bar/qnet 

ratio at Onsøy forms a lower bound to the data from other sites.  Similar trends may also 

be observed for the qball/qnet profiles, which is because qT-bar and qball are very similar, 

with the qball/qT-bar ratio just slightly above unity (see Figure 5-2).   

As shown in Figure 5-3, the ratio of extraction to penetration resistance (qT-bar(out)/qT-bar 

and qball(out)/qball) profiles for all the sites except Laminaria and Chinguetti are fairly 

constant throughout the depth with values fall between 0.5 and 0.7.  The qT-bar(out)/qT-bar 

ratios for Bothkennar and GOG 3 form the lower and upper limits of the data from the 

other sites.  The qT-bar(out)/qT-bar ratio profile for Laminaria reduces over the upper 15 m, 

from around 0.8 at shallow depths to a steady value of about 0.65 below 15 m.  On the 

other hand, the qT-bar(out)/qT-bar ratio for Chinguetti increases from about 0.3 to 0.7 at 

depths between 3 and 15 m before reducing to about 0.55 at a depth of 25 m.   
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For the identification of soil characteristics that influence the penetration resistance 

ratios, the penetration resistances and soil parameters that were used for the comparison 

have been selected with engineering judgement endeavouring to avoid questionable 

values caused by thin sand layers, embedded gravel or shells, bending effects on the 

penetrometer load cell (which can be a problem in T-bar penetration tests) and zero shift 

of the penetrometer load cell..  The quality of soil samples was also evaluated using the 

criteria proposed by Lunne et al. (1997) based on the relative change in void ratio 

measured during reconsolidation of the soil sample back to its in situ stresses in the 

laboratory tests.  The soil properties for soil samples with quality of ‘very poor’ (i.e. 

Category 4) were discarded from the comparison in this paper.   

5.4.1 Influence of Rigidity Index 

Figure 5-4 summarises the theoretical solutions for piezocone, T-bar and ball 

penetration resistances in isotropic rate-independent and non-softening soil.  As may be 

seen, the net cone penetration resistance, qnet is influenced by the rigidity index 

(Ir = G/su), normalised in-situ shear stress [ = (v0 – h0)/2su] and interface friction 

ratio (s) (e.g. Teh and Houlsby 1991; Lu et al. 2004).  By contrast, the T-bar and ball 

penetration resistances for an equivalent soil model are only influenced by the friction 

ratio s(Randolph and Houlsby 1984; Einav and Randolph 2005) but to a larger degree 

than the cone.  Therefore, by assuming the friction ratio for the piezocone, T-bar and 

ball penetrometers are the same, the qT-bar/qnet ratio (= NT-bar/Nkt) or qball/qnet ratio 

(= Nball/Nkt) would decrease when Ir increases and  decreases.   

For evaluating the influence of Ir and  on the penetration resistances in this paper, only 

the theoretical solutions for penetration resistance in isotropic Tresca soil will be 

considered (Figure 5-4).  For qnet in isotropic Tresca soil, the solution proposed by Lu et 

al. (2004) using large deformation finite element analysis is: 

 9.13.1)Iln(6.14.3N
s

q
srkt

u

net
 (5-1) 

The average of upper and lower bound solutions for qT-bar and qball summarised in 

Figure 5-4 will be used to compare with the qnet solution given by Eq. (5-1) to derive the 

theoretical relationships between qT-bar/qnet or qball/qnet and Ir or .  The range of Ir and  

used to derive the theoretical resistance ratios covers the highest and the lowest values 

observed in the data within the database.  The value of s for cone, T-bar and ball 
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penetrometers are assumed to be 0.3.  As can be seen from Eq. (5-1) and Figure 5-4, 

although the theoretical qT-bar/qnet and qball/qnet ratios will tend to increase with 

decreasing s and vice versa, the trends between the theoretical ratios and Ir will not be 

affected.   

Figure 5-5 shows the plots of qT-bar/qnet and qball/qnet against Ir estimated from the G50 

and undrained shear strength (su) measured in triaxial compression (suc) (Figure 5-5(a) 

and Figure 5-5(b)) and the average of Ir measured from triaxial extension and 

compression tests and simple shear tests, or simple shear Ir (= G50/suss) when the average 

Ir value is not available (Figure 5-5(c) and Figure 5-5(d)).  Note that G50 is the secant 

shear modulus estimated at a stress level of the average of the initial deviatoric stress, 

just before shearing, and the peak deviatoric stress for triaxial tests, using a Poisson’s 

ratio of 0.5, and at a stress level of 50 % of the peak horizontal stress for simple shear 

tests.  In addition to the Ir deduced from G50 measured in the laboratory tests, the 

resistance ratios were also compared with the Ir deduced from small strain stiffness (G0) 

measured using seismic cone tests and the average su measured from triaxial extension 

and compression tests and simple shear tests (su,ave), or suss when su,ave is not available 

(Figure 5-5(e) and Figure 5-5(f)).  In Figure 5-5, the data points based on the average Ir 

are circled and the theoretical lines for the relationship between qT-bar/qnet or qball/qnet and 

Ir predicted using Eq. (5-1) and Figure 5-4 are also plotted for comparison.  Data 

obtained from ‘poor’ quality samples and from SHANSEP tests are bracketed in the 

plots. 

In Figure 5-5, despite the scatter of the data, it may be seen that qT-bar/qnet and qball/qnet 

reduce with increasing Ir and the data points seems to follow the trend of the estimated 

theoretical line fairly well.  Although the plots between qT-bar/qnet or qball/qnet and Ir 

deduced from G50 and undrained shear strength measured from triaxial extension (sue) 

are not presented here, their trends are similar to those presented in Figure 5-5.  The 

larger spread in the data for Ir determined using G50 may be due to the effect of sample 

disturbance and errors in the external displacement measurement on the deduced G50, 

while G0 is based on in situ shear wave velocity measurements which are not affected 

by these effects.  It is interesting to note that, while the theoretical lines tend to 

overestimate the ratio of qT-bar/qnet and even more for qball/qnet when the resistance ratios 

are plotted against Ir deduced from G50, Figure 5-5(e) shows an excellent quantitative 

correlation between the values of qT-bar/qnet and Ir based on G0 for the three onshore sites 

(Onsøy, Burswood and Bothkennar).  These suggest that the ratio of qT-bar/qnet and 
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qball/qnet (and hence the NT-bar/Nkt and Nball/Nkt ratios) are indeed influenced by Ir as 

predicted by the theoretical solutions and also suggest that the net cone penetration 

resistance is influenced more by G0/su than by G50/su.  The overestimation of qball/qnet by 

the theoretical solutions is because the theoretical solutions for qball/su are higher than 

the measured qball/su (Randolph 2004), possibly due to the effects of strength anisotropy 

and dependency of soil strength on strain rate, which were not taken into account in the 

theoretical analysis.   

5.4.2 Influence of In Situ Shear Stress Ratio 

As discussed in the previous section, in addition to Ir, the qT-bar/qnet and qball/qnet ratios 

may also be influenced by the normalised in situ shear stress ratio, .  Figure 5-6 shows 

the variation of the qT-bar/qnet and qball/qnet ratios with , with the latter estimated from 

the estimated in situ vertical and horizontal stresses and suc, su,ave and suss.  The total 

horizontal stress (h0) for the estimation of  was estimated from the best estimated K0 

(e.g. Brooker and Ireland 1965; Mayne and Kulhawy 1982) except those for Burswood, 

which were measured by self-boring pressuremeter (Lee Goh 1994), and those for 

Bothkennar, which were measured by self-boring pressuremeter and spade cells (Hight 

et al. 1992).  In Figure 5-6(d), the resistance ratio has been plotted against  deduced 

from su,ave, or suss in the absence of su,ave, and the data based on su,ave are circled in the 

plots.  The theoretical lines estimated based on Eq. (5-1) and Figure 5-4 with Ir of 30, 

400 and 1200 (covering the measured values estimated using su from triaxial and simple 

shear tests, including values based on G0/su,ave from Bothkennar) and s of 0.3 are also 

plotted in Figure 5-6 for comparison.   

As shown in Figure 5-6, the data points are very scattered and no obvious trends can be 

observed.  This seems to be consistent with the marginal influence of  on the 

penetration ratios as shown by the theoretical lines.  However, the influence of Ir on the 

resistance ratios is still apparent, with the data points for soils with higher measured Ir 

(e.g. data from Onsøy and Bothkennar) falling at the lower bound of the data points, 

which is consistent with the trend of the theoretical relationship.  This suggests that the 

influence of  on the resistance ratios is not as significant as the influence of Ir, at least 

for the soils covered in this study where the range of  inferred at the sites is quite 

small.   
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5.4.3 Influence of Strength Anisotropy 

Randolph (2000) implemented a generalised Von Mises failure criterion to explore the 

effect of strength anisotropy on T-bar and ball penetration resistances.  The model 

allows for different strengths in triaxial compression (suc), triaxial extension (sue) and 

simple shear (suss), using a modified failure criterion of: 
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where  = (suc - sue) and k = (suc + sue)/√3.  The shear strength in simple shear is defined 
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and in order to satisfy transverse isotropy (in the horizontal plane), the parameter, A2 is 

related to A1 by 
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A21
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  (5-4)

The value of A1 (and hence A2) is determined by what assumption is made concerning 

the shear strength within the horizontal plane (suh) - such as might be relevant for 

pressuremeter expansion or torsional shearing about a vertical axis.  Randolph (2000) 

made a conservative assumption that the value of suh was equal to the strength in triaxial 

extension, sue, and it transpires that this assumption leads to much more significant 

effects of anisotropy than, for example, taking suh equal to suss.  With an additional 

assumption that suss equals the average shear strength of (suc + suss + sue)/3, the resulting 

expressions for A1, A2 and A3 for the anisotropic Von Mises failure criterion are 

summarised in Table 5-3. 

For the evaluation of the influence of strength anisotropy on cone penetration resistance, 

Su and Liao (2002) adopted the anisotropic Von Mises failure criterion proposed by Su 

et al. (1998) in a cylindrical cavity expansion solution.  The anisotropic Von Mises 

failure criterion proposed by Su et al. (1998) was also based on the generalised Von 

Mises failure criterion expressed in Eq. (5-2), but with different values of the 

parameters A1, A2 and A3 from those assumed by Randolph (2000), as summarised in 
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Table 5-3.  The only major difference in the two anisotropic models is the estimated suh.  

Randolph (2000) assumed suh equal to sue while the suh adopted by Su and Liao (2002) is 

up to 15 % higher than suc when  (= sue/suc) is equal to unity (isotropic strength 

condition).  While Su and Liao’s failure criterion tends to overestimate suh, the predicted 

cone N-factors are in much better agreement with the field data (Low et al. 2009) than 

those predicted using Randolph’s failure criterion.  On the other hand, Randolph’s 

failure criterion predicts values of NT-bar,su,ave (= qT-bar/su,ave) and Nball,su,ave (= qball/su,ave) 

that match those obtained from field calibration reasonably well (Low et al. 2009).  

Therefore, although the failure criteria adopted in the two studies are not the same, the 

theoretical solutions can still provide a qualitative assessment of the influence of 

strength anisotropy on the resistance ratios.  Ideally, a full range of triaxial, simple shear 

and hollow cylinder tests should be conducted in order to assess the parameters A1, A2 

and A3 and incorporate the calibrated failure criterion into a robust analytical tool (such 

as large deformation finite element analysis) to allow the effect of strength anisotropy 

on the penetration resistances to be evaluated on a more consistent basis. 

In this paper, the influence of strength anisotropy on the resistance ratios is evaluated 

through comparison of the N-factors based on su,ave for cone, T-bar and ball 

penetrometers.  The theoretical solutions for NT-bar,su,ave and Nball,su,ave obtained by 

Randolph (2000) (for s = 0.3) are summarised in Figure 5-7, while the expression for 

the cone factor based on su,ave, as proposed by Su and Liao (2002), is: 
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where Ir is the rigidity index;  is the in situ normalised shear stress; c is the cone apex 

angle (60º in this case); s is the interface friction ratio;  is the strength ratio, sue/suc.  

The values of Nkt,su,ave calculated using Eq. (5-5) with s = 0.3 are plotted in Figure 5-7 

for comparison with NT-bar,su,ave and Nball,su,ave obtained by Randolph (2000).  In general, 

it may be observed that the ratio of NT-bar,su,ave or Nball,su,ave to Nkt,su,ave (= qT-bar/qnet or 

qball/qT-bar) should increase when  increases (reducing strength anisotropy).   

Figure 5-8 shows the variation of qT-bar/qnet (Figure 5-8(a)), qball/qnet (Figure 5-8(b)) and 

qball/qT-bar (Figure 5-8(c)) with .  The theoretical lines estimated based on Eq. (5-5) and 

Figure 5-7 with Ir of 30, 400 and 1200 and  of 0.45 (average of values estimated 

based on su,ave) are also plotted for comparison.  The s for the cone, T-bar and ball 

penetrometers is taken as 0.3.  In Figure 5-8(a) and Figure 5-8(b), despite the scatter of 

the data, it may be noted that qT-bar/qnet and qball/qnet tend to increase with increasing  

and that data from individual sites appear to lie parallel to the theoretical lines.  This 

suggests that qT-bar/qnet and qball/qnet are indeed influenced by the strength anisotropy.  

The influence of Ir on qT-bar/qnet and qball/qnet is again evident in these two plots, where 

data points for samples with higher Ir fall at the lower bound of the data range.   

Figure 5-8(c) shows the qball/qT-bar appears not to be influenced by the strength 

anisotropy.  This is in contrast to the theoretical line, which indicates that qball/qnet 

should increase with increasing .  Although Randolph’s solutions for NT-bar,su,ave and 

Nball,su,ave are based on a particular (conservative) assumption regarding suh, it should be 

emphasised that his analyses do not allow for gradual softening of the soil as it flows 

around the penetrometer or dependency of soil strength on strain rate; these also 

influence the resistance ratio in addition to strength anisotropy.  Further study is 

required to explain the difference between the theoretical prediction and the measured 

ratio of ball to T-bar penetration resistance.   

5.4.4 Influence of Strength Sensitivity 

Figure 5-9 shows the variation of qT-bar/qnet (Figure 5-9(a)), qball/qT-bar (Figure 5-9(b)), 

qT-bar(out)/qT-bar (Figure 5-9(c)) and qball(out)/qball (Figure 5-9(d)) with strength sensitivity 

(= su,vane/sur,vane) measured by field vane shear tests.  The plot for the variation of 

qball/qnet with strength sensitivity is not presented because it shows the same trend as in 

the plot between qT-bar/qnet and strength sensitivity.  A possible trend of increasing 

resistance ratios (qT-bar/qnet and qball/qT-bar) with increasing sensitivity might be surmised 
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for the data from Burswood, but the reverse is true for the qball/qT-bar data from Onsøy.  

The three data points for Onsøy all fall at the lower bound of the data in the plot for 

qT-bar/qnet, due to the high Ir at this site.  At this stage the evidence is not conclusive, but 

overall the resistance ratios appear not to be influenced by strength sensitivity when the 

strength sensitivity is less than 8.   

Using cyclic penetration test in soil with strength sensitivity up to 100, Yafrate and 

DeJong (2005) and Zhou and Randolph (2009b) showed that the degree of soil 

remoulding during the initial penetration of the T-bar and ball penetrometers increases 

with increasing strength sensitivity of soil.  As such, the ratio of extraction to 

penetration resistance for T-bar or ball penetration tests is expected to decrease with 

increasing strength sensitivity.  This explains why the qT-bar(out)/qT-bar and qball(out)/qball 

ratios for Bothkennar and GOG 3 form the lower and upper limits of the data from the 

other sites because the soils underlying Bothkennar and GOG 3 have the highest and 

lowest strength sensitivity respectively (Table 5-2).  The scattered and weak 

dependency of qT-bar(out)/qT-bar and qball(out)/qball ratios on strength sensitivity shown in 

Figure 5-9(c) and Figure 5-9(d) may be due to partial consolidation of soil around the 

push rod causing higher resistance measured during extraction, particularly through the 

upper soils.  This implies that the qT-bar(out)/qT-bar and qball(out)/qball ratios will also depend 

on the degree of consolidation of soil around the push rod during the whole duration of 

the penetration testing, which can be several hours.  A better correlation between the 

qT-bar(out)/qT-bar or qball(out)/qball ratio and strength sensitivity may be obtained if the ratios 

are measured from cyclic penetration tests during the initial penetration phase (Yafrate 

et al. 2009).   

5.4.5 Influence of Yield Stress Ratio 

Figure 5-10 shows the variation of qT-bar/qnet (Figure 5-10(a)) and qball/qT-bar 

(Figure 5-10(b)) with yield stress ratio (YSR = 'vy/'v0) derived from conventional and 

constant rate of strain oedometer tests.  Again, the plot for the variation of qball/qnet with 

YSR is not presented because it shows the same trend as in the plot of qT-bar/qnet with 

YSR.  Similar to the influence of strength sensitivity on resistance ratios, no obvious 

influence of YSR on the resistance ratios may be observed, possibly due to the small 

range of YSR available in the database.   
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5.4.6 Relationship with Atterberg Limits 

Figure 5-11 shows the variation of qT-bar/qnet with liquid limit, plasticity index and 

liquidity index.  As shown in Figure 5-11, qT-bar/qnet appears to increase with increasing 

liquid limit, plasticity index and liquidity index.  However, the correlation is weak.  

Although the plots for qball/qnet are not presented here, since qT-bar is practically identical 

to qball as shown by the data in this study and the qball/qT-bar was found independent of 

the Atterberg limits, similar trend is expected between qball/qnet and the Atterberg limits.  

The slight increase in the qT-bar/qnet and qball/qnet ratios with increasing plasticity index 

appears to be consistent with the relationship between the undrained modulus ratio 

(Eu/su = 3Ir) and plasticity index proposed by Duncan and Buchignani (1976) and the 

relationship between sue/suc and plasticity index reported by Kulhawy and Mayne 

(1990).  Duncan and Buchignani (1976) suggested that the undrained modulus ratio for 

soil with similar YSR decreases with increasing plasticity index.  More recent data 

presented by Andersen (2004) also show a clear, significant decrease in G0/suss with 

increasing plasticity index.  Kulhawy and Mayne (1990) showed that sue/suc tends to 

increase with increasing plasticity index.  Together these observations imply that 

qT-bar/qnet and qball/qnet will increase (as Ir decreases, see Figure 5-5, and sue/suc increases, 

see Figure 5-8) with increasing plasticity index.    

5.5 DISCUSSIONS 

There are a number of measures that may be taken to improve the confidence in field 

penetrometer data, both in their acquisition and their interpretation.  Randolph (2004) 

argued that parallel testing with two different types of penetrometer, such as cone and 

T-bar, or cone and ball, may have some advantages, since it enables comparison of the 

two resistance profiles, and in particular identification of any trend with depth of the 

resistance ratios.  Anomalies or odd trends in the resistance ratio may reflect an 

incorrect load cell zero, or errors introduced in converting the measured cone resistance 

to net resistance.  In addition, transition through soil with different characteristics may 

lead to changes in the ratio of qT-bar/qnet or qball/qnet, and allow additional information to 

be deduced about secondary soil characteristics such as rigidity index or strength 

anisotropy.   

From the database, for normally consolidated to lightly overconsolidated clays with 

YSR less than 2.5, the ratio qT-bar/qnet (or qball/qnet) has been found to lie between 0.75 
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and 1, generally decreasing with depth from near unity at shallow depths.  It is 

recommended that if the measured ratio of qT-bar/qnet falls outside this range, the data 

should be viewed with extreme caution unless corroborated by a number of tests. 

Based on the comparison between the resistance ratios and soil characteristics in this 

study, the qT-bar/qnet and qball/qnet ratios appear most affected by rigidity index (as this 

affects the net cone resistance); thus the decreasing ratio with depth suggests increasing 

rigidity index with depth.  The slight dependency of qT-bar/qnet and qball/qnet on Atterberg 

limits and liquidity index appears to be due to the indirect relationship between 

Atterberg limits or liquidity index and rigidity index.  In view of this, strong 

encouragement is given to obtaining seismic shear wave data as a check for the 

measured ratio of T-bar (or ball) to cone penetration resistances.  Similarly, in the 

absence of accurate shear modulus data, the small strain rigidity index, G0/su, may be 

estimated in the range of 200 to 300 for qT-bar/qnet of unity, increasing to ~1000 for 

qT-bar/qnet of 0.75.   

From the current study, it was found that the qT-bar/qnet ratio appeared also to increase as 

the ratio of triaxial extension to compression strengths, sue/suc, increased towards unity, 

but the effect was much smaller compared to the influence of the rigidity index.  This 

trend is consistent with the conclusion drawn by Low et al. (2009) from the correlations 

of the penetrometer resistance factors against soil characteristics (e.g. rigidity index, 

strength anisotropy, strength sensitivity and plasticity index) that T-bar and ball 

penetration tests may potentially prove more reliable than piezocone penetration test in 

estimating su,ave or su,vane but the reverse is probably true for estimation of suc.   

The qT-bar and qball appear very similar from the limited database obtained in the current 

study with the average qball/qT-bar ratio close to unity and no distinguishable trend with 

depth.  These qball/qT-bar values are contrary to the theoretical solutions, which show qball 

is some 20 % higher than the corresponding theoretical qT-bar (Randolph 2004), with the 

difference depending on the surface roughness.  Randolph (2000) commented that 

strength anisotropy may account for the discrepancy between theory and experimental 

data, with the theoretical ratio reducing to 1.07 for a sue/suc ratio of 0.5.  However, 

Figure 5-8(c) shows that strength anisotropy only explains the discrepancy partly.  

Another possible factor that may contribute to the identical T-bar and ball penetration 

resistances is the lower rate dependency observed for qball than that for qT-bar (Low et al. 

2008).  This implies that, for a given penetration rate, the ball penetration resistance in a 
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rate dependent soil is increased above the theoretical value to a smaller extent than that 

for the T-bar.  As a result, the resistances for the two types of penetrometer are more 

similar than theory would suggest.  In addition, the lower rate dependency observed for 

qball also suggests that ratios of qball/qT-bar below unity, (or qball/qnet below the range of 

0.75 to 1 given above for qT-bar/qnet) may indicate increasing rate dependency of the soil.  

However, more data in soils with different rate dependency are required to verify this 

hypothesis. 

5.6 CONCLUSIONS 

In general, based on the data obtained from sites covered in this study, it was found that 

the resistance ratios, qT-bar/qnet and qball/qnet, are influenced by rigidity index, and 

strength anisotropy, following trends similar to those predicted by theoretical studies, 

even though there are quantitative differences between measured and predicted values.  

Improved quantitative agreement is obtained using a rigidity index based on G0/su rather 

than G50/su.  

The influence of the normalised in situ shear stress,  on the resistance ratios is not as 

significant as the influence of Ir, at least for the soils covered in this study where the 

range of  inferred at the sites is quite small.  It was also found that the qT-bar/qnet and 

qball/qnet ratios are not influenced by the strength sensitivity and yield stress ratio for the 

soils covered in this study.  However, qT-bar/qnet and possibly qball/qnet appear to reduce 

slightly with decreasing liquid limit, plasticity index and liquidity index.  Taken with 

the reduction of qT-bar/qnet with increasing rigidity index, this helps to explain the 

common trend for qT-bar/qnet to decrease with depth.   

In conclusion, although theoretical solutions for penetrometers in isotropic, rate-

independent and non-softening soils generally predict the trends of the field data, there 

are still discrepancies between the theoretical predictions and measured values.  Further 

study is required to improve the theoretical solutions, particularly in respect of the ratio 

of ball penetration resistance to T-bar penetration resistance.   
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Table 5-1  Summary of resistance ratios from the literature 

Soil qT-bar/qnet qball/qT-bar Reference 

Burswood clay 0.80 – 1.00 ~ 1.00 Chung and Randolph (2004) 

Onsøy clay 0.70 – 0.80 ~ 1.00 Randolph (2004) 

Timor sea calcareous clay  0.80 – 1.00 - Randolph (2004) 

Irish soft clay ~ 0.50 - 
Long and Gudjonsson 
(2004) 

Irish organic and silty clay ~ 1.00 - 
Long and Gudjonsson 
(2004) 

Dutch soft clay ~ 1.00 - Oung et al. (2004) 

Dutch peaty soil ~ 0.70 - Oung et al. (2004) 

Louiseville clay - 1.05 - 1.20 Yafrate and DeJong (2005) 

Gloucester clay - ~ 1.00 Yafrate and DeJong (2005) 

Irish peat - ~ 1.00 Boylan and Long (2006) 

Canadian soft sensitive 
clays 

~ 0.80 ~ 1.00 Weemees et al. (2006) 

Canadian soft clayey silt  ~ 0.86 ~ 1.00 Weemees et al. (2006) 

Bothkennar clay 0.75 – 0.8 ~ 1.00 Boylan et al. (2007) 

Connecticut Valley varved 
clay 

0.40 – 0.70 ~ 1.15 Yafrate et al. (2007) 

Reconstituted kaolin clay* ~ 1.00 ~ 1.00 Watson (1999) 

Reconstituted calcareous 
clay* 

~ 1.00 ~ 1.00 Watson (1999) 

Reconstituted calcareous 
silt* 

~ 1.00 ~ 1.00 Watson (1999) 

Reconstituted Burswood 
clay* 

1.25 – 1.50 ~ 1.00 Chung and Randolph (2004) 

Note:  * Centrifuge penetration tests 
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Table 5-2  Key characteristics of the sites 

Site wn (%) Ip (%) St
† YSR suc/'v0 suss/suc sue/suc 

Onsøy, 
Norway 

55-70 29-74 2.0-12.0 1.8-1.3 0.37-0.53 0.56-0.76 0.42-0.50 

Burswood, 
Australia 

59-115 39-72 2.0-12.0 1.2-2.8 0.35-0.57 0.72-1.18 0.53-0.78 

Bothkennar, 
Scotland 

35-80 30-55 6.0-13.0 1.4-1.6 0.45-0.58 0.81-0.84 0.35-0.51 

GOG 1 120-160 88-110 3.1-5.0 1.3-1.8 0.54-0.58 1.05 0.72 

GOG 3 106-137 87-104 1.9-2.5 1.4-2.0 0.33-0.37 0.77-0.85 0.63-0.79 

GOG 5 113-215 92-133 2.0-7.7 1.5-2.5 0.48-0.53 0.97-1.22 0.47-0.63 

GOG 6 78-202 62-132 2.0-6.0 2.0-3.4 0.48-0.78 0.81-1.03 0.61-0.73 

Norwegian 
Sea 

90-160 15-66 1.3-7.0 1.2-2.0 0.54-0.60 0.78-1.11 0.54-0.62 

Chinguetti, 
Mauritania 

27-71 5-80 2.0-10.0 1.2-4.0 0.23-4.40 0.39-0.62 0.31-0.93 

Laminaria, 
Timor Sea 

45-80 20-38 1.3-4.4 1.0-4.0 0.43-0.54 0.76-0.90 0.73-0.92 

Note:    †Based on strength sensitivity determined using laboratory vane shear test, field vane shear test 
and fall cone test. 

 

Table 5-3  Parameters A1, A2 and A3 assumed for anisotropic Von Mises failure 
criterion 

Parameters Randolph (2000) Su and Liao (2002) 

A1 22

21




   

A2 
2

1 1
1

3

1

3

1A2













 
3

12

3

1A2 1 



 

A3 
3

4
 -1/4 

Note:  is the strength ratio, sue/suc 
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Figure 5-1  Profiles of qnet, qT-bar and qball 
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Figure 5-2  Profiles of qT-bar/qnet, qball/qnet and qball/qT-bar 
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Figure 5-5  Variation of qT-bar/qnet and qball/qnet with rigidity index (Ir) 
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Figure 5-6  Variation of qT-bar/qnet and qball/qnet with in situ shear stress ratio () 
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Figure 5-8  Variation of (a) qT-bar/qnet (b) qball/qnet and (c) qball/qT-bar with  (= sue/suc) 
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Legend: 
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Figure 5-9  Variation of qT-bar/qnet, qball/qT-bar, qT-bar(out)/qT-bar and qball(out)/qball with strength 
sensitivity 
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Figure 5-10  Variation of (a) qT-bar/qnet and (b) qball/qT-bar with yield stress ratio (YSR) 
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Figure 5-11  Variation of qT-bar/qnet with (a) liquid limit (b) plasticity index (c) liquidity 
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CHAPTER 6    STRENGTH MEASUREMENT FOR NEAR 

SEABED SURFACE SOFT SOIL 

By: Han Eng Low and Mark F. Randolph 

ABSTRACT:  A manually operated penetrometer (DMS) fitted with cylindrical (T-bar) 

and ball penetrometer tips was developed for measuring the profiles of undisturbed and 

remoulded undrained shear strength within box core samples.  This paper summarises 

the findings of a series of 1 g penetration tests, vane shear tests and laboratory strength 

tests (triaxial and simple shear) that were carried out on reconstituted clay from a local 

site in Western Australia.  The aim of the tests was to evaluate the potential of the DMS 

in characterising the shear strength of seabed surficial sediments.  It was found that the 

DMS gave essentially identical T-bar and ball penetration resistances but these were up 

to 17 % lower than the net cone penetration resistance.  From the comparison between 

the T-bar or ball penetration resistance and the shear strengths measured from vane 

shear tests, average N factors of 11 and 14 were obtained for intact and fully remoulded 

conditions respectively.  The test results suggest that the DMS is a reliable and efficient 

means of obtaining intact and remoulded shear strength profiles. 
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6.1 INTRODUCTION 

Characterisation of seabed surficial sediments for the design of risers, in-field flowlines, 

pipelines and other subsea facilities has gained increasing interest due to the 

development of hydrocarbon fields in water depths that are now approaching 3000 m.  

This is because, at such depths, the construction costs of the subsea facilities form a 

significant portion of the overall field development cost.  However, accurate strength 

characterisation of very soft surficial sediments is inherently challenging due to their 

low shear strength.  Typically, the shear strength of the seabed surficial sediments lies in 

the range of 0 to 5 kPa, although in some deposits such as off the West African coast, a 

crust with strength of 10 to 15 kPa may be found (Borel et al. 2005; Ehlers et al. 2005).   

In current practice, in-situ tests and soil sampling are normally used together for the 

strength measurement of deepwater soft sediments.  However, there are major 

challenges in adopting these approaches for accurate strength characterisation of very 

soft sediments near the seabed surface.  For in situ testing (using piezocone, T-bar or 

ball penetrometers), accurate measurement of the penetration resistance requires close 

attention to the field testing procedures in order to ensure correct load cell zero readings 

(Randolph et al. 2007).  In addition, the penetrometer must have sufficient resolution to 

measure the extremely low resistances relative to the force from the hydrostatic water 

pressure.  Furthermore, it is also important to ensure that there is no disturbance of the 

soil in the vicinity of the penetrometer test due to seating of the seabed frame on the 

seabed.  Last but not least, care is needed for the interpretation of penetration test results 

at shallow depth, by adjusting the resistance factor to account for the shallow 

penetration mechanism (White and Randolph 2007).   

For soil sampling, it is difficult to obtain high quality samples of the very soft upper 0.5 

to 1 m of the seabed with a gravity piston corer.  Randolph et al. (2007) argued that box 

core samples offer the best approach for sampling the soft surficial sediments, but the 

strength profile needs to be obtained from the box core itself, rather than trying to 

subsample since preparing such low strength and low effective stress materials for 

laboratory strength tests is a major challenge.  In practice, the strength profile in box 

cores is normally measured using miniature vane shear tests.  However, reliance on 

strengths from miniature vane shear tests within the box core is questionable, owing to 

varying amounts of disturbance during the penetration of the vane, followed by 

consolidation during whatever waiting period is allowed before conducting the vane 
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shear test.  In addition, only discrete measurements are possible, rather than a 

continuous profile, and performing vane shear tests is also time consuming, especially 

when both undisturbed and remoulded strengths are required.   

To overcome the limitations of miniature vane shear tests in measuring the soil strength 

profile within the box core, a new manually operated penetrometer (referred to as the 

DMS), as described later, has recently been developed to measure the in situ soil 

strength profile within box core samples.  The inspiration for the device came from 

experience in many offshore locations of a slight crust in the upper 0.5 m of the seabed 

(Puech et al. 2005), where what is believed to be biological activity leads to increased 

strength in a relatively narrow layer (Ehlers et al. 2005).  In general, the testing duration 

for a DMS penetration test is much shorter than for miniature vane shear tests and the 

DMS test provides a continuous strength profile throughout the depth (Low et al. 2008).  

In addition to intact strength, the remoulded shear strength may also be estimated from 

cyclic penetration and extraction tests using the DMS. 

This paper summarises the findings of a series of 1 g penetration tests, vane shear tests 

and laboratory strength tests (triaxial and simple shear) carried out on reconstituted clay 

collected from the Burswood site in Western Australia.  Results from the DMS, using 

T-bar and ball penetrometer tips, and from motor-driven miniature piezocone, T-bar and 

ball penetrometers are compared with vane shear and laboratory strengths to evaluate 

the potential of the DMS as an alternative means of measuring the strength profile in 

offshore box cores. 

6.2 SOIL SAMPLES AND SAMPLE PREPARATION 

The soil used to prepare the model test samples in this study was collected from the 

Burswood site, which is located on an inside meander of the Swan River, some few 

kilometres upstream from the centre of Perth, Western Australia.  The site has been used 

by the Centre for Offshore Foundation Systems (COFS) at the University of Western 

Australia to assess the performance of different penetrometers (cone, T-bar, ball and 

plate) for strength characterisation of soft soils (Chung and Randolph 2004).  The index 

and strength properties of the collected soil sample are summarised in Table 6-1.   

In the laboratory, the bulk soil sample was wet sieved using purified (deionised) water 

through a sieve with openings of 2 mm in diameter, in order to remove large shell 

fragments from the material.  The sieved material was then reconstituted with purified 
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water to a water content of about 135 % in a mixer and was mixed under vacuum.  The 

deaired clay slurry was then scooped and placed into a square strongbox (650 mm  

390 mm  325 mm) in layers under water to minimise air bubbles trapped in the clay 

slurry.  Top and bottom drainage were allowed to facilitate the consolidation of the 

slurry. 

Three box samples were prepared in this study.  The Box 1 sample was consolidated 

under a vertical effective stress of 35 kPa for about 157 days to prepare an aged sample, 

while the Box 2 sample was consolidated under the same vertical effective stress until 

the end of primary consolidation (25 days) to prepare an essentially normally 

consolidated (unaged) sample.  For Box 3, the sample was preconsolidated to a vertical 

effective stress of 80 kPa and unloaded to 35 kPa to create a mechanically 

overconsolidated sample.  The degree of consolidation was estimated from the 

settlement monitored throughout the consolidation process for the three boxes.   

The layout for all the tests conducted in Boxes 1, 2 and 3 is indicated in Figure 6-1.  The 

test results presented later suggest that the distance between tests or between tests and a 

rigid wall, shown in Figure 6-1, is sufficient to avoid any influence on the measured 

penetration resistances or undrained shear strengths due to the adjacent tests or the rigid 

wall.  The sequence of penetration and vane shear tests in both samples, especially the 3 

miniature T-bar tests (i.e. MT1, MT2 and MT3), was arranged in such a way that any 

effect of sample swelling during the tests on the penetration resistances and undrained 

shear strengths could be checked.  The details on testing sequence and sample 

preparation can be found in Part 5 of NGI-COFS (2006).   

6.3 TESTING EQUIPMENTS AND PROCEDURES 

6.3.1 DMS Test 

A manually operated T-bar or ball penetrometer (known as the DMS), has been 

developed at COFS in collaboration with TDI Brooks International for measuring 

profiles of intact and remoulded strength in box cores (see Figure 6-2).  The DMS is a 

free-standing device but able to log the test data at frequency ranges from 10 to 400 Hz 

and to download test data to a computer via a USB connection.  The tip resistance is 

measured using a load cell located just above the tip of the penetrometer while the 

displacement of the penetrometer is measured using a digital spring-loaded wire 

potentiometer.  Figure 6-2 shows the DMS set up used for tests reported in this paper 
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while Figure 6-3 shows the dimensions of the DMS T-bar and ball penetrometers.  A 

guide is provided to ensure verticality of the penetrometer shaft during the test, while a 

frame such as that used for offshore testing (Low et al. 2008) can be used to provide 

additional control of the DMS.  Detailed descriptions of the DMS were given in Low et 

al. (2008).   

During the DMS penetration tests, the penetrometers were pushed manually into the soil 

samples at a displacement rate of approximately 4 mm/s in order to give a ratio of 

penetration rate to diameter (v/d) comparable to field penetration tests (generally 

20 mm/s for a 40 mm diameter T-bar and a 113 mm diameter ball).  However, the cyclic 

DMS penetration tests were carried out at a displacement rate of approximately 

10 mm/s and at sample depths greater than 50 mm below the sample surface.  The 

cyclic tests were carried out until the penetration and extraction resistances were 

essentially constant, indicating that the soil was fully remoulded.  After the soil had 

been fully remoulded, the displacement rates were reduced to 4 mm/s to measure the 

remoulded penetration and extraction resistances of the soil.  In this paper, the DMS 

T-bar and ball penetration tests will be denoted as HT and HB respectively. 

6.3.2 Motorised Miniature T-bar, Ball and Piezocone Penetrometer Test 

Since extensive experience has been obtained from miniature penetrometer testing in 

the centrifuge (e.g. Watson 1999), motorised miniature penetrometer tests were 

conducted in this study in order to provide a benchmark for evaluation of the quality of 

the DMS test results.  Figure 6-3 shows a schematic diagram of the miniature T-bar, ball 

and piezocone penetrometers used in this study.  The calibrated unequal area ratio 

(Lunne et al. 1997b) for the piezocone,  is 0.69.  As shown in Figure 6-3, tip 

resistance was measured using a load cell located at the end of the rod, immediately 

behind the penetrometer tip, just as for the DMS.  

In contrast to the DMS penetration test, the miniature penetrometers were pushed into 

the soil sample at constant displacement rate using an actuator powered by two DC 

servo-motors driving vertical and horizontal lead-screws and ball-races.  The 

penetration tests were carried out at a displacement rate of 1 mm/s (typical displacement 

rate adopted in centrifuge penetrometer tests at UWA).  After the initial penetration and 

extraction of the T-bar and ball penetrometers, cyclic tests to remould the soil were 

carried out at a rate of 1 mm/s for the tests in Box 1 and 3 mm/s for the tests in Boxes 2 

and 3.  Cyclic tests were carried out at sample depths greater than 50 mm below the 



CHAPTER 6   NEAR SEABED SURFACE SOFT SOIL 

 198

sample surface until the soil was fully remoulded.  After the soil had been fully 

remoulded, the displacement rates were set to 1 mm/s to measure the remoulded 

penetration and extraction resistances of the soil.  In this paper, the miniature T-bar, ball 

and piezocone penetration tests will be denoted as MT, MB and CPTu respectively.   

6.3.3 Vane Shear Test 

Both motorised and hand operated vane shear tests were carried out to measure the peak 

and remoulded vane shear undrained shear strength (denoted as su,vane and sur,vane 

respectively in this paper) of the soil samples for comparison with the penetration test 

results.  Figure 6-4 shows schematic diagrams for all the vane blades and shafts that 

were used in this study, while Table 6-2 summarises the dimensions of the vane blades.  

For the motorised vane shear test, a load cell was located immediately behind the vane 

blades and provided the measurement of axial and torsional load as the vane was first 

penetrated into the sample and then rotated.  For the hand vane shear test, torque was 

measured by a spiral spring in a torque head that was rotated by hand.  The measured 

torque was then converted to su,vane or sur,vane.  

In this study, a rotary actuator that allows unlimited rotation, which was developed by 

Watson (1999), was used to perform the motorised vane shear test.  The rotary actuator 

was mounted on the actuator used to penetrate the vane blade to the required testing 

depth at a constant rate of 1 mm/s.  After 10 seconds of waiting time, the motorised 

vane shear test was carried out at varying rotation rates.  In every test, a rotation rate of 

1 °/s was adopted for initial rotation to peak torque and this was increased to 3 °/s 

immediately after the peak torque was observed.  After a second peak torque had been 

observed, the rotation rate was immediately increased to 10 °/s and this rotation rate was 

maintained until the soil was thoroughly remoulded (i.e. when the torque became 

essentially constant).  After the soil had been fully remoulded, the rotation rate was 

reduced to 3°/s.  The rotation rate was further reduced to 1°/s after constant torque was 

observed at the rotation rate of 3°/s.  In this paper, only the results measured at 1°/s will 

be used to compare with the resistances measured by the penetrometers.   

For the hand vane shear test, the vane blade was pushed slowly to the required depth.  

After 10 seconds of waiting time, it was rotated clockwise at an approximate rate of 1 

revolution per minute (i.e. 6°/s) and the peak value shown on the scale was recorded.  

After the peak value had been recorded, the soil was remoulded by turning the vane 

blade rapidly for ten rotations at the testing depth and then following the original 
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procedure to measure the remoulded shear strength at that depth.  Based on the 

motorised vane shear test results, ten rapid rotations were found sufficient to remould 

the soil fully.   

Both motorised and hand vane shear tests were carried out at a depth interval of 50 mm 

(i.e. 50 mm, 100 mm and 150 mm from the surface of the sample to the centre of the 

vane blade).  For the motorised vane shear test, the vane blade was raised to the sample 

surface between consecutive tests to release any residual torque that was trapped in the 

vane shaft.  In this paper, the motorised vane shear test and the hand vane shear test will 

be denoted as MV and HV respectively.   

6.3.4 Laboratory Elementary Strength Tests 

After the penetration and vane shear tests in all boxes, tube samples with diameter of 

125 mm and height of 200 mm were collected for anisotropically consolidated 

undrained triaxial compression, extension and simple shear tests (denoted as CAUC, 

CAUE and CAUSS respectively in this paper).  All samples were consolidated 

anisotropically with an estimated K0 value to a vertical effective stress of 35 kPa before 

undrained shearing.  A K0 consolidated undrained triaxial compression test (CK0UC) 

and a K0 consolidated undrained simple shear test (CK0USS) were also carried out to 

determine the undrained shear strength ratio (su/σ'vc) for normally consolidated 

Burswood clay (Box 2).  The final consolidation stress levels for the CK0UC and 

CK0USS were about 1.5 and 2 times the yield stress, respectively.  After the samples 

were practically fully consolidated, the triaxial samples were sheared at a nominal axial 

strain rate of about 0.5 %/hr while the simple shear sample were sheared at a nominal 

shear strain rate of about 22 %/hr.  Details of the testing procedures can be found in 

NGI-COFS (2006). 

6.4 RESULTS AND DISCUSSIONS 

6.4.1 Assessment of Penetration Resistance 

The measured cone resistance, qc, was corrected to total tip resistance, qt using the pore 

pressure measured at the shoulder of the cone, u2 and the calibrated  given earlier 

(Lunne et al. 1997b).  Since the effect of total overburden stress, v0, is negligible in 

these 1 g model tests, qt has been taken as the net penetration resistance, qnet, in this 

study.  Similarly, the penetration or extraction resistances of the miniature and the DMS 
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T-bar and ball penetrometers were not corrected for any unequal pore pressure and 

overburden pressure effects since both are negligible in these 1 g model tests.  

Therefore, the measured penetration or extraction resistance of the penetrometers has 

been taken as the net T-bar and ball resistances and denoted as qT-bar and qball 

respectively in this paper. 

6.4.2 Correction for Shaft Friction for Vane Shear Test 

In the interpretation of the motorised vane shear test results, the contribution to the total 

measured torque from the friction on the shaft (metal) – soil interface (acting between 

the base of the strain gauges and the top of the vane blade) was considered.  The 

correction for shaft friction in this study was estimated by rotating the vane shaft in the 

soil sample using similar procedures and rotation rates as for the motorised vane shear 

test and at the same testing depths.  The measured shaft friction corrections were then 

subtracted from the measured strengths.  In Box 1, it was found that the average shaft 

friction correction was approximately 17 % and 4 % of the strengths (both su,vane and 

sur,vane) measured by V1a and V2 respectively while in Box 2, the average shaft friction 

correction was approximately 11 % and 3 % of the strengths measured by V1a and V2 

respectively.  For tests in Box 3, the average shaft friction correction was found to be 

approximately 36 %, 7 % and 5 % of the strengths measured by V1b, V2 and V3 

respectively.   

6.4.3 Effect of Water Entrainment on Measured Resistance 

For Boxes 1 and 2, free water was allowed on the sample surface after unloading to 

simulate the box core sample and to prevent drying of the surface soil.  However, it was 

later found that this decision was a mistake because infiltration of water through the 

‘wound’ created by the initial penetration of penetrometer caused additional softening 

during cyclic tests.  As a result, the soil was remoulded under conditions with varying 

water content (i.e. water content gradually increasing during the cyclic test) and caused 

significant underestimation of the remoulded resistance.  Similar behaviour has also 

been observed in offshore (in situ) T-bar tests at shallow depth (Randolph et al. 2007).  

Figure 6-5(a) shows an example of the effect of water entrainment on the measured 

resistance during a miniature ball penetrometer test in Box 1 (MB1).  As shown in 

Figure 6-5(a), the measured penetration resistance between depths of 80 and 180 mm is 

fairly constant, but a gradually softening response was observed during extraction.  In 

addition, the cyclic resistance is also highly variable (and low) and tends to decrease 
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with decreasing depth, which indicates gradual infiltration of surface free water down 

the penetrometer shaft during the test.  Therefore, these post-cyclic resistances are 

deemed unreliable.   

The penetration test results in Boxes 1 and 2 suggest that the extent of softening due to 

free water penetrating from the surface appeared to depend on the size of the 

penetrometer and the duration of testing.  The test results showed that the resistances 

measured by the miniature ball penetrometer was most severely affected by water 

entrainment, probably because of the larger wound created by the initial penetration 

than that for the miniature T-bar test and the longer testing duration compared with the 

DMS penetration tests.  On the other hand, it was found that the resistances measured 

by the DMS were the least affected by the effect of water entrainment, which is believed 

due to the much shorter testing duration and larger volume of soil involved in the 

shearing mechanism, with these factors offsetting the effect of a larger wound created 

by the initial penetration.  In this paper, the penetration results affected by water 

entrainment were ignored in subsequent analysis. 

To eliminate the effect of water entrainment on the measured resistance, the free water 

on the sample surface was removed before performing the penetration and vane shear 

tests in Box 3.  A layer of wax was applied on the sample surface to prevent drying of 

the surface soil during testing.  As shown in Figure 6-5(b), the resistance profile 

measured by the motorised miniature ball penetration test in Box 3 is much more 

uniform than that measured in Box 1 (Figure 6-5(a)).  Therefore, it is important to take 

note that for similar tests in the future, and for offshore testing in box cores such as 

reported by Low et al. (2008), it is better to remove any free water before starting 

penetrometer or vane shear testing in the sample.   

6.4.4 Effect of Consolidation Following Vane Insertion on Measured Strengths 

It was found that the consolidation around the 7 mm shaft affected the strengths 

measured by the motorised vane shear tests in Boxes 1 and 2 significantly.  In both 

boxes, the su,vane and sur,vane measured by vanes V2 and V4 are significantly lower than 

those measured by vane V1a (even though vane V1a has the highest area and perimeter 

ratios).  The su,vane measured by V2 and V4 are around 80 to 90 % of those measured by 

V1a but the measured sur,vane are only about 50 % of those measured by V1a.  In 

addition, the stress-rotation response measured by vane V2 (see Figure 6-6(a)) also 

shows more rapid strain softening than that measured by vane V1a.  Note that the 



CHAPTER 6   NEAR SEABED SURFACE SOFT SOIL 

 202

sudden changes in shear stress for the stress-rotation responses shown in Figure 6-6 are 

due to the sudden changes in rotation rate.  The higher shear strengths and the more 

gradual strain softening measured by vane V1a in Boxes 1 and 2 suggest that some 

partial consolidation local to the vane occurred during these tests.   

The consolidation around the vane blade is undoubtedly caused by the excess pore 

pressure generated by vane insertion.  Given the size and the shape of the 7 mm shaft 

shown in Figure 6-4, significant excess pore pressure will be generated around the tip of 

vane shaft as the vane is penetrated into the soil sample (just as during a cone 

penetration test).  While the displacement of soil by the vane blades will also generate 

significant excess pore pressures, these should be more localised than those generated 

by the vane shaft insertion.  Furthermore, consolidation around the vane, even without 

the effect of a wide shaft, may compensate for the effect of disturbance during insertion 

and is the reason why vane strengths are sensitive to the waiting period between 

insertion and torsion.  Therefore, in the present case, the vane shaft will have led to 

much more significant consolidation induced increases in effective stress in the soil, and 

hence the measured shear strength.   

The amount of strength increase measured by the vane at a given time after vane 

insertion will depend on the position of the cylindrical shear surface relative to the tip of 

the vane shaft.  Since vane V1a has the smallest diameter (10 mm) and was attached to 

the largest shaft, the effect on the measured strengths will be the largest.  This also 

explains why the measured remoulded shear strengths for this vane show greater 

difference than the peak shear strength, because of the additional consolidation 

occurring during the 800 seconds of remoulding rotation.  Further evidence of partial 

consolidation during the vane shear tests may be seen during the final (and slowest) 

stage of the remoulded tests using vanes V1a and V1b, shown in Figure 6-6, with the 

shear stress tending to increase with rotation.   

In order to minimise consolidation effects on the measured strengths, an extension shaft 

with diameter of 3 mm was used for the smallest vane in Box 3 (vane V1b).  The 

thickness of the smallest vane blade was also reduced to give area and perimeter ratios 

similar to those for vanes V2 and V3.  The much closer agreement in the stress-rotation 

responses and measured values of su,vane and sur,vane with vane V1b, as compared to those 

measured by the other vanes, further demonstrates that the size of the vane shaft can 

have a significant effect on the measured strengths.  Note that the higher strength 
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measured by vane V1b compared with those measured by vanes V2 and V3 in Box 3 

shown in Figure 6-6(b) is due to slight strength variability within the sample, which is 

supported by the higher strength measured by the nearby hand vane (HV1 shown in 

Figure 6-1) compared with those measured by hand vane tests at other locations (HV2 

and HV3 shown in Figure 6-1).  Since the strengths measured by vane V1a in Boxes 1 

and 2 were affected by consolidation of soil around the shaft, they were ignored in the 

subsequent analysis. 

6.4.5 Comparison of Penetration Resistances 

In general, the measured penetration resistances are consistent among the tests for each 

penetrometer, except those measured by the miniature ball penetrometer, which were 

affected by water entrainment during the test.  This implies that the samples are 

generally homogenous and the loss of strength due to sample swelling over the testing 

duration of 20 hours is negligible.  Figure 6-7 shows the comparisons of average 

penetration and extraction resistances for each penetrometer and their resistance ratios 

for Box 3.   

In all three boxes, the DMS T-bar and ball penetrometers showed excellent consistency 

in initial and remoulded penetration resistances with the ratio of ball to T-bar resistance 

(qball/qT-bar) over the whole depth fluctuating around unity.  Interestingly, these 

measured qball/qT-bar ratios are consistent with those measured by the field T-bar and ball 

penetration tests at Burswood site (Chung and Randolph 2004; NGI-COFS 2006).  By 

contrast, the miniature T-bar and ball penetration tests do not show such consistency in 

initial penetration resistance, and give an average qball/qT-bar ratio of 0.81, 0.91 and 0.94 

for Boxes 1, 2 and 3 respectively, although a post cyclic qball/qT-bar ratio of 0.97 

(unaffected by water entrainment) was measured in the miniature T-bar and ball 

penetration tests in Box 3.  A possible explanation for the low qball/qT-bar ratio measured 

by the miniature T-bar and ball penetrometers in Boxes 1 and 2 was softening during 

the miniature ball penetration test due to water entrainment.  This appears to be 

supported by the highest qball/qT-bar ratio being measured in Box 3 where the surface 

water was removed.   

The average ratios of qT-bar and qball (measured by the DMS) relative to qnet (qT-bar/qnet or 

qball/qnet) for Boxes 1, 2 and 3 were found to be 0.83, 0.84 and 1.04 respectively.  When 

comparing these ratios with the rigidity index data summarised in Table 6-1 (Ir = G50/su, 

where G50 is the estimated secant shear modulus at a stress level of the average of the 
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deviatoric stress before shearing and peak deviatoric stress, using a Poisson’s ratio of 

0.5 and su is the measured undrained shear strength), the qT-bar/qnet and qball/qnet ratios 

appear to decrease with increasing rigidity index.  This trend is consistent with that 

observed in a worldwide database of field penetration tests (Low et al. 2009).   

In Figure 6-7(c), it may be observed that the ratio of initial extraction to penetration 

resistance (qout/qin) and the ratio of remoulded penetration resistance to initial 

penetration resistance (qrem/qin) measured by each penetrometer are generally constant 

throughout the testing depth, except for the qout/qin measured by the miniature 

piezocone.  As shown in Figure 6-7(c), the piezocone took approximately 40 mm of 

extraction before the reverse tip resistance developed, but after that became fairly 

constant with depth.  In general, the qout/qin and qrem/qin ratios for all the penetrometers 

range from 0.5 to 0.75 and 0.34 to 0.45 respectively, with Box 1 and Box 3 give the 

lowest and the highest ratio.  When comparing the qout/qin and qrem/qin ratios with the 

strength sensitivity (St) values summarised in Table 6-1, the qout/qin and qrem/qin ratios 

appear to decrease with increasing St of the sample.  This is logical, and also consistent 

with field data reported by Yafrate and DeJong (2006).  Nevertheless, as discussed in 

the following section, the inverse of qrem/qin (‘resistance sensitivity’) is smaller than St 

due to the difference in bearing factors that relate the su,vane and sur,vane to the penetration 

resistance measured during initial and post-cyclic penetration (Zhou and Randolph 

2009).   

6.4.6 Comparison between Penetration Resistance, Vane and Laboratory Shear 

Strengths 

Comparisons between penetration resistances and undrained shear strengths (su) 

measured by vane (motorised and hand vanes), triaxial and simple shear tests for Boxes 

1, 2 and 3 are shown in Figure 6-8.  Since the penetration resistance measured by the 

miniature piezocone and the DMS penetrometers were the most reliable in all the 

samples and show comparable performance with what was observed in the field 

penetration tests at Burswood, only these measured penetration resistances were used 

for the comparison in Figure 6-8.  The penetration resistance profiles for remoulded 

conditions are based on the resistance profile measured during the penetration phase of 

the final penetration-extraction cycle and the remoulded penetration resistance affected 

by water entrainment have been excluded from the plots.  In Figure 6-8, the su data are 

plotted on a separate scale from the penetration resistance profiles, with a scaling ratio 
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of 1:10.  For clear presentation of the motorised and hand vane shear test results, at each 

testing depths (i.e. 50, 100 and 150 mm), only the average values of su,vane and sur,vane 

measured at that depth were plotted.  Note that the quality of soil samples for triaxial 

and simple shear tests were evaluated using the criteria proposed by Lunne et al. 

(1997a) and all the samples can be classified as good to excellent.  Figure 6-8 shows 

that the net penetration resistance profiles reflect well the variation of strength data 

throughout the depth.   

In this study, the penetration resistances and su are compared using the resistance factor, 

N-factor.  The N-factors for piezocone, T-bar and ball penetrometers are denoted as Nkt 

(qnet/su), NT-bar (qT-bar/su) and Nball (qball/su) respectively.  For remoulded soil, the 

respective penetration resistance for each penetrometer will be replaced by the 

remoulded penetration resistance, qrem and su will be replaced by the remoulded 

undrained shear strength, sur.  A summary of average laboratory shear strengths, vane 

shear strengths and the resulting N-factors for all three boxes is given in Table 6-3 and 

the average N-factors obtained from the Burswood field calibration (NGI-COFS 2006) 

are also given for comparison.  It should be noted that, since the su,vane and sur,vane data 

measured by vanes V2 and V3 do not differ significantly from those measured by vane 

V4 in each box, the su,vane and sur,vane values summarised in Table 6-3 are the average of 

all shear strength values measured by both devices.  In Table 6-3, the shear strengths 

and N-factors for remoulded soil are given in brackets.   

It may be noted in Table 6-3 that the N-factors derived from the vane and laboratory 

shear strengths range between 8.45 and 15.42.  It is also interesting to note that Nkt tends 

to decrease with decreasing rigidity index (see Table 6-1), as predicted theoretically 

(Teh and Houlsby 1991; Lu et al. 2004).  Nonetheless, although the measured undrained 

shear behaviour is comparable with those measured from undisturbed Sherbrooke 

samples obtained from the field (Low 2009) and the sample quality was high, the 

N-factors derived from laboratory shear strengths are, on average, approximately 17 % 

lower than the N-factors obtained from the field calibration, with the N-factors derived 

from su measured by CAUE and CAUSS showing the largest (28 %) and the smallest 

(7 %) difference.  Similarly, the average N-factors derived from su,vane is about 10 % 

lower than those obtained from the field calibration while the average N-factors derived 

from sur,vane is about 10 % higher than those obtained from the field calibration.   
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After considering the effects of yield stress ratio, stress anisotropy, rigidity index, strain 

rate and strength sensitivity on the measured penetration resistance and shear strength, 

the low N-factors derived from laboratory shear strengths suggest that the shear strength 

of the samples during the penetration and vane shear tests is lower than that from the 

laboratory tests.  Since the penetrometer test results do not show significant reduction in 

shear strength throughout the testing duration (implying that sample swelling is 

minimal), the most likely source of strength loss is due to the stress relief after the 

removal of the consolidation stress prior to testing.  The removal of the consolidation 

stress will result in a change from the anisotropic effective stress conditions generated 

during sample consolidation to an isotropic effective stress state.  This is analogous to 

the perfect sampling approach simulated by Ladd and Lambe (1963) in their studies of 

the effect of sample disturbance on the mechanical properties of soil measured in the 

laboratory.  Studies (e.g. Hight 2003) have shown that the mean effective stress for a 

soil sample that experiences perfect sampling will reduce and cause a reduction in the 

measured shear strength.  However, during the laboratory strength tests in this study, all 

the soil samples were reconsolidated back to the original consolidation mean effective 

stress before undrained shearing and hence would have led to higher shear strengths 

measured from the laboratory tests than those measured during the penetration and vane 

shear tests.  In retrospect, it might have been more consistent to have run the laboratory 

tests without reconsolidating the samples (i.e. as UU triaxial tests, and equivalent in 

simple shear).   

On the other hand, since the vane shear tests were carried out at the same mean effective 

stress as for the penetration tests, the lower N-factors for su,vane obtained in this study 

than those obtained from the field calibration may be due to the higher perimeter ratio 

and area ratio for the field vane (4.5 % and 8.9 % respectively) compared with the 

miniature vane (see Table 6-2).  The higher perimeter ratio and area ratio will cause 

more disturbance during the field vane insertion (Cerato and Luttenegger 2004).  This 

will result in lower measured su,vane than that measured by field vane with perimeter 

ratio and area ratio similar to those for the miniature vane.  As a consequence, the 

corresponding N-factor will be higher for the field vane test than that for the miniature 

vane.   

In Table 6-3, it may be noted that NT-bar and Nball for vane shear tests in remoulded soil 

are 27 % to 36 % higher than those derived from the comparison between initial 

penetration resistance and su,vane.  This range is slightly lower than the figure of 37 % 
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obtained from numerical analysis by Zhou and Randolph (2009) for a strength 

sensitivity of around 3.3.  The higher N-factors for remoulded soil may be attributed to 

the strength enhancement as a result of high strain rate in soil surrounding the 

penetrometer, but without the compensating effect of strain softening that occurs during 

initial penetration (Zhou and Randolph 2009).  As a result of this disparity in N-factors 

for intact and remoulded conditions, the ‘resistance sensitivity’ measured by the T-bar 

and ball penetrometers is smaller than the strength sensitivity measured by the vane 

shear test.   

Table 6-3 shows that the Nkt and the N-factors derived from su measured in the CAUE 

test show the highest variation among the N-factors.  On the other hand, the NT-bar and 

Nball, when correlating to su measured in the CAUSS and vane shear tests, are the least 

sensitive to the differences in soil conditions created in this study.  Since the N factors 

derived from the vane shear strengths are not affected by stress relief in the sample, 

NT-bar (and Nball) values of 11 and 14 (derived from the mean of NT-bar and Nball for vane 

shear tests as summarised in Table 6-3) may be used to estimate su,vane and sur,vane from 

the initial and remoulded DMS T-bar (and ball) penetration resistances, respectively.   

6.5 CONCLUSIONS 

This paper has described the results of a series of 1 g penetrometer tests, vane shear 

tests and laboratory strength tests carried out in three box samples of reconstituted 

Burswood clay with sample conditions ranging from normally consolidated to lightly 

overconsolidated by aging and mechanical unloading.  The aims of the study were to 

evaluate different methods for measuring the shear strength in offshore box cores, in 

particular to assess the potential of a manually operated penetrometer, the DMS, fitted 

with a cylindrical (T-bar) or spherical (ball) tip, and to provide additional data 

correlations for different penetrometers relative to vane shear and laboratory strengths.   

In general, the DMS penetration tests gave extremely consistent results, with identical 

penetration resistance measured from the T-bar and ball penetrometers.  Even though 

the DMS penetration tests were performed manually, its performance is comparable 

with that observed from field T-bar and ball penetration tests.  In addition, the DMS 

penetration test took much less time than a miniature vane shear test to determine the 

intact and remoulded shear strength profiles in a box sample, and provides a continuous 
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shear strength profile throughout the depth rather than shear strength data at discrete test 

depths obtained from miniature vane shear tests.   

The penetration results suggest that keeping free water on the sample surface during 

testing was a mistake, because the miniature T-bar and ball penetration resistances were 

affected by additional softening due to water entering the wound left by the 

penetrometer and shaft, particularly during cyclic penetration and extraction tests.  Even 

though similar problems were not encountered, or at least only marginally, with the 

DMS penetration tests, it is advisable to remove any free water before starting 

penetrometer or vane testing in the sample.   

Partial consolidation of soil around the tip of the vane shaft was found to affect the 

shear strengths measured by a 10 mm diameter vane significantly when it was attached 

to a 7 mm shaft, giving consistently higher shear strengths than those measured by 

larger vanes.  The effect of partial consolidation reduced considerably when the 10 mm 

vane was attached to a shaft of smaller diameter (3 mm).  This suggests that the ratio of 

shaft diameter to vane diameter is an important parameter to be considered when 

designing a vane for shear strength measurement and when interpreting vane shear test 

results. 

The laboratory triaxial and simple shear tests did not yield useful results because the 

applied mean effective stress levels during the tests are different from those during the 

penetration and vane shear tests due to stress relief.  Even though stress relief may not 

be an issue for box core sampling of seabed surficial sediments, sub-sampling from the 

box core sample in order to perform laboratory strength tests on these low effective 

stress materials remains a major challenge.  Therefore, it may be concluded that 

performing penetrometer tests in the box core samples is the preferred option for 

strength characterisation of seabed surficial sediments.   

The N-factors relating the penetration resistance to the vane shear strength were found 

to be 27 to 36 % higher for fully remoulded conditions compared with the N-factors for 

the intact soil.  As a corollary, strength sensitivities determined by means of cyclic 

T-bar and ball penetration tests were found to be 27 to 36 % lower than those 

determined from vane shear tests, which is consistent with theoretical predictions.  The 

NT-bar (and Nball) values of 11 and 14 deduced for intact and remoulded conditions may 

be used to estimate the peak and remoulded undrained shear strengths from the initial 

and remoulded penetration resistances, respectively. 
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Table 6-1  Summary of properties for box samples 

Property Value 

Box 1 Box 2 Box 3 

Peak friction angle, 'peak (°)* 41.3 31.5† 38.5 

Rigidity index, Ir (= G50/su)
* 169 149 119 

Water content, w (%)  78  80  71 

Liquid Limit, LL (%) 81 

Plastic Limit, PL (%) 38 

Yield Stress, 'vy (kPa)** 61 37 81 

Compression index, Cc  0.78 0.76 0.77 

Strength Sensitivity, St 3.74 3.16 3.22 

Coefficient of consolidation at normally 
consolidated range, cvnc (m

2/year)  0.6 

Particle size < 63 m (%)  90 

Particle size < 2 m (%) 18 

Note  * Determined from CAUC tests 
 ** Determined from constant rate of strain consolidation tests (using Casagrande method) 
 † at critical state 
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Table 6-2  Vane sizes 

Vane No. Height Diameter Thickness 
Perimeter 

Ratio 
Area Ratio 

 (mm) (mm) (mm) (%) (%) 

V1a 15 10 0.5 6.4 12.7 

V1b 15 10 0.25 3.2 6.35 

V2 30 20 0.5 3.2 6.35 

V3 40 20 0.5 3.2 6.35 

V4 28.6 19.1 0.9 6 12.6 

 

Table 6-3  Summary of strength test results and N-factors 

Box no. Test su (kPa) Nkt NT-bar Nball 

1 

CAUC 16.80 10.80 8.55 8.49 

CAUSS 16.74 10.32 8.58 8.53 

CAUE 13.30 12.98 10.80 10.73 

Vane 14.02 (3.76*) 12.31 10.25 (13.04*) 10.18 (13.47*) 

2 

CAUC 11.36 10.40 8.75 8.75 

CAUSS 11.76 10.05 8.45 8.46 

CAUE 7.67 15.42 12.96 12.97 

Vane 8.94 (2.85*) 13.22 11.11 (15.13*) 11.12 (-) 

3 

CAUC 17.63 9.20 9.59 9.48 

CAUSS 18.96 8.55 8.91 8.81 

CAUE 16.03 10.12 10.54 10.43 

Vane 15.63 (4.89*) 10.38 10.81 (14.19*) 10.69 (14.38*) 

Field 

CAUC - 11.30 10.83 10.89 

CAUSS - 9.99 9.40 9.53 

CAUE - 16.94 15.89 16.46 

Vane - 13.03 12.08 (12.70*) 12.12 (12.90*) 

Note  * for remoulded soil 
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Figure 6-1  Testing layout (all dimensions in mm) 

 

Figure 6-2  Manually operated penetrometer (DMS) 
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Figure 6-3  Miniature T-bar, ball and piezocone penetrometers (all dimensions in mm) 
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Figure 6-4  Vane sizes (all dimensions in mm) 
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Figure 6-5  Effect of water entrainment on the measured resistances 

 



CHAPTER 6   NEAR SEABED SURFACE SOFT SOIL 

 217

 

0 20 40 60 80 100 120 140
Rotation Angle ( o )

0

4

8

12

16

Sh
ea

r 
st

re
ss

 (
kP

a)

3000 4000 5000 6000 7000 8000
Rotation Angle ( o )

0

2

4

6

8

Sh
ea

r 
st

re
ss

 (
kP

a)

MV1 - V1a

MV3 - V2

       (a) at peak strength (Box 2) (a) after remoulding (Box 2) 

0 20 40 60 80 100 120 140
Rotation Angle ( o )

0

4

8

12

16

20

Sh
ea

r 
st

re
ss

 (
kP

a)

8000 10000 12000 14000 16000
Rotation Angle ( o )

0

2

4

6

8

10

Sh
ea

r 
st

re
ss

 (
kP

a)

MV1 - V1b

MV2 - V2

MV3 - V3

        (b) at peak strength (Box 3) (b) after remoulding (Box 3) 

Figure 6-6  Stress-rotation responses from vane shear tests 
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Figure 6-7  Comparison of average penetration and extraction resistances and their 
ratios among the penetrometers in Box 3 
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CHAPTER 7    VARIABLE RATE FULL-FLOW 

PENETRATION TESTS IN INTACT AND REMOULDED 

SOIL 

By: Han Eng Low, Mark F. Randolph, Jason T. DeJong and Nicholas J. Yafrate 

ABSTRACT:  A series of twitch tests and variable rate cyclic T-bar and ball 

penetration tests were performed at Burswood, Australia to evaluate penetration rate 

effect on T-bar and ball penetration resistances in both intact and remoulded Burswood 

clay.  It was found that the rate coefficients for field T-bar and ball resistances, which 

depend on the rate function used to fit the data, lie between 0.10 and 0.21 with the rate 

coefficients for ball resistance falling at the lower bound.  No difference was observed 

in the rate coefficients for intact and remoulded Burswood clay, for either T-bar or ball 

resistance.  It was also shown that, by fitting the data to a laboratory calibrated 

backbone curve, values of the vertical coefficient of consolidation relevant for normally 

consolidated conditions could be deduced, matching values obtained from CRS 

consolidation tests. 
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7.1 INTRODUCTION 

Full-flow penetrometers, i.e. cylindrical T-bar and spherical ball penetrometers, have 

started to be used widely as one of the site investigation tools for characterisation of 

deepwater soft sediments (Lunne et al. 2005).  Several studies have been published on 

the correlation between the penetration resistance measured by full-flow penetrometers 

and the intact and remoulded undrained shear strengths (Randolph 2004; Lunne et al. 

2005; Yafrate and DeJong 2006).  

The possibility of direct application of penetration test data for estimating the response 

of offshore pipelines, shallow foundations and anchoring systems has been explored by 

Randolph et al. (2007).  In order to scale the penetration resistance for direct application 

in design, appropriate adjustments are required to allow for the time scale of loading (or 

rate of straining) and the geometric scale of the design object relative to the size of the 

penetrometer.  From numerical analysis, they also showed that the resistance factors 

used to estimate intact and remoulded undrained shear strengths from the penetration 

resistance are functions of the rate dependency of shear strength, the sensitivity and the 

relative ductility of the soil.   

One method to assess the influence of strain-rate on the penetration resistance in the 

field is by varying the penetration rate during penetrometer testing.  This may be 

achieved by either conducting separate tests in adjacent locations at different rates or, if 

the soil deposit is relatively homogeneous, by varying the penetration rate over a small 

range (about 0.5 to 1 m) within a single test.  Procedures such as the twitch test 

described by House et al. (2001) allow the evaluation of the rate dependency for 

undrained penetration and the coefficient of consolidation by noting the penetration rate 

below which the resistance starts to increase due to partial consolidation during 

penetration.   

In this paper, the results of field T-bar and ball twitch tests in both intact and remoulded 

Burswood clay and variable rate cyclic penetration tests in remoulded Burswood clay 

are presented.  These test results are then used to assess the effect of penetration rate on 

undrained penetration resistance and values the vertical coefficient of consolidation, cv.   
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7.2 SITE DESCRIPTION 

The Burswood site is situated on an inside meander of the Swan River, a few kilometres 

upstream from the centre of Perth, Western Australia.  The test region for this research 

is essentially level and the deposit underlying the site is reasonably homogeneous 

laterally (Low et al. 2007).  The stratigraphy of the site comprises a weathered crust, 

about 3 m thick, underlain by a layer of soft silty clay some 17 m thick, underneath 

which is a layer of dense, fine sand.  Above a depth of 12 m, the soil contains frequent 

shell fragments and silt lenses; below this depth, small shell fragments also exist 

occasionally.  Desiccated organic matter also occurs at depths shallower than 7 m.  The 

water table is within the top 1 to 2 m, although previous fluctuations have probably 

occurred.  As a result of this, and because of aging, the clay deposit is lightly 

overconsolidated.   

The particle size distribution for the Burswood clay is fairly uniform throughout the 

deposit.  The fines content varies from 86 % to 100 % and the clay size content ranges 

from 8 % to 25 %.  The liquid limit and plastic limit decrease respectively from about 

120 % to 70 % and from 45 % to 30 %, between depths of 4 m and 14 m below ground 

level and the corresponding Ip ranges between 40 % and 75 %.  The measured natural 

water content (wn) is close to the liquid limit, which suggests that the soil may be 

somewhat sensitive.  The sensitivity measured from field vane shear tests showed 

values between 4 and 9 for soil at depths less than 7 m, and between 2 and 4 for soil at 

depths greater than 7 m below ground level (Chung and Randolph 2004).  The Yield 

Stress Ratio, (YSR = 'vy/'v0) determined from constant rate of strain (CRS) 

consolidation tests on high quality Sherbrooke block samples generally reduces from 

more than 3 near the ground surface to about 1.3 at a depth of 15 m. 

7.3 TESTING PROGRAM 

A series of twitch and variable rate cyclic tests were performed by Schneider et al. 

(2004) and Yafrate and DeJong (2007) to evaluate the effect of penetration rate on the 

T-bar and ball penetration resistances in intact and remoulded Burswood clay.  T-bar 

and ball penetration tests at the standard penetration rate of 20 mm/s were also carried 

out to provide the baseline penetration resistance for interpretation of the twitch tests in 

intact Burswood clay.  All these tests were performed in close proximity (within a test 

region of 10 m x 10 m).   
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7.3.1 Testing Equipments 

T-bar penetration tests (denoted by T1, T2, T3 and T4) were conducted using a 

cylindrical penetrometer of 40 mm in diameter and 250 mm long while ball penetration 

tests (B1, B2, B3 and B4) were conducted using a spherical penetrometer of 113 mm in 

diameter.  Both T-bar and ball penetrometers have a projected base area of 10,000 mm2.  

The rods used to push the penetrometers into the ground have a diameter of 35.7 mm 

and cross-sectional area of 1000 mm2.  The calibrated net area ratios (defined as the 

ratio of the cross-sectional steel area at the connection of T-bar or ball and force sensor 

to the projected area of the connecting shaft) of the T-bar and ball penetrometers used 

by Schneider et al. (2004) and Yafrate and DeJong (2007) were 0.85 and 0.72 

respectively.  The surface of the T-bar and ball used in all tests was lightly sand-blasted. 

7.3.2 Testing Procedures 

Except during penetration tests T3 and B3 at depths between 9.5 m and 13.5 m, and 

during twitch tests, all penetration tests were performed at a penetration rate of 20 

mm/s.  Penetration tests T3 and B3 were performed at a penetration rate of 2 mm/s at 

depths between 9.5 m and 13.5 m.   

Twitch tests were performed during initial penetration in tests T2, T3, B2 and B3 and 

after cyclic testing in T1, T4 and B4 (i.e. after the soil was remoulded) as detailed in 

Table 7-1.  The twitch tests were performed in 1 m long strokes, during which the 

penetration rate was reduced in stages after the T-bar or ball had been advanced a fixed 

penetration depth (denoted as the twitch distance in this paper) at each rate.  The twitch 

distance was varied between 1.5 and 3 times the probe diameter.   

To remould the soil, cyclic tests were performed by penetrating and extracting the T-bar 

or ball penetrometer at a rate of 20 mm/s through a stroke of about 1 m.  The variable 

rate cyclic tests in tests T4 and B4 were performed by varying the penetration and 

extraction rate after 8 initial cycles at a rate of 20 mm/s to ensure the tests were 

performed in remoulded soil.  For cycles with penetration and extraction rates slower 

than 20 mm/s, a rate of 20 mm/s was adopted for the top and bottom quarter of the cycle 

(i.e. 0.25 m in this case) to reduce the testing time and provide a reference for 

estimating the penetration resistance at the standard penetration rate for that particular 

cycle.  The adopted cyclic penetration and extraction rates are summarised in Table 7-1.   
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7.4 TEST RESULTS 

Figure 7-1 shows example profiles of penetration rate and penetration resistance for 

T-bar and ball twitch tests in intact and remoulded Burswood clay, while Figure 7-2 

shows examples of variable rate cyclic resistance profiles.  The plotted T-bar and ball 

penetration resistances (qT-bar and qball) have been corrected for overburden pressure and 

unequal area effect as suggested by Chung and Randolph (2004).   

It may be noted in Figure 7-1 that the qT-bar and qball decrease compared to that for a 

standard rate test when the penetration rate is reduced.  However, once the penetration 

rate falls below a threshold penetration rate of about 0.1 mm/s (see Figure 7-1(a) and 

Figure 7-1(c)), qT-bar and qball start to increase again.  The initial drop in qT-bar and qball as 

the penetration rate reduces may be attributed to viscous effects for undrained 

conditions while the increase in qT-bar and qball for penetration rates below the threshold 

rate may be attributed to the effect of consolidation.   

These twitch test results suggest that the test allows confirmation of whether the 

penetration at the standard rate is truly undrained or partially drained through the 

comparison of twitch test penetration resistance with that for a standard rate test.  This 

advantage may be particularly useful for the interpretation of penetration tests in 

intermediate soils such as silts.  In addition, the twitch test also allows evaluation of the 

coefficient of consolidation.  It has been shown by House et al. (2001), Randolph and 

Hope (2004) and Chung et al. (2006) that the threshold penetration rate observed in 

Figure 7-1 is primarily a function of the coefficient of consolidation, and penetrometer 

diameter and geometry. 

In this paper, the effect of penetration rate on qT-bar and qball will first be evaluated in the 

undrained regime, followed by analysis of the twitch tests to evaluate the coefficient of 

consolidation by considering both viscous and partially consolidation effects on qT-bar 

and qball.   

7.4.1 Analysis of Penetration Rate Effect in Viscous (Undrained) Regime 

The penetration rate effect on the penetration resistance in the undrained regime is 

commonly evaluated using a semi-logarithmic function as (e.g. Yafrate and DeJong 

2007): 
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where q is the penetration resistance at a given penetration rate, v; qref is the penetration 

resistance at a reference penetration rate, vref;  is the rate coefficient.  In this paper, qref 

will be taken as q at a penetration rate of 20 mm/s (i.e. vref). 

However, for the analysis of penetrometer data to account for viscous effects at high 

penetration rates and a transition to zero viscous effects at very slow rates, a hyperbolic 

sine function is required.  For undrained penetration, this equation takes a form similar 

to (Chung et al. 2006): 
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where d is the diameter of the penetrometer; and  0 is the strain rate at which viscous 

effects start to decay towards zero.   0 may be replaced by v0/d where v0 is the 

penetration rate at which the viscous effect starts to decay towards zero.  The division of 

 by ln(10) is to ensure that the value is essentially equal to that for the semi-

logarithmic function in Eq.(7-1)  Note that this form of hyperbolic sine function 

ensures that viscous effects become negligible below a penetration rate of 0.1v0.  This is 

particularly useful in evaluating the transition from undrained (viscous) penetration to 

partially drained (assumed non-viscous) penetration.   

Figure 7-3 shows the variation of q/qref with penetration rate for T-bar and ball 

penetration tests in both intact and remoulded Burswood clay.  The data for tests in 

intact Burswood clay are plotted with solid symbols while the data for tests in 

remoulded Burswood clay are plotted with open symbols.  The data shown in Figure 7-3 

confirm that the influence of viscous effects on qT-bar and qball are overcome by the 

effects of partial consolidation at a rate of approximately 1 mm/s (i.e. v0) for both intact 

and remoulded Burswood clay.  This is reflected in the trend shown using the 

hyperbolic sine function.   

To evaluate , i.e. the rate of variation of q/qref for each order of magnitude change in 

penetration rate, q/qref values for penetration rates faster than 1 mm/s were fitted with 

Eqs. (7-1) and (7-2) (after substituting v0/d for  0) using a least squares procedure.  The 
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resulting  values for qT-bar and qball in both intact and remoulded Burswood clay are 

summarised in Table 7-2.   

In general, the  values for qT-bar and qball lie between 0.10 and 0.21, which are in the 

range similar to those reported in the literature for laboratory soil elementary tests 

(lower end of range) and field vane tests (upper end of range).  While no difference was 

observed in the  values for intact and remoulded Burswood clay, for either T-bar or 

ball penetration tests, in both cases qball appeared to be less sensitive to penetration rate 

variation than qT-bar.  These results are generally consistent with those presented by 

Yafrate and DeJong (2007) where an average  from four soft clay test sites (including 

Burswood) was presented, although they found the average  was slightly greater for 

remoulded conditions than intact.   

It may also be observed in Table 7-2 that the  values fitted using semi-logarithmic (Eq. 

(7-1)) and hyperbolic sine (Eq. (7-2)) functions are different.  This is mainly because the 

penetration rate was normalised by 20 mm/s (i.e. vref) in Eq. (7-1) while it was 

normalised by v0 in Eq. (7-2).  It can be shown that different  values will be obtained 

when the penetration rate is normalised with different reference penetration rates.  

When the penetration rate is normalised with v0, the  values obtained from fitting the 

semi-logarithmic function (which takes a form similar to Eq. (7-2)) are close to those 

obtained from fitting the hyperbolic sine function, as shown by the values in brackets in 

Table 7-2.  While v0 is a site specific parameter, the potential advantages of the 

hyperbolic sine function are its capability of capturing the transition to zero rate effects 

at very slow rates and avoiding the singularity problem as shear strain rate or velocity 

tends to zero.   

7.4.2 Analysis of Twitch Test Results 

In order to capture both effects of consolidation and viscous undrained behaviour on 

penetration resistance during a twitch test, Chung et al. (2006) incorporated Eq. (7-2) 

with the backbone curve equation proposed by Watson and Suemasa (2000), in the 

form: 
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where a,b,c and n are the backbone curve parameters and V is the normalised 

penetration rate; the latter was proposed by Chung et al. (2006) as vde/cv with v is the 

penetration rate, de is the equivalent diameter of the penetrometer and cv is the vertical 

coefficient of consolidation.  Note that the equivalent diameter, de, is the diameter of a 

circle of equivalent projected area to the ball (where de = d) or T-bar (where de = 2.82d 

for an aspect ratio (L/d) of 6.25:1).  This adjustment was found to unify the partial 

consolidation response for penetrometers of different geometry (spherical or 

cylindrical), and T-bars of different aspect ratio (Chung et al. 2006).  It should be noted 

that vref in Eq. (7-3) must be significantly greater than v0 in this formulation to ensure 

the penetration at this rate is under undrained conditions.  It is taken as 20 mm/s in this 

paper. 

The backbone curve parameters a, b, c and n have been calibrated in several 

independent studies by performing piezocone and T-bar penetration tests at various 

penetration rates in the centrifuge (Watson and Suemasa 2000; House et al. 2001; 

Randolph and Hope 2004) and a range of values have been reported.  In this paper, the 

values proposed by Watson and Suemasa (2000) (i.e. a = 1, b = 2.77, c = 0.175 and n = 

1.45) were adopted for the analysis of T-bar and ball twitch tests.   

As shown by House et al. (2001), cv may be estimated by fitting Eq. (7-3) with the field 

data using a least squares approach.  As may be noted in Figure 7-3, the v0 for both 

intact and remoulded Burswood clay may be taken as 1 mm/s and the  values shown in 

Table 7-2 were adopted in Eq. (7-3) for the curve fitting exercise.  In this study, the data 

for T-bar and ball twitch tests in intact and remoulded Burswood clay were fitted 

separately.   

The fitted backbone curves and the best fitted cv values, for twitch T-bar and ball tests 

in both intact and remoulded Burswood clay are presented in Figure 7-4.  The fitted 

backbone curves for intact and remoulded Burswood clay are plotted with solid and 

dotted lines respectively.  In general, though the backbone parameters were calibrated 

from T-bar penetration tests, Eq. (7-3) captures the overall trends of the variation of 

q/qref with V for both T-bar and ball twitch tests in intact and remoulded Burswood clay 

reasonably well.  In addition, it may also be observed that the difference between the 

best-fitted cv values for twitch tests in intact and remoulded Burswood clay is very 

small.   
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Since the backbone curve parameters were calibrated based on empirical fits using cv 

data obtained from consolidation tests on normally consolidated soil, the cv values 

deduced from fitting the field data to Eq. (7-3) should be representative of cv values 

measured under normally consolidated conditions (i.e. cvnc).  Based on the results of 

CRS test on Sherbrooke block samples reported by Low et al. (2007), the average cvnc 

for Burswood clay samples collected from the depths where the twitch tests were 

performed is 1.6 m2/year, which is close to the best fitted cv values shown in Figure 7-4.  

Note that the cvnc values for Burswood clay are fairly constant throughout the stress 

range explored.  These results suggesting that the twitch test (together with Eq. (7-3)) 

may be used to estimate cvnc for Burswood clay. 

7.5 CONCLUSIONS 

In this study, it was found that the rate coefficients for field qT-bar and qball lie between 

0.10 and 0.21 with the rate coefficients for qball falling at the lower end of this range, 

indicating that qball is less sensitive to viscous rate effects than qT-bar.  It was also shown 

that the backbone curve equation proposed by Watson and Suemasa (2000) may be used 

to estimate cvnc from the twitch test with sufficient accuracy. 

It is interesting to note that no significant difference could be observed in the rate 

coefficients for qT-bar and qball and the deduced cv in both intact and remoulded 

Burswood clay.  Given that it is much easier to measure a consistent resistance profile 

for both standard rate and variable rate tests under remoulded conditions, these results 

suggest that performing twitch tests in remoulded, rather than intact soil, may be 

advantageous. 
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Table 7-1  Penetration test details 

Test no 
Twitch Test 

Depth 
Twitch 

Distance 
Twitch Rate Cyclic Rate 

(m) (mm) (mm/s) (mm/s) 

T1†** 6 to 7 60 
20, 10, 5, 2, 1, 0.4, 0.2, 

0.1, 0.04, 0.02, 0.01 
20 

T2* 6 to 7 60 
20, 10, 5, 2, 1, 0.4, 0.2, 

0.1, 0.04, 0.02, 0.01 
- 

T3* 
8.5 to 9.5, 

13.5 to 14.5 
120 

20, 6, 2, 0.6, 0.2, 0.06, 
0.02 

- 

T4** 
8.5 to 9.5, 

13.5 to 14.5 
120 

20, 6, 2, 0.6, 0.2, 0.06, 
0.02 

20, 6, 2, 0.06 

B1† - - - 20 

B2* 6 to 7 140 
20, 6, 2, 1, 0.3, 0.1, 

0.03, 0.01 
- 

B3* 
8.5 to 9.5, 

13.5 to 14.5 
226 20, 2, 0.2, 0.02 - 

B4** 
8.5 to 9.5, 

13.5 to 14.5 
226 20, 2, 0.2, 0.02 20, 6, 2, 0.06 

Note   † Standard rate penetration test 
 * Test contains twitch tests in intact soil 
 ** Test contains twitch tests in remoulded soil and variable rate cyclic tests 

 

Table 7-2  Best fit hyperbolic sine and semi-logarithmic rate coefficient 

Penetrometer 
Hyperbolic sine 

rate coefficient,  
Semi-logarithmic rate 

coefficient,  

T-bar (Intact) 0.21 0.15 (0.19) 

T-bar (Remoulded) 0.21 0.15 (0.19) 

Ball (Intact) 0.12 0.10 (0.11) 

Ball (Remoulded) 0.12 0.10 (0.11) 
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(a) Standard and twitch T-bar tests in intact Burswood clay 
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(b) Standard and twitch T-bar tests in remoulded Burswood clay 

Figure 7-1  Profiles of penetration rate and penetration resistance for twitch tests in 
intact and remoulded Burswood clay 
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(c) Standard and twitch ball tests in intact Burswood clay 
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(d) Standard and twitch ball tests in remoulded Burswood clay 

Figure 7-1  Profiles of penetration rate and penetration resistance for twitch tests in 
intact and remoulded Burswood clay (continued) 
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             (a) (b) 

Figure 7-2  Example profiles of (a) variable rate cyclic T-bar test  at T4 (b) variable rate 
cyclic ball test at B4 

 



CHAPTER 7   VARIABLE RATE PENETRATION TESTS 

 236

 

0.001 0.01 0.1 1 10 100
Penetration Rate (mm/s)

0.5

0.6

0.7

0.8

0.9

1.0

1.1
q/

q r
ef

T2 (6 to 7 m)

T3 (8.5 to 9.5 m)

T3 (13.5 to 14.5 m)

T1 (6 to 7 m)

T4 (8.5 to 9.5 m)

T4 (13.5 to 14.5 m)

Hyperbolic Sine

Semi-logarithmic

 

                (a) 

0.001 0.01 0.1 1 10 100
Penetration Rate (mm/s)

0.5

0.6

0.7

0.8

0.9

1.0

1.1

q/
q r

ef

B2 (6 to 7 m)

B3 (8.5 to 9.5 m)

B3 (13.5 to 14.5 m)

B4 (8.5 to 9.5 m)

B4 (13.5 to 14.5 m)

Hyperbolic Sine

Semi-logarithmic

 

                (b) 

Figure 7-3  Penetration rate effect on (a) qT-bar  (b) qball 
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Figure 7-4  Fitting results of (a) T-bar twitch test  (b) ball twitch test 
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CHAPTER 8    COMPARISON OF PORE PRESSURE 

GENERATION AND DISSIPATION RATES FROM CONE 

AND BALL PENETROMETERS 

By: Han Eng Low, Mark F. Randolph and Pat Kelleher 

ABSTRACT:  The results of penetration and dissipation tests performed using 

piezocone and piezoball at a research site in Western Australia are compared in this 

paper.  It was observed that the pore pressure measured at the mid-height of the 

piezoball is consistently lower than that measured at the shoulder (u2 position) in the 

piezocone tests but the reverse is true during extraction.  It was also found that the 

deduced values of in situ horizontal coefficient of consolidation, ch, are about 4 times 

the values of vertical coefficient of consolidation, cv, measured at the yield stress during 

constant rate of strain consolidation tests on high quality Sherbrooke samples.  It is also 

interesting to find that the rate of excess pore pressure dissipation around the piezoball 

was, on average, about 2.5 times faster than the rate of excess pore pressure dissipation 

around the piezocone when the two penetrometers have the same diameter. 
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8.1 INTRODUCTION 

The determination of consolidation or permeability characteristics of soil is necessary in 

a wide range of geotechnical design problems, particularly problems that involve partial 

consolidation and in which construction time-scale is of primary concern.  For instance, 

consolidation parameters are important in estimating the increase in pile or suction 

caisson capacity after installation before peak design loads occur, because partial 

consolidation could render the design inadequate.  Erbrich (2005) also showed that 

knowing the coefficient of consolidation in intermediate soils (such as silts) is vital in 

the interpretation of in situ tests and predicting spudcan foundation behaviour.  For 

pipeline design, consolidation parameters are also important for assessing the extent to 

which pipeline motions may be considered drained or undrained and the time-scale over 

which consolidation and recovery of strength occurs following remoulding of the 

seabed due to cyclic pipeline movement.  In view of the importance of the consolidation 

characteristics of soil in geotechnical design problems, there is strong incentive for 

reliable and cost-effective methods of estimating consolidation parameters from in situ 

tests. 

In practice, consolidation parameters are normally estimated from laboratory 

consolidation tests on (nominally) undisturbed samples.  However, it is difficult and 

expensive to recover high quality samples from offshore sediments and also laboratory 

consolidation tests are generally restricted to purely vertical consolidation.  In situ tests 

can provide a relatively cost and time effective alternative for estimating the coefficient 

of consolidation of offshore sediments, avoiding concerns over the quality of the 

recovered samples and also modelling more three-dimensional consolidation processes.   

One of the most common in situ tests that are used for the estimation of the in situ 

coefficient of consolidation is the piezocone dissipation test.  The coefficient of 

consolidation is estimated at discrete depths of interest by monitoring the decay of 

excess pore pressure with time, and comparing the time for a given degree of dissipation 

with theoretical solutions.  The pore pressure can be measured at different locations on 

the piezocone i.e. at the cone tip, on the mid-face of the cone, just behind the cone 

shoulder and immediately behind the friction sleeve (Lunne et al. 1997).  However, 

published experience (e.g. Robertson et al. 1992; Schnaid et al. 1997) suggests that 

dissipation tests with the pore pressure measured at the shoulder of the cone generally 

yield the most consistent results in the predicted coefficient of consolidation.   
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In recent years, full-flow penetrometers, which were initially developed for soil 

characterisation in centrifuge testing (Stewart and Randolph 1991), have started to be 

used quite widely as one of the site investigation tools for deepwater soft soil 

characterisation (e.g. Randolph et al. 1998; Lunne et al. 2005).  Several studies have 

been published on the correlation between the penetration resistance measured by 

full-flow penetrometers and the intact and remoulded undrained shear strengths (e.g. 

Lunne et al. 2005; Yafrate and DeJong 2006).  Pore pressure sensors are also starting to 

be fitted to the full-flow penetrometers to obtain parameters in addition to the 

penetration resistance, thus enhancing the capability of full-flow penetrometers for 

estimating geotechnical parameters other than undrained shear strength.   

Kelleher and Randolph (2005) showed the excellent potential of the ball penetrometer 

with pore pressure measurement at the mid-height of the ball for assessing soil 

stratigraphy.  Similarly, Peuchen et al. (2005) also showed that the soil stratigraphy 

indicated by the normalised pore pressure (BT-bar = [uT-bar - u0]/qT-bar or 

Bball = [uball - u0]/qball) profiles measured during T-bar and ball penetration tests was 

comparable with that indicated by the piezocone normalised pore pressure 

(Bq = [u2 - u0]/qnet) profile.  However, unlike Kelleher and Randolph (2005), Peuchen et 

al. (2005) measured the pore pressures along the axis of the T-bar (with one at the 

centre and one at the edge) and at the tip of the ball.  In the characterisation of peaty 

soil, Boylan and Long (2006) showed that values of Bball obtained from pore pressure 

measurements at opposite sides of the ball, at a location of one third the ball diameter 

from the tip of the ball, appeared to be useful in identifying the relative humification 

within a peat deposit.   

In this paper, the results of penetration and dissipation tests performed using a 

piezocone and piezoball (ball penetrometer with pore pressure measurement) at a 

research site at Burswood, in Western Australia, will be compared.  The rate of excess 

pore pressure dissipation around the piezoball will be evaluated using the consolidation 

coefficients deduced from the piezocone dissipation tests.   

8.2 SITE DESCRIPTION 

The Burswood site is situated on an inside meander of the Swan River, some few 

kilometres upstream from the centre of Perth, Western Australia.  The soil sediments at 

this site consist of estuarine alluvium deposited in recent geological time.  Churchill 
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(1959) showed that, in 8000 BC, the sea level was 21 m lower than at the present.  At 

that time, the level would have been close to the base of the soft clay now present at the 

Burswood site.  Based upon this hypothesis, it was estimated that the soft clay deposit is 

less than 10,000 years old (Cray 1988; Lee Goh 1994).   

The test region for this research is essentially level, with RL (Reduced Level relative to 

datum sea level in Perth) of + 0.95 m.  The water table is within the top 1 to 2 m, 

although previous fluctuations have probably occurred, so that the clay deposit is lightly 

overconsolidated.  The stratigraphy of the site comprises a weathered crust about 3 m 

thick, underlain by a layer of soft silty clay of about 17 m thick, underneath which is a 

layer of dense, fine sand.  Above a depth of 12 m, the soil contains frequent shell 

fragments and silt lenses; below this depth, tiny shell fragments also exist occasionally.  

Desiccated weeds and plants are generally found at shallow depths above 7 m. 

Figure 8-1a shows the approximate particle size distribution profile with depth.  The 

fines content varies from 86 % to 100 % with an average of 96 % and the clay size 

content ranges from 8 % to 25 % with an average of 14 %.  The particle size distribution 

for the soil underlying the site is fairly uniform throughout the depth.  Figure 8-1b 

presents the measured liquid limit, plastic limit and natural water content versus depth 

through the soil profile.  It may be noted that the measured liquid limit and plastic limit 

decrease respectively from about 120 % to 70 % and from 45 % to 30 %, between 

depths of 4 m and 14 m below ground level and the corresponding plasticity index 

ranges between 40 % and 75 %.  The measured natural water content is close to the 

liquid limit, which suggests that the soil is rather sensitive.  The strength sensitivity 

measured from field vane shear tests showed values between 4 and 9 for soils at depths 

less than 7 m below ground level, and between 2 and 4 for soils at depths greater than 7 

m (Chung and Randolph 2004).   

Figure 8-1c presents the profile of unit weight values for the soil samples recovered 

from the site.  The unit weight profile adopted in the interpretation of the penetrometer 

tests is also shown in Figure 8-1c.  Generally, the unit weight for Burswood clay 

increases from about 14 kN/m3 near the ground surface to 15.8 kN/m3 at a depth of 

about 12.25 m below ground level, below which it drops slightly to about 15.4 kN/m3 at 

a depth of about 14.5 m below ground level.  At greater depths, the unit weight remains 

approximately constant at 14.6 kN/m3.  The Yield Stress Ratio, (YSR = 'vy/'v0) 

determined from the constant rate of strain (CRS) consolidation tests on high quality 
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block samples generally reduces from more than 3 near the ground surface to about 1.3 

at a depth of 15 m, as shown in Figure 8-1d. 

8.3 TESTING PROGRAM 

Several soil characterisation studies have been carried out at the Burwood site for 

different research projects over the past 20 years.  Between years 1989 and 1990, Lee 

Goh (1994) carried out an extensive testing program at the Burswood site, which 

focused on estimation of the coefficient of consolidation from self-boring pressuremeter 

strain and stress holding tests and piezocone dissipation tests.  The piezocones used by 

Lee Goh (1994) included a commercial Hogentogler piezocone and also piezoprobes 

manufactured at the University of Western Australia (UWA).  The diameters of the two 

UWA manufactured piezoprobes were 40 mm and 9.85 mm and could be fitted with 

cone tips of two different cone apex angles (12.7° and 60°) and allowed the pore 

pressure measurement location to be varied along the shaft at two locations (1.5 

diameters and 4 diameters behind the shoulder of the cone).   

From years 2000 to 2005, Chung and Randolph (2004), Schneider et al. (2004), Chung 

(2005), Nicholas Yafrate and Dr Jason DeJong (from the University of California, 

Davis) and Benthic Geotech Pty Ltd performed a series of penetration tests at Burswood 

site with different types of penetrometers (piezocone, plate, T-bar and ball 

penetrometers), with the objective of evaluating the performance of these penetrometers 

for characterisation of soft soils.  In this paper, only the dissipation tests that were 

performed by Lee Goh (1994) (using the commercial Hogentogler piezocone), 

Schneider et al. (2004) and Benthic Geotech will be considered.   

To provide reference soil parameters for the interpretation of the in situ tests, thin wall 

tube samples were collected and extensive laboratory tests were carried out by Lee Goh 

(1994) and Chung (2005) on the recovered samples.  In December 2004, a Sherbrooke 

sampler was used at the Burswood site for the first time in an attempt to extract high 

quality undisturbed soft clay samples for laboratory tests.  The block sampling was 

carried out in collaboration with Dr Don DeGroot and Dr Steven Poirier from 

University of Massachusetts, Amherst during their visit to UWA.  In this paper, only 

results from the consolidation tests on these block samples, which are deemed to be the 

most reliable data, will be used for the comparison with the consolidation parameters 
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estimated from in situ dissipation tests.  Figure 8-2 shows the locations for the tests that 

are considered in this paper.   

8.3.1 Field Penetrometer Tests 

8.3.1.1 Piezocone Test 

Two (2) field piezocone tests with dissipation tests were conducted in each testing 

program conducted by Lee Goh (1994) (LGC01 and LGC02), Schneider et al. (2004) 

(SC01 and SC02) and Benthic Geotech (BGTC01 and BGTC02).  The piezocone used 

by Lee Goh (1994) was manufactured by Hogentogler while the piezocone used by 

Schneider et al. (2004) was fabricated locally by CMR Technical Services.  The 

piezocone used by Benthic Geotech was manufactured by Geotech AB of Sweden.  The 

cone diameter in each series of tests was 35.7 mm, which gives a projected area of 

1000 mm2.  Pore water pressure was measured at the shoulder of the cone.  The 

calibrated net area ratios of the piezocone (defined as the ratio of the cross-sectional 

steel area at the connection of cone and force sensor to the projected area of the cone) 

were 0.7, 0.85 and 0.8 for the piezocones used by Lee Goh (1994), Schneider et al. 

(2004) and Benthic Geotech respectively.  All the tests were performed at an 

approximate penetration rate of 20 mm/s.  Figure 8-3 presents the profiles of average 

measured total cone penetration resistance (qt), pore pressure at cone shoulder (u2) and 

sleeve friction (fs) for tests performed by Schneider et al. (2004) and Benthic Geotech.  

The qt, u2 and fs data for the tests performed by Lee Goh (1994) were not available for 

plotting.  The data measured by Schneider et al. (2004) and Benthic Geotech are very 

consistent, particularly in respect of qt and u2, although the sleeve friction fs data 

measured by Benthic Geotech is slightly higher than that measured by Schneider et al. 

(2004).  These observations suggest that Burswood clay is laterally homogeneous at the 

site.   

Upon reaching the dissipation test depth and at the start of dissipation, Lee Goh (1994) 

unclamped the cone rods at the ground surface while Schneider et al. (2004) and 

Benthic Geotech left the rods clamped at the ground surface.  Release of the cone rods 

when the penetration was halted in Lee Goh (1994)’s tests appears to have affected the 

dissipation test results, with a drop in the measured pore pressure of around 10 kPa 

observed immediately after the halt of penetration.  This suggests that it may be better 

to maintain the cone rods clamped during dissipation tests.  In addition to the tests, 

which were carried out to at least 50 % dissipation of the excess pore pressure, 
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Schneider et al. (2004) also recorded the pore pressure data at each pause in penetration 

to extend the cone rods, thus providing considerable data for short duration dissipation 

tests.   

8.3.1.2 Piezoball Test 

A piezoball* test (BGTB01) was conducted by Benthic Geotech in December 2005.  

The piezoball comprises a hardened smooth spherical ball with a diameter of 60 mm, 

which was attached to the end of a 20 mm diameter, 200 mm long, high tensile push 

shaft (see Figure 8-4).  The push shaft was connected at its other end to a standard cone 

shaft with diameter of 35.7 mm.  The ball penetration resistance was measured by the 

normal (cone) load cell within the cone shaft, above the tapered connection to the push 

shaft.  In order to eliminate load mobilised on the push shaft due to soil friction, the 

push shaft is isolated from the soil via the inclusion of a floating outer sleeve.  The net 

area ratio (defined as the ratio of the cross-sectional steel area at the connection of ball 

and push shaft to the projected area of the connection shaft) for the piezoball was not 

calibrated and was assumed as 1 for the interpretation of ball penetration resistance.  

The piezoball test was performed at an approximate penetration rate of 20 mm/s.  

However, the extraction rate was approximately 8 mm/s, due to limitations of the cone 

truck used for this onshore test.  During the dissipation tests, the cone rods were 

clamped at the ground surface.   

The piezoball was fitted with a pore water filter at mid-height of the ball, which was 

connected internally to a pressure transducer located above the tapered connection to the 

cone shaft.  The relatively large volume of fluid in the cavity between the filter and 

transducer does not usually affect the response time in deepwater offshore testing, as the 

ambient water pressure is high and effectively pre-stresses the fluid in the cavity prior to 

deployment into the seabed.  However, for the Burswood testing program described 

here, complete saturation of this volume of fluid proved difficult.  The test data suggest 

that incomplete saturation may have reduced the stiffness of the measuring system and 

possibly contributed to delayed response of the pore pressure measurement.   

                                                 

* The Benthic Geotech piezoball is the subject of international patents and patents pending 
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Figure 8-5 presents the profiles of the net ball penetration resistance (qball) and ratio of 

extraction to penetration resistance for the piezoball test.  The average qball profile 

reported by Schneider et al. (2004), which was measured using a 113 mm diameter ball 

penetrometer is also plotted for comparison.  The plotted qball has been corrected for 

overburden pressure and unequal area effects as suggested by Chung and Randolph 

(2004).  It may be noted in Figure 8-5 that the penetration and extraction resistances 

measured in the piezoball test are consistently higher than those measured by Schneider 

et al. (2004).  However, despite the differences in penetration and extraction resistances, 

the ratio of extraction to penetration resistance for the two sets of tests is very consistent 

with each other especially between 5 and 10 m below ground level, where the ratio 

fluctuates around 0.55.   

Figure 8-6 presents the profiles of the pore water pressure measured by the piezoball at 

the mid-height of the ball, umball.  The profile of average u2 measured by all piezocone 

tests that considered in this paper is also plotted for comparison.  It may be noted in 

Figure 8-6 that the umball measured in the piezoball test is consistently lower than the u2 

measured in the piezocone tests.  In addition, it may also be noted that the umball and u2 

measured during extraction are consistently lower than umball and u2 measured during 

penetration and u2 is close to the hydrostatic pore water pressure during extraction.   

Figure 8-6 also presents the average normalised pore water pressure measured by all 

piezocone tests [Bq = (u2 – u0)/qnet] and the normalised pore water pressure measured by 

piezoball test [Bmball = (umball – u0)/qball].  The Bq values are generally higher and lower 

than Bmball during penetration and extraction respectively and are close to zero during 

extraction (since the measured u2 is close to hydrostatic pore water pressure).  In 

general, as shown in Figure 8-6, the average Bq measured during penetration increases 

gradually from around 0.4 at 5 m below ground level to around 0.6 at 15 m below 

ground level.  On the other hand, Bmball measured during the piezoball test generally 

increases gradually from 0.2 to about 0.3 at depths between 3 m and 17 m below ground 

level.   

8.4 DISSIPATION TEST RESULTS 

For offshore testing, the saturation of the pore pressure measuring system is normally 

not an issue due to the very high ambient hydrostatic pressure.  However, this is not the 

case for the onshore test.  Poor saturation of the piezocone pore pressure measuring 
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systems appears to have affected the pore pressure response during most of the 

dissipation tests carried out both by Lee Goh (1994) and by Schneider et al. (2004).  

Figure 8-7 shows an example of a piezocone dissipation test result measured by 

Schneider et al. (2004).  The test was carried out at approximately 7 m below ground 

level at SC01 (see Figure 8-2).  As shown in Figure 8-7, the measured pore pressure 

rises with time to a peak value before decreasing monotonically after approximately 60 

seconds after halting penetration.  This type of response is often observed for 

dissipation tests in heavily overconsolidated soils but not usually in normally and lightly 

overconsolidated soils (with YSR less than 2) like the Burswood clay.  Therefore, the 

initial rise in the measured pore pressure with time is considered to be primarily due to a 

slow response time of the pore pressure measuring system.   

An example of a piezoball dissipation curve at a depth of 9 m below ground level in 

BGTB01 is also shown in Figure 8-7.  Similar to the piezocone dissipation tests, a rise 

in the measured pore pressure after halting penetration was observed, with pore 

pressures reaching a plateau after about 50 seconds and then decreasing monotonically 

after approximately 200 seconds from the start of the dissipation test.  In addition to the 

possible slow response of the pore pressure measuring system discussed previously, the 

initial rise in the measured pore pressure may also be attributed partly to redistribution 

of pore pressure around the ball as the results of the high pore pressure gradients 

(circumferentially in a vertical plane) generated around the ball during penetration.  

Peuchen et al. (2005) reported excess pore pressures measured at the tip of their 

piezoball that were some 3 times the u2 values measured in a piezocone test, while the 

excess pore pressure measured on the shaft just behind their piezoball was very close to 

zero.  The resulting hydraulic gradient around the ball therefore appears higher than 

around the cone and may have contributed to the initial rise in excess pore pressure seen 

in Figure 8-7.  However, in the absence of a robust theoretical solution for the 

prediction of pore pressure distribution and excess pore pressure dissipation around the 

ball to validate this speculation, a similar approach was adopted for the estimation of 

excess pore pressure at zero time (i.e. u at t = 0) for both piezocone and piezoball 

dissipation tests. 

The excess pore pressure at zero time was estimated using a back-extrapolation 

technique on a square root of time plot, similar to the Taylor method used for the 

interpretation of coefficient of consolidation from laboratory one-dimensional 

incremental consolidation tests.  This method was initially adopted by Sully et al. 
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(1999) for the interpretation of piezocone dissipation tests in overconsolidated 

fine-grained soil, but is also considered appropriate for all cases where poor saturation 

of pore pressure measurement system is suspected.  In the square root of time plot, the 

straight line portion of the dissipation curve after the peak can be back-extrapolated to 

zero time in order to estimate the pore pressure at the halt of penetration.  The value is 

then used to produce the normalised dissipation curve for comparison with the 

theoretical curve in the evaluation of coefficient of consolidation.  The back-

extrapolation procedure is illustrated in Figure 8-8.   

8.5 INTERPRETATION OF PIEZOCONE DISSIPATION TEST 

RESULTS 

Since the excess pore pressure dissipation rate around the piezocone and piezoball will 

be compared using the horizontal coefficient of consolidation estimated from piezocone 

tests, careful interpretation of the piezocone dissipation test results is required.  Cavity 

expansion theory (Torstensson 1977), strain path theory (Levadoux and Baligh 1986; 

Teh and Houlsby 1991) and the dislocation method (Elsworth 1993) have been used to 

develop theoretical solutions for the interpretation of piezocone dissipation tests in 

normally to lightly overconsolidated soils.  Burns and Mayne (1998) proposed a method 

that combines cavity expansion and critical state soil mechanics theories for the 

interpretation of dissipation tests in both normally and heavily overconsolidated soils.  

However, the success of these solutions depends on many factors, especially how well 

the initial pore pressure distribution around the cone is predicted by each theoretical 

solution.   

The solution proposed by Teh and Houlsby (1991) will be used in this paper for the 

interpretation of dissipation test results because this solution is a more general strain 

path analysis that also takes account of the important influence of soil stiffness (via the 

rigidity index, Ir) on the consolidation process around the cone in normally or lightly 

overconsolidated clays.  This solution has been found to predict values of coefficient of 

consolidation that are in reasonable agreement with the horizontal consolidation 

coefficients measured in laboratory tests (Robertson et al. 1992).  However, in order to 

obtain reasonable prediction of the coefficient of consolidation using the Teh and 

Houlsby (1991)’s solution, an estimate of the appropriate Ir value is required.   
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8.5.1 Assessment of Rigidity Index 

The rigidity index of the soil is the ratio of the shear modulus to the strength, Ir = G/su = 

Eu/3su, where G is the shear modulus; su is the undrained shear strength; Eu is the 

Young’s modulus for undrained conditions.  In the prediction of the initial pore pressure 

distribution around the cone, Teh and Houlsby (1991) idealised the clay as a 

homogeneous elastic perfectly plastic material with constant G obeying the von Mises 

yield criterion.  Therefore, the accuracy of the excess pore pressure distribution 

generated due to the cone penetration and the rate of dissipation predicted using Teh and 

Houlsby (1991)’s solution will depend on this parameter.  However, it is recognised that 

the stress-strain response for soil is non-linear in nature and hence G is a strain level 

dependent parameter.  This makes it difficult to choose an appropriate G for the 

(average) strain level experienced by the soils around the cone during the cone 

penetration.  In addition, it is well recognised that su is not a fundamental property of 

the soils, since it depends on the mode and rate of shearing, which further complicates 

the selection of an appropriate Ir value for the interpretation of dissipation tests.  It 

should also be borne in mind that both G and su (and hence Ir) are also susceptible to 

sample disturbance.   

In practice, Ir may be determined from laboratory tests or from in situ tests such as 

pressuremeter tests.  Ir can also be estimated empirically, for example using the 

empirical relationship between Ir, overconsolidation ratio, and plasticity index proposed 

by Keaveny and Mitchell (1986), which is based on the results of anisotropically 

consolidated undrained compression (CAUC) tests.  Fahey and Lee Goh (1995) pointed 

out that, during the dissipation of excess pore pressure around the cone, part of the soil 

around the cone is swelling and part is consolidating, therefore, G (or Ir) appropriate for 

the interpretation of piezocone dissipation test using Teh and Houlsby (1991)’s solution 

is likely to lie between small and large strain values.  Danziger et al. (1997) and Schnaid 

et al. (1997) proposed the use of an Ir value determined from su and the secant shear 

modulus at a stress level of 50 % of su, derived from triaxial tests.  They showed that, 

with this Ir value, Teh and Houlsby (1991)’s solution predicted values of horizontal 

coefficient of consolidation that were of the same order of magnitude as those measured 

independently in laboratory oedometer tests.   

The Ir values for Burswood clay determined from su and the secant shear modulus at a 

stress level of 50 % of su, obtained from the CAUC tests on the Sherbrooke block 



CHAPTER 8   PORE PRESSURE GENERATION AND DISSIPATION 

 250

samples are shown in Figure 8-9.  The axial strain level at the stress level of 50 % of su 

measured in these tests is less than 0.3 %.  The Ir values determined from pressuremeter 

tests based on the value of G obtained from the initial portion of the pressure expansion 

curves, and su determined from the cavity pressure curves using Gibson and Anderson 

(1961)’s method as reported by Lee Goh (1994), are also plotted for comparison.  It 

may be noted in Figure 8-9 that the Ir values determined from both CAUC and 

pressuremeter tests are reasonably consistent with each other.  However, it should be 

mentioned that the axial strain in the CAUC tests was measured externally.  As such, a 

slight underestimation in the G value (and hence Ir) is expected.   

Based on Teh and Houlsby (1991)’s solution, the cone factor, Nkt, relating cone 

resistance and su may be shown to be affected by the rigidity index, in situ stress ratio 

( = (v0 – h0) / 2su) and cone surface roughness s as expressed by: 

 22)Iln(84.125.1N srkt  (8-1) 

For Burswood clay, the average  value estimated based on the best estimated in situ 

vertical stresses, the in-situ horizontal stresses measured by pressuremeter tests and the 

su measured using CAUC tests is about 0.35.  Using this average  value of 0.35 and an 

s value of 0.3 , it is found that an Ir value of about 160 leads to an Nkt value that 

matches the average Nkt of about 10.5 obtained from the field data, taking the ratio of 

the measured net cone resistance and su measured in CAUC tests.  The underlying 

assumptions of this back-calculation are that the effects of strain rate and strain 

softening on the cone resistance compensate each other and that the cone resistance is 

largely a function of the su value in triaxial compression.   

It may be noted that the Ir value back-calculated using Eq. (8-1) is about double those 

deduced from CAUC and pressuremeter tests shown in Figure 8-9.  This difference may 

be attributed, at least in part, to the under estimation of G as a result of the external axial 

strain measurement.  Based on limited data reported by Schnaid et al. (1997), the ratio 

of Ir determined with internal strain measurement to Ir determined with external strain 

measurement ranges from 1.2 to 2.  If this range of Ir ratio is applicable to the CAUC 

test results in this study, the back-calculated Ir may be more appropriate than the raw 

value from the CAUC tests in the interpretation of dissipation tests using Teh and 

Houlsby (1991)’s solution.  The back-calculated Ir also has an internal consistency in 

applying Teh and Houlsby (1991)’s solution for the interpretation of the piezocone test 
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results for both su and coefficient of consolidation.  As such, the back-calculated Ir value 

of 160 will be used here for the interpretation of piezocone dissipation tests.   

It has been shown by Lu et al. (2000) and Einav and Randolph (2005) that, in contrast to 

the cone factor, the bearing factors for T-bar and ball are independent of the soil 

modulus (and thus rigidity index).  This suggests that the excess pore pressure 

distribution generated around T-bar and ball during penetration is likely to be 

independent of Ir, ignoring the effect of the shaft itself.  If this hypothesis is correct, the 

consolidation behaviour during piezoball dissipation tests should be essentially 

independent of Ir, avoiding one of the difficulties in the interpretation of piezocone 

dissipation tests. 

8.5.2 Evaluation of Coefficient of Consolidation 

The horizontal coefficient of consolidation, ch of Burswood clay was determined by 

fitting the measured piezocone dissipation curve with the theoretical curve proposed by 

Teh and Houlsby (1991) for degree of dissipation between 20 % and 80 % using a least 

square error method.  In general, it was observed that the measured dissipation curves 

match the theoretical curve well.  Figure 8-10 shows the best and the worst match 

between the measured and theoretical curves among all the measured dissipation curves 

considered in this paper.  Based on the observed quality of match between the measured 

and theoretical dissipation curves, it appears that Teh and Houlsby (1991)’s solution can 

model the dissipation of excess pore pressure around the cone in Burswood clay 

reasonably well.  This observation is in agreement with experience reported in the 

literature (e.g. Robertson et al. 1992; Schnaid et al. 1997) that dissipation curves 

measured at the shoulder of the cone generally give the best match with the theoretical 

curve compared with those measured at other locations.   

In order to derive reference values for the comparison with the coefficient of 

consolidation deduced from piezocone dissipation tests, two principal methods are 

normally adopted: (i) back analyses of field performance, and (ii) interpretation of 

laboratory tests on small samples (Robertson et al. 1992).  In this paper, the second 

approach is adopted.  Figure 8-11 shows the comparison between the ch estimated from 

the piezocone dissipation tests and the vertical coefficient of consolidation, cv measured 

by CRS tests on high quality Sherbrooke samples.  Values of ch estimated from short 

dissipation tests (with degree of dissipation less than 35 %) are circled in the plot.  It is 

well recognised that cv is a stress dependent parameter for soil, therefore cv values at 
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three different stress states are shown in Figure 8-11; these are cv at the in situ stress 

state, cv at the yield stress and cv for normally consolidated stress states (cvnc).   

In Figure 8-11, it may be observed that the ch profile estimated from piezocone 

dissipation tests reflects the shape of the cv profiles measured in CRS tests reasonably 

well.  It may also be seen that the ch values estimated from the short duration dissipation 

tests fall at the upper bound of those estimated from the long duration dissipation tests, 

suggesting that short duration dissipation tests may slightly overestimate ch for 

Burswood clay.  In general, the ch values estimated from piezocone dissipation tests 

agree reasonably well with the cv values measured in the CRS tests at the in situ stress 

state, and are about 4 times those at the yield stress.   

Based on the numerical studies carried out by Levadoux and Baligh (1986) and Fahey 

and Lee Goh (1995), the ch estimated from piezocone dissipation tests should 

correspond to an average ch between overconsolidated and normally consolidated 

conditions.  Therefore, cv values at the yield stress may be appropriate reference values 

for comparison with the ch values predicted from piezocone dissipation tests.  The factor 

of 4 between ch and cv at the yield stress may be attributed partly to permeability 

anisotropy and differences in stiffnesses during consolidation and swelling.  The 

permeability ratios for natural clays typically range from 1.1 to 1.5 (e.g. Tavenas et al. 

1983), but the ratio for Burswood clay may be higher in view of observations of silt 

lenses in the sampled stratigraphy during specimen trimming.  Based on the empirical 

permeability anisotropic ratio (kh/kv) proposed by Baligh and Levadoux (1986), as 

shown in Table 8-1, these observations imply that the ratio kh/kv for Burswood clay 

could range from 2 to 5.  Even with no allowance for the difference in stiffness, this 

range bounds the factor of 4 obtained from the comparison between cv at the yield stress 

and ch.   

In the absence of any theoretical solution for the interpretation of piezoball dissipation 

tests, the average ch estimated from piezocone dissipation tests at about the same depth 

has been used to compute the normalised dissipation curve for the piezoball dissipation 

tests for the comparison with the piezocone dissipation curves.  The average values 

adopted are indicated on Figure 8-11 (the open square symbols) and the comparison 

between the normalised dissipation curves for the piezocone and piezoball is shown in 

Figure 8-12.  The steps observed on some of the measured dissipation curves are due to 

the 12 bit resolution data that was available for the field tests in this study, as opposed 
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to the 17 bit resolution data obtained through the data acquisition system used for 

offshore testing.  However, these steps have negligible effect on the values of ch 

deduced using the best fit method in this paper.  The scatter of the piezoball dissipation 

curves may be due to the slight variation in soil permeability across the site, as revealed 

by the ch values deduced from piezocone dissipation tests.   

In Figure 8-12, it is interesting to note that the normalised time factor, T (= cht/d
2) for 

piezocone dissipation rate ranges between 1.5 and 4 times higher (i.e curves shifted to 

the right) than for the piezoball, with an average ratio of about 2.5, for a given degree of 

dissipation (between 20 % and 80 %).  This implies that the rate of excess pore pressure 

dissipation around the piezoball is faster than the rate of excess pore pressure 

dissipation around the piezocone when the two penetrometers have the same diameter.  

This may be attributed to the smaller volume of soil involved in the ball penetration 

mechanism compared with for the cone, and the presence of higher circumferential pore 

pressure gradients for the ball.   

As mentioned before, it is hypothesised that the pore pressure distribution around the 

T-bar and ball should be largely independent of the soil modulus or rigidity index, 

which may provide an advantage of the piezoball over the piezocone in estimating the in 

situ coefficient of consolidation from dissipation tests.  A numerical study is currently 

being undertaken to provide a robust theoretical framework for prediction of the excess 

pore pressure field around a piezoball and the interpretation of dissipation tests.   

8.6 CONCLUSIONS 

In this study, the results of a series of penetration and dissipation tests performed using 

piezocone and piezoball in Burswood clay are compared.  The pore pressure was 

measured at the shoulder of the cone and at the mid-height of the ball.  It was observed 

that the pore pressure measured at the mid-height of the piezoball is consistently lower 

than that measured at the shoulder (u2 position) in the piezocone tests but the reverse is 

true during extraction.   

In both piezocone and piezoball dissipation tests, the pore pressure was found to rise 

significantly at the start of each dissipation test, which is at least partly due to poor 

saturation of the measuring system, but possibly also reflecting short-term equilibration 

of pore pressures in the immediate vicinity of the probes.  A back-extrapolation 

technique based on a square root of time plot was adopted to estimate the pore pressure 



CHAPTER 8   PORE PRESSURE GENERATION AND DISSIPATION 

 254

at zero time to overcome this time lag in maximum pore pressure, before applying Teh 

and Houlsby (1991)’s solution to interpret the dissipation tests.  The rigidity index, Ir, 

was back calculated from Teh and Houlsby (1991)’s solution to fit the average Nkt 

determined from the ratio of measured net cone resistance to su measured in CAUC 

tests.  The back calculated Ir was then used for the estimation of ch.   

It was found that the deduced values of in situ horizontal coefficient of consolidation, 

ch, were about 4 times the vertical coefficient of consolidation, cv at yield stress 

measured by constant rate of strain consolidation tests on highly quality Sherbrooke 

samples.  It is also interesting to find that the normalised time factor, T (= cht/d
2) for the 

piezocone is about 2.5 times higher than for the piezoball to achieve the same degree of 

consolidation.  This implies that, when the two penetrometers have the same diameter, 

the excess pore pressure around the piezoball dissipate faster than that around the 

piezocone.  This may be attributed to two possible reasons, which are the smaller 

volume of soil involved in the ball penetration mechanism compared with for the cone, 

and the presence of higher circumferential pore pressure gradients for the ball.  The 

findings from this study suggest that the piezoball could prove a viable alternative tool, 

and possibly better than the piezocone, for estimating the in situ coefficient of 

consolidation.  
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Table 8-1  Empirical Correlation and Typical Properties (Baligh and Levadoux 1986) 

Nature of clay kh/kv 

No evidence of layering 1.2 ± 0.2 

Slight layering, e.g. sedimentary clays with occasional silt dustings to 
random lenses 

2 to 5 

Varved clays in northeastern U.S. 10 ± 5 
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Figure 8-4  Benthic Geotech's piezoball 
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curve 
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CHAPTER 9    GUIDELINES FOR OFFSHORE IN SITU 

TESTING AND INTERPRETATION IN DEEPWATER 

SOFT SOILS� 

9.1 INTRODUCTION 

The geotechnical properties of the near surface seabed sediments are of increasing 

importance for deepwater hydrocarbon field developments, where offshore installations 

will typically comprise wellheads and subsea completions, pipelines and shallow 

anchoring systems.  In addition, geohazard evaluation (in particular submarine slides) 

has also proved to be of increasing importance at deepwater sites.  In general, the 

sediments underlying deepwater sites are soft, normally consolidated, fine-grained 

deposits, with low strengths (< 20 kPa) at the surface and moderate strength increases 

with depth (1 to 2 kPa/m).  This has resulted in increasing difficulties and cost in 

recovering high quality soil samples, which in turn has led to increasing reliance on in 

situ testing for the determination of design parameters. 

Piezocone penetration test (CPTU) data become inherently somewhat less accurate for 

the characterisation of deepwater soft soils.  This is due partly to reduced sensitivity of 

the load cell in measuring the small load increment from the penetration resistance in 

soft soils compared with the high ambient pressure at the seabed and partly to 

uncertainty in corrections for the unequal area effect and the contribution of overburden 

stress to the cone resistance.  These equipment limitations can be reduced by using 

full-flow penetrometer, i.e. T-bar and ball penetrometers (Figure 9-1) with projected 

areas typically an order of magnitude greater than the penetrometer shaft.  Since the 

introduction of T-bar and ball penetrometers in 1996 and 2003 respectively (Randolph 

et al. 1998; Kelleher and Randolph 2005; Peuchen et al. 2005), full-flow penetrometers 

are now used in many offshore site investigations.  However, clear guidelines on testing 

procedures and data interpretation are still emerging.   

                                                 

† This chapter was the first draft of a journal paper entitled “Guidelines for offshore in situ testing and 
interpretation of in deepwater soft soil” authored by Lunne, T., Andersen, K.H., Low, H.E., Randolph, 
M.F. and Sjursen, M.A..  The draft was subsequently modified and has been submitted to Canadian 
Geotechnical Journal in April 2009.   
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A joint industry project was undertaken jointly by the Norwegian Geotechnical Institute 

(NGI) and the Centre for Offshore Foundation Systems (COFS) at the University of 

Western Australia to develop improved procedures for site investigation practice in 

deepwater soft sediments.  Extensive theoretical studies were carried out to investigate 

the effect of strain softening, strain rate dependency of strength and strength anisotropy 

on the T-bar and ball penetration resistances (Randolph and Andersen 2006; Zhou and 

Randolph 2009a; Zhou and Randolph 2009b).  In addition, field and laboratory data 

from 11 offshore and 3 onshore sites were interpreted to form a worldwide database.  

With this database, results from CPTUs and T-bar and ball penetration tests were 

correlated to strength parameters determined from triaxial and simple shear tests on high 

quality samples and from vane shear tests.  From these studies, the key soil 

characteristics that influence the relationship between shear strength and penetration 

resistance were identified.   

This chapter summarises the key outcomes of this study and the joint industry project in 

terms of recommendations for the design of the in situ tools and the associated testing 

procedures with the aim of improving the accuracy, reliability and consistency of the in 

situ test data.  In addition, guidelines for the interpretation of the penetration test data 

are provided, with particular focus on estimating intact and remoulded undrained shear 

strengths from the penetration resistance measured by the different penetrometers.  In 

order to maximise the potential of in situ tools in determining design parameters for 

deepwater soft soils, further developments of the in situ tools and testing procedures are 

also proposed.  Finally, guidance is provided on which type of in situ tools should be 

used for optimal characterisation of deepwater soft soils, depending on the soil 

conditions and the engineering problem under consideration. 

9.2 EQUIPMENTS AND TESTING PROCEDURES 

9.2.1 In-situ Testing Tool Geometry 

9.2.1.1 Piezocone 

The equipment for CPTUs should be in accordance with internationally recognised 

guidelines and standards, notably the International Reference Test Procedure (IRTP) 

published by the ISSMGE (1999), NORSOK Standard (2004), ASTM D5778-07 (2007) 

and ENISO 22476-1 (2007).  Since the equipment requirements for the piezocone are 

well documented in these references, they are not repeated here. 
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In offshore CPTUs, a wide range of cone penetrometer sizes are used.  For downhole 

testing, the standard onshore cone with 1000 mm2 tip area (35.7 mm diameter) is the 

most common, but 1500 mm2 cone penetrometers (43.7 mm diameter) are used 

extensively for seabed mode testing.  Cone penetrometers with cross-sectional area as 

small as 100 mm2 (11.3 mm diameter) have also been used in conjunction with mini 

seabed frames (Lunne 2001).  Studies have shown that cone penetration resistances 

measured by cone penetrometers with cross-sectional area of 500 to 1500 mm2 are very 

similar (de Ruiter 1982).  As such, piezocone penetration tests carried out with 

1000 mm2 and 1500 mm2 cone penetrometers are acceptable, and ENISO 22476-1 

(2007) allows for cones of 500 mm2 (25 mm diameter) and 2000 mm2 (50 mm 

diameter).   

As recommended by Lunne (2001), the cone penetration resistance measured using cone 

penetrometers with cross sectional area outside the range of 500 to 1500 mm2 may need 

to be corrected, preferably based on site specific correlations.  In particular, data from 

small cone penetrometers may be affected by (a) particle size effects; (b) strain rate 

effects (depending on the penetration rate, with the average strain rates proportion to 

v/dcone, where v is the penetration rate and dcone is the cone diameter); and (c) partial 

consolidation (depending on the normalised velocity vdcone/cv, where cv is the 

coefficient of consolidation). 

9.2.1.2 T-bar Penetrometer 

At present, the only standard that covers T-bar penetration testing is the NORSOK 

(2004) standard.  NORSOK (2004) recommends the use of a T-bar penetrometer of 

40 mm in diameter and 250 mm in length, which gives a projected area of 10,000 mm2 

(i.e. 10 times the standard cone rod size).  There are limited results on the effects of 

varying T-bar dimensions and geometry on the measured net penetration resistance 

reported in the literature.  The centrifuge test results reported by Chung and Randolph 

(2004) and field test results reported by Weemees et al. (2006) and Yafrate et al. (2007) 

showed no effect on the measured net penetration resistance for length to diameter 

ratios within a range of 4 to 10 (covering ratios of the projected area of the T-bar to that 

of the shaft of 6.4 to 15).  Therefore, it is recommended that, if a T-bar penetrometer 

smaller than the NORSOK standard size is used, the length to diameter ratio should not 

be less than 4.  However, it is also recommended that the cross-sectional area of the 

connecting shaft should be no more than 15 % of the projected area of the T-bar.   
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9.2.1.3 Ball Penetrometer 

The ball penetrometer is presently not standardised and there are very few results 

reported regarding the effects of dimensions and probe material type on test results.  

The test results reported in the literature to date were mainly obtained from tests carried 

out using ball penetrometers of diameter 113 mm, giving a projected area of 

10,000 mm2, directly attached to standard cone rods (Chung and Randolph 2004; 

Yafrate et al. 2006, 2007); 78 mm, giving a projected area of 4800 mm2 with a 25 mm 

diameter connecting shaft (Peuchen et al. 2005); or 60 mm, giving a projected area of 

2800 mm2 with a 20 mm diameter connecting shaft (Kelleher and Randolph 2005).  The 

main criterion should be to maintain the ratio of the projected area of the connecting 

shaft behind the ball, to the projected area of the ball below about 15 %, as for the 

T-bar. 

9.2.1.4 Vane 

The dimension of vane blade for vane shear test should comply with internationally 

accepted standards such as NORSOK (2004) and ASTM D2573-08 (2008).  With these 

standards, the diameter of the vane blade should be in the range of 40 to 65 mm and the 

ratio of height to diameter should be 2.  The thickness of the vane blade specified in 

these standards ranges from 1.6 to 3.2 mm.  In order to minimise soil disturbance due to 

vane insertion, the vane blade should be kept as thin as possible (La Rochelle et al. 

1973; Roy and Leblanc 1988; Cerato and Lutenegger 2004), preferably with a perimeter 

ratio (= 4evane/πdvane, where evane is the vane blade thickness and dvane is the vane 

diameter) no more than 3 %.  The selection of vane size depends on the shear strength 

of soil to be tested.  The ratio of vane diameter to push shaft diameter should be at least 

3 to minimise the effect of soil consolidation around the shaft on the measured strength. 

9.2.2 Data Accuracy 

9.2.2.1 Sensor Calibration and Temperature Stability 

The sensors (load cell and pore pressure transducer) for cone, T-bar and ball 

penetrometers should be calibrated in accordance with the international standards (e.g. 

NORSOK 2004; ASTM D5778-07 2007) for the cone penetrometer.   

Shift in reference readings can cause significant errors in penetration test measurements, 

especially for tests in soft clay.  One of the main reasons for the shift in reference 

readings is the shift in sensor output due to temperature change (Lunne et al. 1986).  
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Therefore, it is recommended that the penetrometer sensors should be designed 

appropriately to provide temperature compensation.   

Lunne et al. (1986) recommended checking the effect of temperature change on the 

reference reading of the sensors with laboratory calibrations at different temperatures.  

ASTM D5778-07 (2007) requires the evaluation of the reference readings at 10°C and 

30°C and the difference in reference readings at these temperatures should ≤ 1 % of full 

scale output of either cone or friction sleeve resistance.  Instead, SGF (1992) specifies 

more stringent requirements in which, for a 50 MPa cone, the temperature stability of 

the cone sensors should be 2 kPa/°C, 0.1 kPa/°C and 0.05 to 0.1 kPa/°C for cone 

resistance, friction sleeve resistance and pore pressure (transducer with measuring 

ranges of 10 to 20 bars), respectively.  SGF (1992) also recommends that, for cones 

with capacity higher than 50 MPa, these temperature stability requirements can be 

adjusted proportionally.   

Lunne (2001) showed that the temperature of the seabed soil in the Norwegian Sea, 

measured using the deepwater gas probe developed at NGI, could increase with depth at 

a gradient of 4 to 5°C/100m.  In addition, in downhole mode testing, the penetrometer is 

lowered so quickly that the sensors may not stabilise at the local temperature before the 

reference readings are taken.  Therefore, it is recommended that the temperature 

stability of all the sensors for the penetrometer shall be checked and documented in the 

report and should, as a minimum, comply with the requirement set by ASTM D5778-07 

(2007) but preferable also satisfy the more stringent criteria specified by SGF (1992).  

However, this criterion for temperature stability should be viewed in the light of the 

accuracy required for penetrometer testing in soft soils, where an error of 10 kPa 

(0.02 % of full scale for a 50 MPa cone) would be significant.   

9.2.3 Data Acquisition 

Data acquisition requirements for the CPTU and vane shear test should be in accordance 

with international standards (NORSOK 2004; ASTM D5778-07 2007; ISSMGE 1999; 

ENISO 22476-1 2007; ASTM-D2573-08 2008).  It is recommended that the data 

acquisition requirements for T-bar and ball penetration tests should be in accordance 

with the requirements for the CPTU, but with the important addition to log the 

resistance during extraction as well as penetration.   
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According to the international standards, the minimum data logging frequency for the 

CPTU in soft clays is 20 mm.  In most practice, however, the logging of cone 

parameters is more frequent than the required logging frequency.  It is recommended 

that the data logging frequency for T-bar and ball penetration tests should be similar to 

that for the CPTU.  However, since the recommended minimum strokes for cyclic T-bar 

and ball penetration tests are ± 0.15 m and ± 0.20 m respectively, a minimum 

measurement interval of 10 mm is recommended during the T-bar and ball cyclic 

penetration tests.  This is to ensure sufficient data points are acquired for the 

interpretation of the cyclic penetration test results.   

9.2.4 Testing Procedure 

9.2.4.1 Penetration Tests 

It is important to minimise the errors in taking the reference readings of the sensors 

before the start of the penetration test to reduce the uncertainties in the measured 

resistances.  All the sensors must be allowed to stabilise at the local temperature before 

taking the reference readings for a penetration test (either seabed mode or downhole 

mode testing).  In addition, any pre-embedment of the penetrometer into the soil before 

taking the reference readings at the beginning of a penetration test should be avoided.  

For high quality testing in soft soils, it is essential that the reference readings should be 

recorded and documented as outlined later. 

Monotonic CPTUs and T-bar penetration tests should be carried out in accordance with 

the international standards such as NORSOK (2004).  Although, at present, there is no 

standard for the ball penetration test, it is recommended that the test should be carried 

out in accordance with the NORSOK (2004) for T-bar penetration test.  The monotonic 

penetration and extraction of T-bar and ball penetrometers should be carried out at a 

steady rate of about 20 mm/s, or 0.5 diameters per second for the T-bar and about 0.25 

diameters per second for the ball.  For penetrometers of different sizes, it is preferable to 

maintain the same rate in terms of diameters per second, resulting in the same average 

shear strain rates in the soil.  It is recommended that both penetration and extraction 

resistance should be recorded during T-bar and ball penetration tests.  Although it is not 

specified in the international standards, recording (and reporting) of piezocone data 

during extraction of the piezocone is also recommended as this may help in quality 

control of the measurements.   
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While cyclic T-bar and ball penetration tests may be carried out to estimate remoulded 

shear strength, it is also recommended that at least one cyclic test be carried out for 

every test location to provide additional input for checking the reference readings of the 

sensors.  It is recommended that 10 cycles of penetrating and extracting the T-bar and 

ball penetrometers through a minimum stroke of ± 0.15 m for the T-bar and ± 0.20 m or 

± 3 diameters (whichever is the greater) for the ball should be undertaken.  The cyclic 

penetration test should be performed during the penetration phase of the test because 

partial consolidation of soils around the push rod will result in higher extraction and 

remoulded resistances being measured if the cyclic penetration test is carried out during 

the extraction phase of the test.  The penetration and extraction rate for the cyclic 

penetration test should be the same as for the monotonic penetration stage, at least 

during the final cycle where the remoulded penetration resistance is assessed. 

9.2.4.2 Vane Shear Test 

Vane shear tests should be carried out in accordance with internationally accepted 

standards such as NORSOK (2004) and ASTM-D2573-08 (2008).  The recommended 

rotation rate for initial rotation to peak torque (or intact undrained shear strength) should 

be in the range of 0.1 to 0.2°/s.  NORSOK specifies that the time from the instant when 

the desired testing depth has been reached to the beginning of rotation (waiting time) 

should be 2 to 5 minutes.  After the peak torque is measured and if the remoulded shear 

strength is required, NORSOK specifies that the remoulded shear strength should be 

measured after at least 10 rotations at a rate faster than 4 rev/min (24°/s) and until a 

constant torque over 45° continuous rotation has been reached.  At the end of the rapid 

rotations, the remoulded shear strength is to be measured without delay at the same rate 

as for the intact shear strength.   

Existing vane shear apparatus available for offshore vane shear testing has not been able 

to conduct quick rotations and hence it has been impractical to do 10 quick rotations.  

Typically, during offshore vane shear testing, the remoulded shear strength is measured 

after 1 rotation at a rotation rate of 1°/s.  As a consequence, the remoulded shear 

strength is likely to be overestimated.  Therefore, in order to measure remoulded shear 

strengths offshore reliably (similar to onshore practice), offshore geotechnical 

contractors are encouraged to develop equipment that can conduct 20 rotations in say 5 

minutes, but still allow rotation rates of 0.1 to 0.2°/s for the initial and remoulded shear 

strength measurements.   
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9.2.5 Offshore Deployment of In Situ Tools Using Seabed Mode 

Offshore in situ testing can be carried out using downhole (i.e. at the base of a drill 

string) and seabed modes (i.e. from a frame placed on the seabed).  For deepwater sites 

where shallow anchoring systems are anticipated, in situ tests are normally carried out 

in seabed mode.   

There are several issues for the deployment of seabed frames that need to be considered 

to improve the reliability of the subsequent test data.  During touch down, the seabed 

frame may sink into soft surficial sediments due to its self-weight.  As such, careful 

control of depths for the in situ tests is extremely important to avoid any 

pre-embedment of in situ tools into the soil before the start of the test, which can lead to 

errors in the recorded reference readings for the sensors.  In addition, when 

measurement of soil properties of the upper 1 to 2 m of the seabed is of interest, it is 

very important to ensure that the seating of the seabed frame on the seabed does not 

disturb the soil in the vicinity of the in situ test, and that the bearing stresses imposed by 

the seabed frame do not affect the test data.   

The effect of the seabed frame on the test results may be reduced by careful 

consideration of the following:   

1) The weight of the seabed frame should be balanced so that it is not excessively 

larger than that required to provide sufficient reaction force for the in situ test.  

2) Skirts should be used on the periphery of the seabed frame to transfer weight of 

the seabed frame to stiffer soil, reducing penetration of the seabed frame into the 

seabed.  

3) The contact area (footprint) of the seabed frame should be designed to include a 

sufficiently large opening where the in situ tool is pushed into the seabed, or for the 

bearing areas of multi-foot seabed frames to be far from the centreline of the in situ test.  

In order to evaluate the effects of the seabed frame on the in situ measurements, it is 

recommended that the touch down of the frame on the sea floor or any penetration of 

the frame into the seabed soils should be monitored.  One way to achieve this is to 

mount video cameras on the frame, as has already been adopted on some commercial 

seabed frames.   
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9.2.6 Recommendation on Measurement and Documentation of Reference 

Readings 

For in situ testing in very soft soils and when high accuracy measurement is of special 

concern, or Class 1 Accuracy in accordance with NORSOK (2004) is required, it is 

recommended that the data during all stages of a piezocone, T-bar or ball penetrometer 

deployment and testing should be recorded for the assessment of test quality.  The 

recommendations on the measurement and documentation of reference readings at 

stages 1 to 9 shown in Figure 9-2 are applicable for seabed mode testing and will be 

included in a new ISO standard for marine soil investigation that is expected to be 

published in 2010/2011.  A similar scheme will also be included for downhole testing.  

The data for all the above stages should be presented together with the ‘standard’ 

presentation of the measured (e.g. qc, u, fs) and the derived parameters (e.g. qt, qnet, 

Fr = fs/qnet and Bq = Δu/qnet) as required by the international standards.  Since total in 

situ vertical stress, v0, is needed to compute qnet, the basis for the estimation of v0 

should be given.  The data should be presented in plots of all sensors readings against 

time as shown in Figure 9-2 and in a table with all sensor readings in engineering units 

at stages 2 to 9 shown in Figure 9-2.  The recorded data can then be used to scrutinise 

the test results.  In addition, the measured pore pressure and tip resistance data during 

lowering the penetrometer to the seabed should be used to confirm the calibrated area 

ratio for the load cell.   

For high quality testing, the difference between the readings recorded at stages 7 and 4 

and stages 9 and 2 should be small.  As a provisional suggestion, the recommended 

limiting values for the difference between the readings recorded at stages 7 and 4 and 

stages 9 and 2 for each of the piezocone sensors are (with all maximum readings taken 

relative to the seabed reference reading):  

qc: The larger of 35 kPa or 5 % of the maximum reading in the layer being tested.  

u : The larger of 10 kPa or 2 % of the maximum reading in the layer being tested.  

fs: The larger of 5 kPa or 10 % of the maximum reading in the layer being tested.  

For T-bar or ball penetration tests, the recommended limiting difference for qT-bar or qball 

is the larger of 10 kPa or 5 % of the maximum reading in the layer being tested.   
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The recommended limiting values for piezocone measurements are in accordance with 

the requirements for the Application Class 1 of the new European Standard (ENISO 

22476-1 2007).  If the difference between readings at stages 7 and 4 and stages 9 and 2 

exceeds the recommended limiting maximum value for each sensor, it is recommended 

to include a comment on the magnitude of the differences on each plot of the test 

results.   

The above recommended procedure is valid for seabed mode testing where the seabed 

frame is recovered to deck for each test.  The procedure has to be modified if the seabed 

frame is moved from one testing location to another without being recovered to deck.  

In addition, although the above recommendations are for the penetration tests, similar 

concepts should also be applied for vane shear tests conducted from a seabed frame.  

For some projects, it may be necessary to make more strict requirements than those 

suggested above.   

Site investigation contractors are encouraged to develop in situ tools and data 

acquisition systems that minimise the shift in zero reference readings to values lower 

than those recommended above.  As noted above, with the T-bar and ball cyclic 

penetration tests, the relative symmetry of the penetration and extraction resistance 

profile about the zero line can provide additional input for checking the reference 

readings of penetrometer sensors (Randolph et al. 2007).  This is one of the reasons for 

the recommendation to carry out at least one cyclic penetration test at each test location. 

9.2.7 Presentation of Data 

The presentation of results from piezocone and T-bar monotonic penetration tests and 

vane shear tests should be in accordance with the international standards (NORSOK 

2004; ASTM D5778-07 2007; ISSMGE 1999; ENISO 22476-1 2007; ASTM D2573-08 

2008).  It is recommended that the results for the monotonic ball penetration test should 

be presented in accordance with NORSOK (2004) for the T-bar penetration test.  For 

T-bar and ball penetration tests, in addition to the penetration resistance profile, profiles 

of extraction resistance and ratio of extraction to penetration resistance should also be 

presented.   

Cyclic T-bar and ball penetration test results should be presented in plots of resistance 

profile and degradation factor against cycle number as shown in Figure 9-3.  It is 

suggested that the cycle number for the initial penetration should be taken as 0.25 and 

initial extraction taken as 0.75 and so forth (Randolph et al. 2007).  Degradation factor 
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is calculated by dividing the average (absolute) net resistance measured at each half 

cycle (either penetration or extraction) by the average net penetration resistance 

measured during the initial penetration.  The average net resistance for each half cycle 

should be taken at the central part of each cyclic stroke to avoid the influence of 

conditions at the extremes of the cyclic zone.  The net resistance is obtained by 

correcting the measured resistances for the overburden pressure and pore pressure 

effects as will be discussed in the next section.   

9.3 CORRECTION OF MEASURED PENETRATION 

RESISTANCE 

Before measured penetration resistances are used for the estimation of soil properties, 

they have to be corrected appropriately for the unequal pore pressure and overburden 

pressure effects.  The measured piezocone resistance is corrected to total tip resistance, 

qt using the following relationship (Lunne et al. 1997):  

)1(uqq 2ct   
(9-1)

where u2 is the pore pressure measured at the shoulder of the cone; and α is the net area 

ratio.  The net piezocone penetration resistance is then calculated as:  

0vtnet qq   
(9-2)

where σv0 is the in situ total overburden stress (obtained by integrating γbulk with depth, 

where γbulk is the total unit weight of the soil).   

Similarly, the T-bar and ball penetration resistances measured during the initial 

penetration and the cyclic penetration tests should also be corrected for the unequal pore 

pressure and overburden pressure effects using the following simplified expression 

(Chung and Randolph 2004): 

p
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where qT-bar and qball is the net penetration resistances for T-bar and ball respectively; qm 

is the measured penetration resistance; u0 is the hydrostatic water pressure; As is the 

cross-sectional area of the connecting shaft; Ap is the projected area of the penetrometer 

in a plane normal to the shaft;  is the net area ratio (similar to that for the cone).  A 

slightly more refined version of Eq. (9-3) was presented by Randolph et al. (2007), but 
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the difference was estimated to be less than 3 % during penetration and Eq. (9-3) avoids 

the need for accurate measurement of u2 during T-bar and ball penetration tests.  The net 

remoulded T-bar and ball penetration resistances will be denoted as qT-bar,rem and qball,rem 

respectively from hereon.   

9.4 INTERPRETATION IN TERMS OF INTACT UNDRAINED 

SHEAR STRENGTH 

The worldwide database established from the joint industry project formed the basis of a 

correlation study between the penetration test measurements (i.e. net penetration 

resistance and pore pressure) measured during the initial penetration of the penetrometer 

and intact undrained shear strength (su) (Low et al. 2009a i.e. Chapter 4).  This study 

indicated that the cone Nkt (= qnet/su) and Nu (= (u2 - u0)/su) factors are influenced by 

the rigidity index of the soil.  By contrast, full-flow penetrometer NT-bar (= qT-bar/su) and 

Nball (= qball/su) factors based on the average of triaxial and simple shear undrained shear 

strengths (su,ave) and vane shear strengths (su,vane) are relatively independent of 

secondary soil characteristics, apart from a slight effect of strength anisotropy, at least 

for soil with strength sensitivity  8.  The overall statistics showed similar levels of 

variability of the resistance factors, with low coefficients of variation, for all three types 

of penetrometer.  Due to its high variation and strong dependency on rigidity index, Nu 

is not recommended for estimating su without site specific correlation.    

Table 9-1 summarises the N-factors recommended by Low et al. (2009a) for the 

estimation of su from penetration resistances.  Specific N-factors for the Gulf of Guinea 

were also recommended, as six of the offshore sites considered in the project were from 

that region.  The recommendations given in Table 9-1 should only be used for the 

estimation of su for soils with strength sensitivity  8 and may be updated in the light of 

local experience.  However, extreme caution should be exercised if the correlations for a 

new site fall outside the ranges given, as this may indicate questionable data.   For the 

ranges given in Table 9-1, the lower value should be used to compute su when it is 

conservative to adopt high shear strength and the higher value used when it is 

conservative to adopt low shear strength.   

From the comparison between the ball and T-bar penetration resistances (both initial 

and remoulded), Low et al. (2009a) found that the ball penetration resistance may be 

approximately 5 % higher than the T-bar penetration resistance.  Due to limited ball 
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penetrometer data available in the database, they proposed adopting Nball = NT-bar but as 

more data become available it may prove appropriate to distinguish between Nball and 

NT-bar.   

9.5 INTERPRETATION IN TERMS OF REMOULDED SHEAR 

STRENGTH 

The remoulded shear strength (sur) can be determined from cyclic T-bar and ball 

penetration tests.  The ‘remoulded’ penetration (or extraction) resistance, qT-bar,rem and 

qball,rem, measured at the end of the cyclic test (normally 10 cycles) may be used to 

estimate sur using an appropriate remoulded N-factor (denoted as Nrem from hereon).  

Although the soil may not be fully remoulded at the end of the 10th cycle of the test, sur 

can still be estimated from qT-bar,rem and qball,rem as long as the Nrem-factor is calibrated 

with qT-bar,rem and qball,rem measured at the 10th cycle, which represents a practical length 

of the test.  In the correlation between sur and the average of remoulded penetration and 

extraction resistances measured during the 10th cycle of the cyclic penetration test, Low 

et al. (2009a) found that the Nrem-factors were higher than those for intact shear strength 

and showed slight increase with increasing strength sensitivity but showed no consistent 

trend with index properties.  The recommended Nrem-factors for estimating sur from the 

remoulded resistance are summarised in Table 9-1.  Just as for the interpretation of su, 

the recommended Nrem-factors should only be used to estimate the remoulded shear 

strength for soil with strength sensitivity  8 for which the proposal of 

Nrem,ball = Nrem,T-bar is still valid.   

Since Nrem-factors (i.e NT-bar,rem,vane and Nball,rem,vane) are higher than those for intact 

conditions (i.e. NT-bar,vane and Nball,vane), the ratio of qT-bar/qT-bar,rem or qball/qball,rem (i.e. 

resistance sensitivity) is expected to be always less than the shear strength sensitivity.  

This observation rises an important question of how best to measure strength sensitivity 

for a given design application and further research is required in this area.   

9.6 INTERPRETATION IN TERMS OF OTHER SOIL 

PARAMETERS 

Low et al. (2009b) (Chapter 5) showed that comparison of the penetration resistance 

measured from the different penetrometers may give some indication of the rigidity 

index of the soil.  In addition, Low et al. (2007) (Chapter 8) and Low et al. (2008a) 
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(Chapter 7) showed that, by modifying the testing procedures and fitting the 

penetrometers with pore-water pressure sensors, full-flow penetrometers have excellent 

potential in determining parameters for consolidation and the strain rate dependency of 

soil strength. 

9.6.1 Evaluation of Rigidity Index 

In a comparison between the ratio of net T-bar or ball penetration resistance to net cone 

penetration resistance (qT-bar/qnet or qball/qnet) and rigidity indices, G/su, Low et al. 

(2009b) found that qT-bar/qnet and qball/qnet followed the theoretical trends for the cone 

resistance to increase with G/su, with the best quantitative agreement obtained using the 

small strain stiffness, G0, as measured by in situ seismic cone tests (Figure 9-4).  Based 

on this observation, they suggested that, in the absence of accurate shear modulus data, 

the small strain rigidity index, G0/su,ave or G0/suss, may be estimated in the range of 200 

to 300 for qT-bar/qnet of unity, increasing to ~1000 for qT-bar/qnet of 0.75.  In addition, they 

also suggested obtaining seismic shear wave data as a check for the measured ratio of 

T-bar (or ball) to cone penetration resistances.   

9.6.2 Evaluation of Strength Dependency on Strain Rate 

The undrained shear strength of soil is affected by the applied shear strain rate.  

Therefore, the strain rate dependency of soil strength is an important issue, both in 

interpretation of test data and in the choice of what shear strength is appropriate for 

different design applications.  Varying the penetration rate during a penetration test is 

one of the methods to assess the strain rate dependency of soil strength in situ (Chung et 

al. 2006; Low et al. 2008a).  Alternatively, the variable rate vane shear test, as suggested 

by Peuchen and Mayne (2007), may be used for the same purpose.  The strain rate 

dependency of soil strength (or the rate coefficient) may then be evaluated by fitting the 

variable rate penetration test data or variable rate vane shear test data to a rate function 

such as the semi-logarithmic strain rate law (Table 9-2) or power strain rate law (Lehane 

et al. 2009).   

Figure 9-5 shows an example of the effect of penetration rate on the penetration 

resistance obtained from a series of variable rate T-bar and ball penetration tests and 

variable rate cyclic T-bar and ball penetration tests performed at a soft clay site located 

in Western Australia.  It may be noted in Figure 9-5 that, during undrained penetration, 

qT-bar and qball decrease compared to that for a standard rate test (i.e. q/qref decreasing) 
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when the penetration rate is reduced.  Low et al. (2008a) found that the rate coefficients 

for field qT-bar and qball, which depend on the rate function used to fit the data and the 

reference penetration rate, lie between 0.10 and 0.21, with the rate coefficients for qball 

falling at the lower bound (Table 9-2).  They also observed no difference in the rate 

coefficients for intact and remoulded clays, for either qT-bar or qball.  This similarity in 

rate effects for both intact and remoulded clay suggests that performing variable rate 

penetration tests in remoulded soil may be advantageous because it is much easier to 

measure a consistent resistance profile for both standard rate and variable rate tests in 

remoulded soil.   

Variable rate penetration test data may allow the penetration resistance to be used 

directly in design for different applications, depending on the shearing rates imposed 

(Randolph et al. 2007).  However, it has been shown experimentally that the strain rate 

dependency of soil strength tends to decrease with decreasing strain rate (e.g. Lunne and 

Andersen 2007; Peuchen and Mayne 2007).  Therefore, caution should be exercised 

when extrapolating the penetration resistance for direct application in design where this 

involves extrapolation of shear strength over several orders of magnitude difference in 

strain rate.  This is particularly true if the semi-logarithmic strain rate law is used to 

model the strain rate dependency.   

9.6.3 Evaluation of Consolidation Parameter 

While consolidation parameters are normally estimated from laboratory consolidation 

tests on (nominally) undisturbed samples, in situ tests can provide a relatively cost and 

time effective alternative for estimating the coefficient of consolidation of offshore 

sediments.  In addition, estimating consolidation parameters from in situ tests could 

avoid concerns over the quality of the recovered samples and also modelling more 

three-dimensional consolidation processes rather than the purely vertical consolidation 

condition in standard laboratory consolidation tests.  While the piezocone dissipation 

test is one of the most common in situ tests used for estimating the in situ coefficient of 

consolidation, the variable rate penetration test may also be used to evaluate the 

consolidation parameters of soil (House et al. 2001; Low et al. 2008a). 

Low et al. (2008a) showed that, by fitting the variable rate data to the following 

equation proposed by Chung et al. (2006), the vertical coefficient of consolidation value 

measured under normally consolidated conditions, cvnc may be estimated (Figure 9-6): 
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where qref is the penetration resistance at a reference penetration rate, vref; a, b, c and n 

are the backbone curve parameters (with adopted values of a = 1, b = 2.77, c = 0.175 

and n = 1.45 as reported by House et al. (2001) from unpublished data of Watson and 

Suemasa (2000)); V is the normalised penetration rate defined as vde/cv with v being the 

penetration rate, de the equivalent diameter of the penetrometer and cv the vertical 

coefficient of consolidation; v0 is the penetration rate at which the viscous effects start 

to decay towards zero; µ is the rate coefficient for semi-logarithmic rate law.  Note that 

the equivalent diameter, de, is the diameter of a circle of equivalent projected area to the 

ball (where de = diameter of the ball) or T-bar (where de = 2.82 times the T-bar diameter 

for a length to diameter ratio of 6.25:1).  It should also be noted that vref in Eq. (9-4) 

must be significantly greater than v0 in this formulation to ensure the penetration at this 

rate is under undrained conditions; the standard penetration rate of 20 mm/s may be 

adopted for vref.  The values for  and v0 can be evaluated from the variable penetration 

test data in the undrained penetration regime, as shown in Figure 9-5.  Low et al. 

(2008a) found that the best-fitted cv values in intact and remoulded soils are similar and 

comparable with the cvnc values measured from constant rate of strain consolidation 

tests. 

9.7 CHARACTERISATION OF NEAR SEABED SURFFACE 

SEDIMENTS 

The strength profile in the upper 1 to 2 m of the seabed is critical for pipeline, flowline 

and riser design, and yet is the most difficult to assess by means of in situ testing and 

soil sampling.  From a review on some existing approaches for the strength 

characterisation of seabed surficial sediments, Low et al. (2008b) (Appendix A) 

concluded that performing in situ strength tests within box core samples is the most 

reliable means of characterising the shear strength of soft surficial sediments.  While a 

miniature vane shear test can be used to determine the intact and remoulded shear 

strength profiles in a box core sample, miniature penetration tests take much less time 

and provide a continuous shear strength profile throughout the depth (Low et al. 2008b; 

Low and Randolph 2008).  In addition, penetration testing should also provide excellent 
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definition of any crustal features.  The intact and remoulded undrained shear strength 

can be estimated from the penetration resistance using the N-factors recommended in 

Table 9-1.  

At the moment, commercially available box corers are only capable of recovering soil 

samples from depths up to 0.5 m below the seabed (e.g. Borel et al. 2005).  In view of 

the excellent potential of box corers in recovering intact samples of very soft surficial 

sediments, development of box corers capable of taking deeper samples without 

increasing the level of disturbance should therefore be encouraged.  The use of an ROV 

is also a very interesting alternative for deploying in situ tools to undertake in situ tests 

to 1 to 2 m below the seabed without disturbing the seabed soil and is already 

commercially available (e.g. Newson et al. 2004).   

9.8 FUTURE DEVELOPMENT OF IN SITU TOOLS AND 

TESTING TECHNIQUES 

A number of future developments of in situ tools and testing techniques are suggested to 

maximise the potential and reliability of in situ tools, particularly full-flow 

penetrometers, in the characterisation of deepwater soft soils.  The suggestions include 

incorporating additional sensors to existing in situ tools, improving on existing sensors 

and improving current testing equipment. 

9.8.1 Incorporation of Pore Pressure Sensor on Full-Flow Penetrometer 

Recent development of full-flow penetrometers has involved fitting pore pressure 

sensor(s) to obtain parameters in addition to the penetration resistance, thus enhancing 

the capability of full-flow penetrometers for estimating geotechnical parameters other 

than undrained shear strength.  Peuchen et al. (2005) and Kelleher and Randolph (2005) 

showed the excellent potential of the T-bar and ball penetrometer with pore pressure 

measurement (i.e. piezo T-bar and piezoball) for assessing soil stratigraphy.  In their 

respective tests, Kelleher and Randolph (2005) measured pore pressure at the mid-

height of the ball while Peuchen et al. (2005) measured the pore pressure along the axis 

of the T-bar (with one sensor at the centre and one at the edge) and at the tip of the ball.  

In the characterisation of peaty soil, Boylan and Long (2006) also showed that the pore 

pressure data measured at a location of one third the ball diameter from the tip of the 

ball appeared to be useful in identifying the relative humification within a peat deposit.  

Low et al. (2007) and DeJong et al. (2008) showed that, as for the piezocone, piezoball 
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dissipation tests (with pore pressure measurement at the mid-height of the ball) may be 

used to estimate the consolidation parameters for a soil.  Theoretically, the pore pressure 

distribution around the T-bar and ball penetrometers should be largely independent of 

the rigidity index of soil.  This may provide an advantage of the piezoball over the 

piezocone in estimating the in situ coefficient of consolidation from the dissipation tests.   

The existing international standard such as the NORSOK standard does not mention 

pore pressure measurement in connection with T-bar (or ball) penetration testing.  Since 

the experience in pore pressure measurement for T-bar and ball penetration tests is still 

very limited, it is recommended that tests should be carried out at well documented test 

sites with different filter locations in order to find the optimal location and allow 

standardisation of pore pressure measurements on full-flow penetrometers. 

9.8.2 Sensor Compensated for Ambient Pressure 

In deepwater environment, the load cell and pressure sensors for penetrometers are 

preloaded by the high ambient water pressure at the seabed and consume a significant 

portion of the measurement range.  As a result, high capacity sensors are required and 

this limits the sensitivity in respect of measuring the very small incremental resistance 

from the soil during penetration in soft clays.  In order to increase the accuracy or 

sensitivity of the measurements, geotechnical contractors should be encouraged to use 

sensors that measure differential pressure or resistance relative to ambient water 

pressure.  Several ambient pressure compensated cone penetrometers have been 

introduced and already started to be used commercially (Meunier et al. 2004; Robertson 

2008).  Although this is somewhat less important for the T-bar and ball penetrometers 

compared to the cone, because of the ten-fold greater projected area relative to the 

connecting shaft, sensors compensated for ambient pressure would further improve the 

accuracy of the tests.   

9.8.3 Variable Rate Penetration Test 

In view of the benefits of the variable rate penetration test in evaluating strain rate 

dependency of soil strength in situ and consolidation conditions during the penetration 

test, it is recommended that the industry moves towards incorporating intervals of 

varying rate penetration tests through appropriate design of the test control software.  In 

some cases, this will require associated advances in equipment to increase the range of 

penetration rates at which controlled testing can be carried out and to increase the data 
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logging rate.  A provisional target would be to vary the penetration rate in steps by 

between 1 and 2 orders of magnitude, with a minimum advance at each step of 0.1 m for 

cone or T-bar penetrometers and 2 diameters for ball penetrometers.  A possible 

sequence is given in Table 9-3, which would be completed within a depth range of 0.5 

m or 10 ball diameters in 2 to 3 minutes.  The proposed variable rate penetration test 

may be particularly useful and important for the interpretation of penetration tests and 

predicting foundation behaviour in intermediate soils such as silts, as noted by Erbrich 

(2005).   

9.9 CONCLUSIONS AND GUIDANCE ON WHEN TO USE THE 

DIFFERENT TESTS 

Based on the findings and experience obtained from this study and the joint industry 

project, a number of recommendations on the design of the in situ tools and testing 

procedures have been suggested to improve the accuracy and reliability of the test 

results and the consistency in results obtained by different operators.  In addition, 

guidelines are also provided for the interpretation of intact and remoulded shear 

strengths from the penetration resistance measured by different penetrometers.  By 

varying the penetration rate during a penetration test and fitting the full-flow 

penetrometers with pore-water pressure sensors, preliminary studies showed the 

potential of full-flow penetrometers in determining strain rate dependency of soil 

strength, soil stratigraphy and consolidation parameters.  Therefore, some suggestions 

on the future developments for the in situ tools (especially penetrometers) and 

associated equipments were also recommended to maximise the potential of the in situ 

tools in characterisation of deepwater soft soils.   

Recommendations on which of the in situ tools (cone, T-bar, ball or vane) should be 

used for a site investigation will depend on the project requirements, the soil conditions 

that are likely to be encountered and the geotechnical problem(s) to be solved.  

Table 9-4 summarises a number of geotechnical problems relevant for deepwater field 

developments and the various soil parameters that can be interpreted from in situ testing 

(mainly the soil shear strengths) and their reliability.  Table 9-4 is meant to be used as a 

guide for when to use the different in situ test types.  The T-bar and ball penetrometers 

are grouped in the same category because their measured resistances are very similar.   
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The undrained shear strength estimated from piezocone penetration test is rated lower 

reliability in the case of backfilled material as compared to that in the original seabed 

soil.  This is because very low cone resistance and pore pressure are expected in this 

type of material.  At very shallow depths, where soil strengths are low, either the vane 

or the T-bar (or ball) penetrometer are capable of providing sufficient accuracy for 

estimating the shear strength.  If both tests are performed with extreme care, both 

devices can show good agreement in both peak and residual (remoulded) strengths.  

However, the T-bar (or ball) penetration test is quick and gives a continuous profile of 

shear strength.  In addition, vane shear test results typically show more scatter due to the 

varying amounts of soil disturbance and consolidation, as a result of the vane insertion, 

before the vane shear test is conducted.  As such, it is recommended that the T-bar (or 

ball) penetrometer is viewed as the primary tool, with the vane shear test as a 

supplementary test to increase reliability of the measured undrained shear strength.  

Preferably, the T-bar and ball penetration tests should be performed in box core samples. 

In natural deposits, where the stratigraphy and knowledge of material type is required, it 

is recommended that the piezocone is used as the primary investigation tool because 

there is wide experience in deducing the material type from the piezocone parameters.  

However, for the estimation of shear strength, particularly in relatively soft material, the 

T-bar (or ball) penetrometer should be considered as a primary tool.  This is because the 

T-bar (or ball) penetrometer is potentially more reliable than the piezocone (particularly 

when qT-bar and qball are correlated to su,ave and su,vane), and the deduced shear strength 

from the T-bar (or ball) penetration resistance appears to offer a good predictive basis 

for the capacity of foundation elements (e.g. Watson 1999). 

At this stage there is insufficient experience to assess the relative merits of the T-bar or 

ball penetrometer.  The T-bar penetrometer, by its nature, is more susceptible to bending 

moments being induced in the load cell.  These may result in spurious changes in the 

load cell measurements since it is difficult to achieve complete independence of the load 

cell from the effects of bending.  However, the T-bar penetrometer may be viewed as a 

model pipeline element, and thus provides direct information for pipeline and riser 

design.   
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Table 9-1  Recommended N-factors (Low et al. 2009a) 

N factor / 
Nrem factor 

Definition 

Recommended N-factor 

All Data Gulf of Guinea 

Mean Range Mean Range 

Nkt,suc qnet/suc
 12.0 10.0 – 14.0 12.5 10.5 – 14.5 

Nkt,su,ave 
qnet/su,ave or 

qnet/suss
* 

13.5 11.5 – 15.5 13.5 11.5 – 15.5 

NT-bar,suc qT-bar/suc 10.5 8.5 – 12.5 10.5 8.5 – 12.5 

NT-bar,su,ave 
qT-bar/su,ave or 

qT-bar/suss
* 

12.0 10.0 – 14.0 12.0 10.0 – 14.0 

NT-bar,rem,UU qT-bar,rem/sur,UU 20.0 13.0 – 27.0 - - 

NT-bar,rem,fc qT-bar,rem/sur,fc 14.5 12.5 – 16.5 - - 

NT-bar,rem,vane qT-bar,rem/sur,vane 14.0 12.0 – 16.0 - - 

Notes:   suc is the triaxial compression strength; suss is the simple shear strength; su,ave is the average of 
triaxial compression and extension and simple shear strength; sur,UU is the remoulded UU 
strength; sur,fc is the remoulded fall cone strength; sur,vane is the remoulded vane shear strength. 

 *when su,ave is not available 
 

Table 9-2  Best fit hyperbolic sine and semi-logarithmic rate coefficient (Low et al. 
2008a) 

Penetrometer 

Hyperbolic sine rate coefficient, 

  

  0ref
1

0
1

ref v/vsinh
)10ln(

1

v/vsinh
)10ln(

1

q

q











  

Semi-logarithmic rate 
coefficient, 











refref v

v
log1

q

q
 

T-bar (Intact) 0.21 0.15 (0.19*) 

T-bar (Remoulded) 0.21 0.15 (0.19*) 

Ball (Intact) 0.12 0.10 (0.11*) 

Ball (Remoulded) 0.12 0.10 (0.11*) 

Note :   qref was taken as penetration resistance at penetration rate of 20 mm/s 
 vref was taken as penetration rate of 20 mm/s 
  is the rate coefficient that quantify the change in strength with an order of magnitude change in 

rate 
 *Values in brackets were obtained by taking v0 as vref (= 1 mm/s) and q measured at the 

penetration rate of v0 as qref.  
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Table 9-3  Suggested sequence of penetration rates for evaluation of rate effects 

Step  Rate (mm/s) Comment 

0 20 Standard rate 

1 60 Increased rate for 0.1 m or 2d 

2 20 Standard rate for 0.1 m or 2d 

3 6 Decreased rate for 0.1 m or 2d 

4 2 Decreased rate for 0.1 m or 2d 

5 6 Increased rate for 0.1 m or 2d 

6 20 Revert to standard rate 

Note:  d is the diameter of penetrometer 
 

Table 9-4  Applicability/reliability of interpreted soil parameters 

Geotechnical 
problem 

Depth 
below 
seabed, m 

Soil parameters 
required1,6 

Applicability/ reliability Comment 

Piezocone T-bar 
/ball 

Vane 

Backfilled 
trenches: 
upheaval 
buckling 

0-1 Soil profile 
Classification 
Soil density 
Undrained shear strength 

1-2 
2 
2-3 
2-3 

3 
- 
- 
1-2 

- 
- 
- 
2-3 

Extremely 
soft material 
may be 
encountered 

Pipeline/riser 
soil 
interaction 

0-3 Soil profile 
Classification 
Undrained shear strength 
Remoulded shear strength 

1-2 
2 
2 
5 

3 
- 
1-2 
1-22 

- 
- 
2-3 
2-35 

Very soft 
material may 
be 
encountered 

Skirted 
foundations: 
-penetration 
-bearing 
capacity 

0-15/40 Soil profile 
Classification 
Undrained shear strength 
Remoulded shear strength 

1-2 
2 
2 
5 

3 
- 
1-2 
1-22 

- 
- 
2-3 
2-35 

 

Seabed 
templates: 
penetration, 
stability and 
settlements 

0-10 Soil profile 
Classification 
Undrained shear strength 
Remoulded shear strength 
Settlements 

1-2 
2 
2 
5 
(3-4)4 

3 
- 
1-2 
1-22 
(-)4 

- 
- 
2-3 
2-35 
(-)4 

 

Geohazards: 
Slope stability 

0-10/1003 Soil profile 
Classification 
Undrained shear strength 
Remoulded shear strength 

1-2 
2 
2 
5 

3 
- 
1-2 
1-22 

- 
- 
2-3 
2-35 

Use of 
T-bar/ball 
and vane 
may be 
limited to 
40 m depth 

Notes:  
1.  Scale of relative applicability/reliability: 1 High; 5 Very low; ‘–’ No applicability.  The values indicate 

to some extent NGI/COFS’s view on the potential tool to derive certain parameter. 
2.  Require cyclic T-bar (or ball) penetration tests 
3.  This study mainly covers the interpretation of parameters at depths up to say 30 m below seabed 
4.  Settlement parameters have not been covered in this study 
5.  Requires at least 10 quick rotations 
6.  Parameters for evaluating cyclic behaviour are not included in above table. 
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Figure 9-1  T-bar and ball penetrometers 
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Figure 9-2  Scheme for taking reference readings for seabed mode in situ testing 
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Figure 9-3  Example for presentation of cyclic penetration test results 

 

0 400 800 1200 1600

Ir (= G0/suss or G0/su,ave)

0.0

0.5

1.0

1.5

q T
-b

ar
/q

ne
t

( )( )( ) ( )( )
O

O O

OOOOO

O
OOO OOO

O

 = 0.2
s = 0.3

 = 0.6
s = 0.3

0 400 800 1200 1600

Ir (= G0/suss or G0/su,ave)

0.0

0.5

1.0

1.5

q b
al

l/q
ne

t

( )( )( )
( )( )

OO
O

OOOO
O

O
OOO OOO

O

 = 0.6
s = 0.3

 = 0.2
s = 0.3

            (a)              (b) 

Legend: 
Onsøy Burswood Bothkennar

Figure 9-4  Variation of qT-bar/qnet and qball/qnet with rigidity index (Ir);  is the in situ 
normalised shear stress (= (v0 – h0)/2su); s is the interface friction ratio.  (The data 
based on G0/su,ave are circled in the plot and the data for ‘poor’ quality samples are 
bracketed.)  (after Low et al. 2009b) 
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Figure 9-5  Penetration rate effect on (a) qT-bar  (b) qball (solid symbols – test data for 
intact soil; open symbols – test data for remoulded soil) 
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Figure 9-6  Evaluation of consolidation parameters from variable rate penetration tests  
(solid symbols – test data for intact soil; open symbols – test data for remoulded soil; 
solid line – fitted curve for intact soil; dotted line fitted curve for remoulded soil) 
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CHAPTER 10    CONCLUDING REMARKS 

10.1 FINDINGS AND LIMITATIONS OF THIS STUDY 

In this study, field and laboratory data from 3 onshore and 11 offshore sites have been 

interpreted to form a database - the most extensive database for full-flow penetrometers 

to date.  From this worldwide database, empirical correlations between penetration 

resistance and laboratory and vane shear strengths and between ratios of penetration 

resistances measured by different types of penetrometer and soil characteristics were 

evaluated and compared with the theoretical solutions.  A new manually operated 

offshore full-flow penetrometer (the DMS) was also developed and shown to be a 

reliable and time effective means to obtain profiles of shear strength in soft box core 

samples recovered from near the seabed surface, which is crucial for pipeline and riser 

design.  It was also shown that, by modifying the testing procedures (i.e. in the form of 

cyclic penetration tests and twitch or variable rate penetration tests) and fitting the 

penetrometers with pore-water pressure sensors, the full-flow penetrometers showed 

excellent potential for determining strength sensitivity, strain rate dependency of shear 

strength and coefficient of consolidation.  With experience gained from this study, 

recommendations were made in respect of the best procedures for performing high 

quality in situ tests and the optimal combinations of in situ tools for determining soil 

properties for design of different engineering problems in various soil conditions.  

Finally, a number of future developments of in situ tools and testing techniques were 

also suggested to maximise the potential and reliability of in situ tools, particularly full-

flow penetrometers, in the characterisation of deepwater soft soils.  All these findings 

were summarised in Chapter 9.   

It has to be emphasised that the findings from this study are only applicable for the 

interpretation of penetration test results in fine-grained soils, where the tests may be 

considered undrained.  However, many offshore deposits include silts zones, either in 

relatively thick layers, or as thinner lenses interbedded amongst finer grained material.  

The penetrometer measurements in these intermediate soils (measured at the standard 

penetration rate) are commonly affected by partial drainage during the test.  In order to 

interpret the penetrometer measurements in such intermediate soils, a first step is to 

assess the degree of drainage during the test.  This may be achieved by performing 

twitch or variable rate penetration test and fitting pore pressure sensors on the 
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penetrometers (such as the piezocone and piezoball).  These tests would allow 

confirmation of whether the penetration at the standard rate is truly undrained or 

partially drained through the comparison of penetration resistance and pore pressure for 

the variable rate test with those for a standard rate test.  Therefore, future research is 

required on how to utilise the results from these tests for the interpretation of soil 

properties for intermediate soils from the penetration tests and to extrapolate the 

measured responses to the prediction of offshore foundation behaviour. 

10.2 SUGGESTIONS FOR FUTURE RESEARCH 

Experiences of pore pressure measurement during cone penetration tests have been well 

documented.  However, similar experience for T-bar or ball penetration tests is still very 

limited.  Therefore, further research is required to gather more high quality data on pore 

pressure measured during the piezo T-bar and piezoball penetration tests and provide 

frameworks for the interpretation of the measured pore pressure data.  A critical aspect 

is identification of the optimal position for pore pressure monitoring in aiding soil 

classification and the interpretation of penetration resistance in difficult soils such as 

silts or interbedded sediments.  Future research for achieving these objectives is 

identified below. 

10.2.1 Soil Profiling 

Identification of soil layers of different permeability characteristics (e.g. silt layers in a 

clay profile) is of great importance for design situations that may depend on the 

preservation of undrained conditions such as suction caisson foundations.  At present, 

there is only limited reported experience on the identification of soil layers with the 

piezo T-bar and piezoball (Kelleher and Randolph 2005; Peuchen et al. 2005).  

Assemblage of high quality piezo T-bar and piezoball penetration tests in various soil 

types from field or centrifuge will help to provide knowledge on the effectiveness of the 

piezo T-bar and piezoball in soil profiling.  This will lead to the development of 

guidelines for interpreting the characteristics of soil layers from piezo T-bar and 

piezoball penetration profiles.  

10.2.2 Development of Soil Behavioural Classification Charts 

At present, several soil behavioural classification charts, which relate parameters 

developed from the penetration resistance and pore pressure measured during 

penetration tests to the soil behavioural type, have been developed for the piezocone 



CHAPTER 10   CONCLUDING REMARKS 

 301

(e.g. Robertson 1990; Schneider et al. 2008).  The development of similar charts for 

piezo T-bar and piezoball would greatly enhance the capacity of the piezo T-bar and 

piezoball penetration tests in site investigation practices.  This can be achieved through 

analysis of a high quality database of field and centrifuge piezo T-bar and piezoball tests 

in various soil types.   

10.2.3 Interpretation of Dissipation Test and Variable Rate Penetration Test 

Piezocone dissipation tests are normally carried out to estimate the in situ coefficient of 

consolidation.  The potential of similar dissipation tests using the piezoball and variable 

rate penetration tests to estimate the in situ coefficient of consolidation has been argued 

(Chapters 7 and 8).  Theoretically, the pore pressure distribution around the T-bar and 

ball penetrometer should be largely independent of the rigidity index, which may 

provide an advantage of the piezo T-bar and piezoball over the piezocone in estimating 

the in situ coefficient of consolidation from dissipation and variable rate penetration 

tests.  However, at present, there is no theoretical solution available for the 

interpretation of these tests.  Large deformation finite element (LDFE) analyses will 

allow development of robust theoretical solutions, both for initially undrained 

penetration and also in soil types where some degree of consolidation occurs during the 

penetration phase.  

Parametric studies using the LDFE technique can be undertaken to establish the 

theoretical dissipation and backbone curve(s) for the interpretation of piezo T-bar and 

piezoball dissipation and variable rate penetration tests.  The numerical analysis results 

can then be validated using high quality data collected from field or centrifuge piezo T-

bar and piezoball dissipation tests and variable rate penetration tests in various soil 

types.  With these results, a framework for the estimation of coefficient of consolidation 

from the piezo T-bar and piezoball dissipation and variable rate penetration tests can be 

established.    

10.2.4 Positioning of the Pore Pressure Transducer 

The piezoballs developed to date measured pore pressure at different locations (Chapter 

8; Peuchen et al. 2005; Boylan et al. 2006; DeJong et al. 2008) and the optimum 

position of pore pressure measurement for different purposes (i.e. soil stratification 

identification, shear strength estimation etc.) has not yet identified.  High quality data 

gathered from field or centrifuge piezoball tests (that measure pore pressure at various 

locations) in various soil types can be used to identify the pore pressure trends for 
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different measuring positions and provide guidance on the optimal position for different 

applications.  
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Abstract 
Accurate measurement of the shear strength profile in the upper 1 m of soft sediments is crucial for pipeline and riser design, 
particularly for deep water developments.  In this paper, some existing approaches for the strength characterization of seabed 
surficial sediments are reviewed and the conclusion reached that performing in-situ strength tests within box core samples is 
the most reliable means of characterizing the shear strength of soft surficial sediments.  A box corer for recovering high quality 
undisturbed sample of the very soft seabed surficial sediments (upper 0.5 m of the seabed) and a new manually operated 
penetrometer (DMS) for measuring profiles of undisturbed and remoulded undrained shear strength within the box core 
sample are described.  Field data for DMS tests in box cores recovered from a site in the Gulf of Mexico are presented and 
compared with the strength data measured by motorized miniature vane tests to evaluate the potential of the DMS in 
characterizing the shear strength of seabed surficial sediments.  These data showed that performing DMS tests in box core 
sample can provide a reliable and time effective means of obtaining strength profiles (undisturbed and remoulded) of soft 
seabed surficial sediments. 
 
Introduction 
Accurate characterization of seabed surficial sediments has became increasingly important due to escalating hydrocarbon field 
developments in water depths that are now approaching 3000 m, for which the cost of in-field flowlines and pipelines for 
exporting hydrocarbon products to shore forms a significant portion of the overall field development cost.  However, the low 
strength of the surficial sediments, in the upper 0.5 to 1 m of the seabed, has rendered soil sampling and strength testing 
extremely difficult and has posed a major challenge in measuring the shear strength profile accurately, particularly in deep 
water.  Typically, the shear strength of the seabed surficial sediments lies in the range 0 to 5 kPa, although in some deposits 
such as off the West African coast, a crust with strength of 10 to 15 kPa may be found (Borel et al. 2005; Ehler et al. 2005).   

In this paper, some existing approaches for measuring the strength profile of seabed surficial sediment will first be 
reviewed.  Subsequently, a box corer that is able to recover high quality undisturbed samples of the surficial sediments and a 
new manually operated penetrometer (DMS) for measuring undisturbed and remoulded undrained shear strength within the 
box cores will be described.  Data from a field trial in the Gulf of Mexico will be presented, and compared with the strength 
data measured by motorized miniature vane shear tests, to evaluate the potential of the box corer and the DMS in the 
characterization of soft surficial sediments from deepwater sites. 

 
Existing Approaches for Near Seabed Surface Sediment Characterization 
In Situ Testing.  Full flow penetrometers, i.e. cylindrical T-bar and spherical ball penetrometers, have started to be used 
widely as one of the main site investigation tools for the characterization of soft seabed surficial sediments for pipeline design.  
Futhermore, the T-bar, which typically comprises a bar of 40 mm diameter and 250 mm long, may be viewed as a small scale 
segment of pipe.  The advantages of full flow penetrometers relative to a conventional cone penetrometer include (Randolph 
2004): 

• minimal correction for overburden and pore pressure effects; 
• theoretical solutions available for deducing the shear strength from the penetration resistance; 
• remoulded shear strength assessible from cyclic penetration and extraction of the full flow penetrometer. 
Several studies have been published on the correlation between the penetration resistance measured by full flow 

penetrometers and the intact and remoulded undrained shear strength (Randolph 2004, Lunne et al. 2005, Yafrate and DeJong 
2005).  However, some care is needed for the interpretation of the T-bar penetration resistance at very shallow depths.  As 
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commented by White and Randolph (2007), at shallow depths the T-bar factor for estimating the undrained shear strength 
should be reduced to reflect the shallow penetration mechanism.  In general, the T-bar factor may be expressed as: 

deep,barT
u

0,barTbarT N
s

zNN −−− ≤
γ′

+=  (1) 

where NT-bar,deep is about 11; NT-bar,0 is the value associated with weightless soil at shallow depths, γ'z is the effective 
overburden stress and su is the undrained shear strength.  Values for NT-bar,0 for rate-independent, perfectly plastic soil, may be 
gleaned from solutions for shallow pipe penetration (Aubeny et al. 2005; Barbosa-Cruz and Randolph 2005), which lie 
between 4 and 5 at a penetration of half a diameter, and 6 and 8 at a penetration of 4 diameters (assuming no back-flow above 
the pipe) or 9 and 12 (following back flow) with the lower limits corresponding to a fully smooth T-bar surface and the upper 
limits to a fully rough surface.  In normally consolidated soils, with a typical strength gradient of 1.5 kPa/m and effective unit 
weight of 5 to 6 kN/m3, the T-bar factor will reach its deep value within 3 or 4 diameters (a depth of about 0.15 m).  However, 
where a surface crust exists, the deep T-bar factor may not be achieved until up to twice that depth.  As will be described later, 
the manually operated (DMS) T-bar has a smaller diameter than the field T-bar, so performing a DMS test in a box corer 
allows the T-bar factor to reach its deep value at much shallower depths (a depth of about 0.03 m).   

On the other hand, to ensure accurate penetrometer measurement in very soft seabed surficial sediment, close attention 
needs to be paid to the field penetrometer testing procedures.  Randolph et al. (2007) have pointed out that full stabilization of 
the penetrometer load cell prior to penetrating the seabed and careful control of depths for the tests should be emphasized in 
testing procedures to minimize the error caused by the load cell zero offset.  In addition, it is also important to ensure that 
seating of the seabed frame on the seabed does not disturb the soil in the vicinity of the penetrometer test and does not interfere 
with the measured penetration resistance due to the additional total overburden pressure imposed by the self-weight of the 
seabed frame.  The soil disturbance around the seabed frame and the influence of the seabed frame self-weight may be 
minimized by performing penetrometer tests from a remotely operated vehicle (ROV) as described by Newson et al. (2004).  
Figure 1 shows an example that illustrates the importance of these test quality control measures on the measured penetration 
resistance.  In Figure 1, it may be seen that, prior to load cell zero offset correction, the extraction resistances from several 
tests cross the zero line at depths above about 3 m.  After correction (based on the results of cyclic tests and the ratio of 
extraction to penetration resistance as described by Randolph et al. 2007), the extraction resistances remain negative, but now 
three or four tests show very low and even negative penetration resistance in the upper 0.5 m.  For pipeline or riser design, 
where the shear strength in this upper metre of the soil is critical, these uncertainties in the absolute penetration resistance are 
definitely of concern.   

For pipeline and riser design, accurate and reliable measurement of remoulded strength at shallow depths is also required.  
Although cyclic penetration tests with full flow penetrometers may be used to measure the remoulded strength, experience has 
shown that there is potential for water infiltration through the ‘wound’ created by the initial penetration of the penetrometer, 
particularly at shallow depths.  This will lead to remoulding of the soil under conditions with a varying water content 
(i.e. water content increasing during the cyclic test), resulting in underestimation of the remoulded strength for in situ 
conditions.  An example of a cyclic penetration test in the upper 0.5 m of the seabed is shown in Figure 2.  It can be seen that 
the resistance appears to reach a plateau at about 50 % of the initial penetration resistance between the 4th and 6th cycles.  
However, during the subsequent cycles, the resistance starts to decrease with each cycle, which is assumed to be due to 
additional water becoming entrained in the soil column surrounding the penetrometer.  One of the solutions to overcome this 
problem is to perform DMS tests in a box core sample, because the free water on the sample surface may be siphoned off 
before the test is started, hence eliminating the water infiltration problem.  It may also be noted that gradual water entrainment 
and thus reduction in the remoulded shear strength may be relevant for pipeline and riser design, but it is preferable to be able 
to separate out the two different aspects of (a) remoulding, and (b) water entrainment, rather than perform tests where the two 
effects occur concurrently.   

Aubeny and Shi (2006) explored the potential of the expendable bottom penetrometer (XBP) as an economical means for 
estimating the shear strength of seabed surficial sediments over a large area.  The XBP is a penetrometer fitted with an 
accelerometer that may be deployed from a moving vessel and will not be retrieved from seabed after deployment.  Aubeny 
and Shi (2006) developed a theoretical framework to estimate the shear strength of the seabed surficial sediments using the 
decelerations measured upon the XBP’s impact into the seabed sediment, following a free falling.  However, since the XBP 
does not measure the shear strength directly and various analysis simplifications have been assumed in Aubeny and Shi’s 
framewok, the XBP can only provide a first order estimation of shear strength for the seabed surficial sediments.  It should 
also be pointed out that, although the shear strength of surficial sediments over a large area may be estimated using the XBP, 
the impact location of the penetrometer cannot be controlled accurately and hence the XBP may not be suitable for pipeline 
design where spatial variation in the shear strength profile occurs.   

 
Soil Sampling.  In spite of gradual improvements in gravity piston core technology (Young et al. 2000, Borel et al. 2002) for 
sampling seabed sediments, it is difficult to obtain undisturbed samples of the very soft surfical sediments.  Box core samples 
offer a possible better solution, but the strength profile needs to be obtained from the box-core itself, rather than trying to sub-
sample.  Figure 3 shows a comparison of undrained shear strength profiles obtained from miniature vane shear tests in a box 
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corer and gravity piston core recovered from the Gulf of Mexico.  The shear strength profiles are compared with the net cone 
resistance (plotted on a scale at 10:1 relative to the shear strengths) from a seabed test.  The maximum distance between the 
cores and piezocone test locations is 85 m.  It may be noted in Figure 3 that the box corer appears to provide much better 
accuracy than the gravity piston core for strength characterization at very shallow depths.  However, reliance on strengths from 
miniature vane shear tests within the box core is questionable, owing to varying amounts of disturbance during penetration of 
the vane, followed by consolidation during whatever waiting period is allowed before conducting the vane shear test.  In 
addition, only discrete measurements are possible, rather than a continuous profile and performing vane shear test is also time 
consuming, especially when both undisturbed and remoulded strength are required.   

To overcome the limitations of miniature vane shear tests in measuring soil strength profile within the box corer, a new 
manually operated penetrometer (DMS), as will be described in this paper, has recently been developed to measure the in situ 
soil strength profile within box core samples.  In general, the DMS test takes much shorter time than the miniature vane shear 
test to measure the soil strength profile in a box core sample and provides a continuous strength profile throughout the depth.  
In addition, the remoulded shear strength of the surficial sediments may be estimated from a cyclic DMS test.   

 
Characterization of Near Seabed Surface Sediment in Box Corer 
Test Site.  An opportunity to evaluate strength profiling in box core samples arose recently at a site located in the Walker 
Ridge and Green Canyon areas of the Gulf of Mexico.  The seabed sediments comprise light brown clay with forams overlying 
soft olive gray clay.  The water depth at the site is approximately 2500 m. 

 
Box Corer and Testing Equipments.   

Box Corer.  The box corer used for soil sampling for the field trial tests in this study, as shown in Figure 4, is fabricated 
from stainless steel.  The box corer is designed to recover seabed surficial sediment for geotechnical engineering and 
environmental impact surveys.  The inner and outer surfaces of the box corer are machined smooth to minimize frictional 
resistance between the box and the sediment during sampling.  The internal dimensions of the box corer are 500 mm x 500 mm 
x 500 mm.  The base of the box corer consists of two scoops or jaws that are connected to the box corer by a hinge while the 
top assembly of the box corer consists of a stainless steel frame with a counter weight for operating the jaws.  The counter 
weight ensures the jaws for the box corer remained opened during deployment.  At each side of the box corer, there is a 
stainless steel rack where weights can be placed to facilitate the penetration of the box corer into the soil upon the impact of 
the box corer on the seabed.  The self-weight of the box corer can be adjusted by adding or removing weights to suit different 
seabed conditions to ensure sufficient soil sample recovery for the sediment characterization purposes.  A lid is equipped at the 
top of the box corer to minimise sample disturbance as the box corer is retrieved from the seabed.   

Manually Operated Offshore Penetrometer - DMS.  The DMS is a portable testing device, which is designed to be used 
on an offshore site investigation vessel to measure the undrained shear strength of soil samples recovered from the seabed 
using a box corer.  The DMS contains a microcomputer with input/output capabilities and an LCD display powered by a 
rechargeable battery and a keypad is provided to operate the microcomputer (e.g. to key in test parameters, extract test data 
etc).  The microcomputer is programmed to store information and data for calibration and testing in its internal memory.  
During the test, real time tip resistance, displacement of the penetrometer and rate of displacement are shown on the LCD 
display and test data can be logged at frequency ranges from 10 to 400 Hz.  After a series of tests, the testing information and 
data can be downloaded to a personal computer using a USB connection cable.  During the tests reported in this paper, the 
DMS unit was attached to a frame to facilitate the penetration and extraction of the penetrometer in the box core sample.  
Figure 5 shows photographs of the DMS unit attached to the frame. 

The DMS can be fitted with cone, T-bar or ball penetrometers.  However, for tests reported in this paper, only the T-bar tip 
was used.  The T-bar penetrometer consists of a cylindrical bar with diameter and length of 8 and 42 mm respectively (giving a 
projected area of 336 mm2), mounted at right angles to the penetrometer shaft.  The diameter and length of the penetrometer 
shaft are 7 and 500 mm respectively, which is sufficient for testing in soil samples of up to 500 mm thick, although longer 
shafts can be fabricated to suit thicker samples.  A guide is provided to ensure verticality of the penetrometer shaft during the 
test.  The tip resistance is measured using a load cell located just above the tip of the penetrometer while the displacement of 
the penetrometer is measured using a digital tape measure.  In addition, a temperature sensor was also installed on the load cell 
to measure the temperature changes during the test.  The resolutions of tip resistance and displacement for the DMS are less 
than 1 kPa and 0.1 mm respectively.  Figure 6 shows the T-bar penetrometer used for the tests. 

Since the rate of penetration or extraction of the penetrometer is an important parameter in penetration testing, the DMS 
provides three rate indicators to alert the user regarding the actual penetration or extraction rate during the test compared to a 
user-defined target rate.  The main rate indicator is a bar graph shown on the LCD display, which compares the actual rate of 
penetration or extraction with the user-defined rate.  In addition to the bar graph, two other supplementary forms of rate 
indicator are in the form of an LED indicator and an audible rate feedback.  The LED indicator gives an approximate visual 
indication of the penetration or extraction rate by changing its colour according to the rate.  Similarly, the audible rate 
feedback provides an audible indication of the rate by changing the pitch in proportion to the penetration or extraction rate.  
The maximum rate of penetration or extraction that can be detected by the rate indicator is 40 mm/s.   
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Miniature Vane Apparatus.  Motorized miniature vane shear tests were performed using a vane of 25.4 mm in height and 
25.4 mm in diameter (giving H/D = 1).  The vane assembly was raised and lowered in the box cores using a handle by means 
of a square-thread lead screw.  Torque was applied to the vane by a torque spring that was rotated with the motorized vane 
rotation device at a constant rotation rate.  Extension shafts were used to allow vane shear test to be carry out at depths up to 
500 mm below the top of the box corer and friction reduction ‘cones’ were used to reduce the contribution of rod friction to the 
measured torque.  Figure 7 shows the setting of the motorized vane device on the box corer.   
 
Testing Procedures.  

Soil Sampling.  During deployment, the vessel was held stationary at the designated sampling location and the box corer 
was deployed with the lid and the jaws opened.  An acoustic tracking system was attached to the box corer to ensure accurate 
positioning of the box corer at the designated sampling location on the seabed.  The box corer was lowered to the seabed using 
a winch system and penetrated into to the seabed sediment under its self-weight and impact force.  After penetration of the box 
corer stopped, the box corer was retrieved from the seabed.  Upon retrieval of the box corer, a release mechanism was 
triggered to close the jaws and the lid to retain the soil sample in the box corer during recovery of the box corer to the deck.  
Once the box corer was recovered on the deck, it was set into a stainless steel frame and the quality of the box core sample was 
inspected.  Once box core sample was confirmed of high quality, DMS and miniature vane test were performed in-situ in the 
box corer to characterize the strength profile of the sediment.  After the strength tests, subsamples were collected for soil 
classification and environmental impact analysis.  Two box core samples were recovered during the site investigation reported 
in this paper and are denoted as Box 1 and Box 2 here.   

DMS Test.  Before the start of the DMS test, free water on the soil sample surface was siphoned off to prevent water 
infiltration through the ‘wound’ created by the initial penetration of the penetrometer during the test.  A handwheel system was 
used to manually pull and release the tension of a spring that was attached to one side of the DMS frame, which facilitates 
penetration and extraction of the penetrometer at the required rate.  The penetration tests were carried out at a penetration and 
extraction rate of 4 mm/s in order to give a ratio of penetration rate to diameter (v/d) comparable to a field T-bar test (typically 
20 mm/s for a 40 mm diameter T-bar).  One DMS test was carried out in Box 1 and Box 2, respectively.  Figure 8a shows the 
setting of the DMS frame on the box corer while Figure 8b shows how the test was performed in a box core sample. 

At certain depths, cyclic tests to remould the soil were also carried out by penetrating and extracting the T-bar through a 
stroke of approximately 50 mm (± 25 mm) at a rate of 4 mm/s.  In Box 1, cyclic tests were carried out at depths 75 to 130 mm 
and 175 to 225 mm below the sample surface while in Box 2, cyclic tests were carried out at depths 75 to 130 mm, 175 to 230 
mm and 275 to 325 mm below the sample surface.  The cyclic tests were carried out until the penetration and extraction 
resistances were essentially constant, indicating that the soil was fully remoulded.  The remoulded penetration and extraction 
resistance of the soil was taken as that during the last cycle of the cyclic tests.  Based on the measured data, the average 
penetration and extraction rate during the DMS tests were accurate to within ± 1 mm/s of the targeted rate (i.e. 4 mm/s), which 
is deemed to have negligible effect on the measured resistances. 

A significant challenge in conducting the DMS tests in box core samples is dealing with the very high temperature gradient 
in the upper 100 to 150 mm of the soil sample, which arises from typical atmospheric temperatures of ~35 ºC and seabed 
temperature of ~4 ºC.  This can lead to a large zero reading drift of the embedded load cell, as will be shown in the later 
section.  In an attempt to stabilise the load cell at the soil temperature prior to the test, for the test in Box 2, the penetrometer 
was arrested at a depth of approximately 75 mm below the sample surface until the load cell reading stabilized before starting 
the penetration test.  During this rest period, the load cell and temperature readings were logged and used to calibrate changes 
in load cell reading with changes in temperature sensor reading.  The estimated calibration factor was then used for the zero 
reading drift correction.  However, it was found that this approach could not remove the zero reading drift completely due to 
the high temperature gradient in the box core samples and the limitions of the temperature sensor.  As will be described in a 
later section, the cyclic tests were used for further fine-tuning of the zero reading drift correction. 

An alternative approach to overcome the zero drift problem would be to measure the penetration resistance externally, but 
that would lead to uncertainty regarding corrections for shaft friction and would also run the risk of distortion of the load cell 
reading due to imposed bending moments.  Currently, further development work on the DMS is being undertaken to avoid the 
need for correction of zero drift due to temperature changes, using a combination of temperature-compensating strain gauges 
together with an independent temperature sensor.   

Miniature Vane Shear Test.  The miniature vane shear tests were conducted in accordance with ASTM-D4648 (1994).  In 
the motorized vane shear tests, the vane was wound down to the required testing depths (at 51 mm (2 inch) intervals - twice 
the height of the vane - starting from 51 mm from the sample surface).  The motorised vane shear tests were carried out 
immediately after the vane reached the required testing depth, with no waiting period.  In every test, a rotation rate of 60 °/min 
(1 °/s) was adopted and no remoulded tests were carried out in situ.   

 
Results and Interpretation 

Assessment of Penetration Resistance.  The measured penetration and extraction resistances from full-flow penetrometer 
tests are normally corrected for unequal pore pressure and overburden pressure effects, as suggested by Chung and Randolph 
(2004), before they are used to estimate the undrained shear strength.  However, the penetration and extraction resistances of 
the DMS test were not corrected for any unequal pore pressure and overburden pressure effects because the influence of both 
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effects on the measured resistance is negligible in these tests because of the shallow depth.  The measured penetration and 
extraction resistances from the DMS tests were therefore taken as net resistances. 

Correction for Zero Reading Drift.  Significant zero reading drift due to the extreme temperature gradrient in the soil 
sample was observed in the DMS test results.  An example of the DMS test results for Box 2, which shows the zero reading 
drift, is shown in Figure 9.  In Figure 9a, it can be noticed that both measured penetration and extraction resistances are 
positive, which is physically impossible.   

To correct the zero reading drift, the measured penetration and extraction resistance profiles were adjusted using the 
measured temperature readings and a constant resistance-temperature calibration factor.  The calibration factor was obtained 
by correlating the changes of load cell reading to the changes of temperature reading when the penetrometer was arrested at a 
depth of 75 mm below the sample surface in Box 2.  The corrected resistance profiles are shown in Figure 9b and examples of 
the corrected resistance profiles for the cyclic tests in Box 2 are presented in Figure 10, together with the degradation curves 
obtained from these tests.  The degradation factor is calculated by taking the mean (absolute) value of resistance during the 
half cycle of each 50 mm stroke divided by the mean value for the initial penetration resistance.  It should be noted that the 
initial penetration was taken as cycle 0.5 to account for the soil disturbance during the initial penetration of the T-bar.   

It can be noticed in Figure 10 that the shape of the resistance versus depth curves for the cyclic tests is asymmetric about 
the zero resistance line, leading to the saw-tooth shape of the degradation curves.  This implies the resistance-temperature 
calibration factor could not remove the zero reading drift from the measured resistance completely due to the non-constant soil 
temperature at shallow depths and the limitations in the output range and the response time of the temperature sensor.  
Therefore, further zero reading correction was applied based on the cyclic test results.  Experience has shown that the cylic test 
is extremely useful in correcting the zero reading drift (Randolph et al., 2007). 

It is believed that the soil temperature at the deepest testing depth in the soil sample is likely to be constant and the load 
cell reading has sufficient time to stabilise at this constant soil temperature before the cyclic test at these depths was 
performed.  Therefore, the cyclic test at the deepest testing depth should provide the most reliable benchmark for fine-tuning 
the zero reading correction.  The slight asymmetric resistance profiles for the cycle test shown in Figure 10b (the deepest cylic 
test in Box 2) may be attributed to the temperature sensor reading being out of range before this cyclic test was performed.  
This prevented using the measured temperature readings to correct the measured resistances completely.  To obtain a 
symmetric shape for the resistance versus depth curve and a smooth degradation curve for this cyclic test (as normally 
observed in field full-flow penetrometer tests with negligible zero reading drift), further correction has to be applied to the 
corrected resistances by adding or subtracting a constant correction value to the corrected resistances.  Figure 10b shows the 
final corrected resistance versus depth curve and degradation curve for the deepest cyclic tests in Box 2 and this final corrected 
degradation curve was used as a reference for evaluating further zero reading correction for the penetration and extraction 
resistances at shallower depths.  A similar procedure was applied to the deepest cyclic test in Box 1. 

The zero reading correction procedure for cyclic tests at shallower depths in Boxes 1 and 2 is not as straightforward as the 
correction procedure for the deepest cyclic test described above.  It was found that the correction values for shallower cyclic 
tests appear to change from one cycle to another for a given cyclic test in order to obtain a sensible cyclic test resistance profile 
and degradation curve that match those of the deepest cyclic test.  In addition, it was also found that, for the shallowest cyclic 
test in Box 2 (between 75 and 130 mm below the sample surface), the correction values is also a function of depth (or time).  
All these are believed to be caused primarily by the high soil temperature gradient at shallow depths and the characteristics of 
the load cell and temperature sensor, which take time to stabilize at a constant temperature and also respond to temperature 
changes at different rates.  Therefore, for these cyclic tests, the resistances have to be corrected cycle by cycle in order to 
obtain degradation curves that match those of the deepest cyclic test.  The underlying assumption for this procedure is that the 
soil has a constant strength sensitivity throughout the testing depths.  Figure 10a shows an example of the final corrected 
resistance profiles and degradation curves for the shallowest cyclic test in Box 2.   

For the correction of resistances at depths between where the cyclic tests were performed, the final corrected resistances 
were estimated by adjusting the measured resistances to match the final corrected resistance profiles and the ratio of extraction 
to penetration resistance of the first cycle of the cyclic tests.  Figure 9c shows the final corrected profiles of penetration and 
extraction resistance for test in Box 2.  The adjusted data now show much more sensible penetration and extraction resistance 
profiles and improved symmetry about the zero resistance line than those before correction.  This final resistance profile, 
together with that for Box 1, will be compared with the undrained shear strength data measured by the motorised miniature 
vane tests to evaluate the potential of the DMS for the strength characterization of seabed surficial sediment in box corer. 

Comparison Between Penetrometer Resistance and Vane Shear Strengths.  Comparisons between the penetration 
resistance and the strengths measured from miniature vane shear tests are shown in Figure 11a for Box 1 and Figure 11b for 
Box 2.  The undrained shear strengths (su) are plotted on a separate scale from the penetration resistance curves, with a scaling 
ratio of 1:10.   

It may be noted that the penetration resistance profiles reflect the variation of strength data with the depth reasonably well, 
especially the second profile of miniature vane shear tests (MVT-2) in Box 2.  Except for the measured su from MVT-2 in Box 
2, which plot reasonably close to the resistance profiles (implying NT-bar = qT-bar/su values just above 10), the measured su 
generally plot to the left of the penetration resistance profiles (implying NT-bar values significantly larger than 10).  The 
estimated NT-bar values are plotted in Figure 12.  The range of NT-bar values (defined as qT-bar/su(field vane)), i.e. 9.5 to 13.5, that 
bounds the majority of data from a worldwide database of offshore and onshore tests is also plotted for comparison.  This 
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database was established in a joint study conducted by the Norwegian Geotechnical Institute (NGI) and Centre for Offshore 
Foundation System (COFS).  

In Figure 12, it may be noted that the estimated NT-bar values range from 6 to 37 with seven data points falling above and 
one data point falling below the range of 9.5 to 13.5.  The most likely explanation for the estimated NT-bar values falling above 
the NT-bar value range of 9.5 to 13.5 is soil disturbance caused by the vane insertion.  Such disturbance will be exacerbated by 
the close vertical spacing of the vane tests, and the lack of any waiting period between insertion and rotation of the vane.  It 
should, however, be noted that the rotation rate in the miniature vane shear tests is one order of magnitude faster than for a 
normal offshore field vane test, which would have led to a slight increase in measured strengths.   

In summary, the DMS T-bar test was able to provide a continuous strength profile in the box core samples, once the 
measured resistances were corrected for the temperature induced zero reading drift.  An NT-bar value of 11.5 may be used for 
the first-order estimation of vane su from the corrected resistances for this site.  In addition, the remoulded resistances 
measured at the end of cyclic test may also be used for the first-order estimation of remoulded vane su (and hence sensitivity) 
using an NT-bar value of 13.5.  These recommended values are from the joint study between NGI and COFS, and are consistent 
with the scattered data shown here and, in conjunction with the corrected T bar resistance profiles, are believed to offer a more 
reliable guide to the undisturbed shear strength profile than provided by the variably disturbed vane tests. 

 
Conclusions 
The DMS was used for the first time in an offshore site investigation cruise in the Gulf of Mexico.  Generally, the DMS T-bar 
test takes much shorter time than a miniature vane shear test to determine the strength profile in a box core sample.  A DMS 
T-bar test typically took less than 15 minutes (including setting up the DMS unit on the box corer and performing a number of 
cyclic tests) as compared to 30 to 45 minutes to perform a set of miniature vane tests at one location to determine the strength 
profile in the box core sample.  The time for performing the miniature vane shear test would be longer if remoulded shear 
strengths are also to be measured in situ.  The DMS T-bar test also provides a continuous strength profile throughout the depth 
while miniature vane shear tests only provide strength data at discrete test depths.  

The main problem experienced in the current DMS T-bar tests is the zero reading drift caused by extreme temperature 
change (from atmosphere temperature to soil temperature).  Although various correction procedures were able to remove the 
majority of the zero reading drift from the measured data, an improved temperature compensated load cell is preferred for 
reliable resistance measurement.   

The corrected penetration resistance profiles obtained from the DMS T-bar tests appear to reflect the variation of strength 
with depth well.  The estimated NT-bar values obtained by comparing the T-bar resistance and the vane shear strength data 
range from 6 to 37 with seven data points fall above and one data point fall below the range of 9.5 to 13.5 obtained from a 
joint study by NGI and COFS.  A probable explanation for the estimated NT-bar values falling above this range is sample 
disturbance caused by the vane insertion.  An NT-bar value of 11.5 may be used for the first-order estimation of the vane shear 
strength from the corrected resistances for this site.  In addition, the corrected remoulded resistances from the last cycle of the 
cyclic tests may also be used for the first-order estimation of the remoulded vane shear strength (and hence the soil sensitivity) 
using an NT-bar value of 13.5. 

To maximize the potential of the DMS for characterizing seabed sediments in box core samples, the box corer needs to be 
modified to provide more working space, facilitating setting up of the DMS unit on the box corer and maximizing the number 
of tests within each sample.  The DMS unit and the frame to which the unit is attached should also be redesigned to allow the 
operator to operate the unit at deck level.  A motor may also be incorporated to drive the DMS (as is customary in a laboratory 
environment) to increase the control of tests and safety during rough sea conditions.   
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Nomenclature 
 d = Diameter of T-bar 
 D = Diameter of vane 
 γ’ = Effective bulk density 
 H = Height of vane 
 NT-bar = Bearing factor for T-bar 
NT-bar deep = Bearing factor for T-bar for deep penetration 
 NT-bar 0 = Bearing factor for T-bar associated with weightless soil at shallow depths 
 qT-bar = Net T-bar penetration resistance 
 su = Undrained shear strength 
su(field vane) = Undrained shear strength measured by field vane test 
 z =  Depth of penetration 
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(a) Penetration and extraction data (before correction) (b) Penetration and extraction data (after correction) 

Figure 1  Example penetrometer data before and after correction 
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(a) Penetration and extraction data for cyclic penetration test (b) Degradation curve 

Figure 2  Cyclic penetration test at shallow depths 
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Figure 3  Example of undrained shear strength profile obtained by miniature vane tests in box core and gravity piston core 
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Figure 4  Box Core Rigging System 

 

            
Figure 5  DMS unit attached to the frame 

 

 
Figure 6  T-bar penetrometer used in the DMS T-bar test 
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Figure 7  Attaching the motorized miniature vane shear test to the box corer 
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(b) 

Figure 8  (a) DMS set up on the box corer  (b) Performing DMS T-bar test in the box core sample   
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(a) (b) (c) 

Figure 9  Box 2 (a) measured resistances profile (b) resistance profile corrected using resistance-temperature calibration 
factor  (c) final corrected resistance profile 
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(a)  75 to 130 mm 
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(b)  275 to 325 mm 
Figure 10  Examples of cyclic DMS T-bar tests results and degradation curves for Box 2 
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(a) Box 1 (b) Box 2 

Figure 11  Comparison between penetration resistance and strength data 
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Figure 12  Estimated N values 

 


