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ABSTRACT 

 

Three-legged mobile jack-up rigs supported on spudcan foundations are used to perform 

most offshore drilling in shallow to moderate water depths, and are now capable of 

operating in water depths up to 130 m.  With the gradual move towards heavier rigs in 

deeper water, and continuing high accident rates during preloading of the spudcan 

foundations, appraisal of the performance and safety of jack-up rigs has become 

increasingly important. A crucial aspect of this is to improve understanding of the 

mechanisms of soil flow around spudcan foundations undergoing continuous large 

penetration, and to provide accurate estimates of spudcan penetration resistance, 

avoiding excessive conservatism. 

Spudcan foundations undergo progressive penetration during preloading, contrasting 

with onshore practice where a footing is placed at the base of a pre-excavated hole or 

trench. However, spudcan penetration is generally assessed within the framework used 

for onshore foundations, considering the bearing resistance of spudcans pre-placed at 

different depths within the soil profile. The lack of accurate design approaches that take 

proper account of the nature of spudcan continuous penetration, which is particularly 

important in layered soil profiles, is an important factor in the high rate of accidents.  

This study has combined centrifuge model tests and large deformation finite element 

(LDFE) analyses to investigate the performance of deeply penetrating spudcan 

foundations on clays. The chief aim was to develop novel design approaches for 

prediction of spudcan penetration based on the observed soil flow mechanisms. Two 

main configurations of clay deposits have been explored: (a) single layers with uniform 

and non-homogeneous strength profiles and (b) double layers (stiff-over-soft) with 

uniform-over-uniform and uniform-over-non-uniform strength profiles. The model tests 

included half-spudcan tests against a transparent window, allowing the soil flow to be 

captured continuously by a digital camera and subsequently quantified through particle 

image velocimetry (PIV) analysis, and separate full-spudcan tests to measure the 

penetration resistance. The LDFE analyses were undertaken with the spudcan 

foundation penetrated continuously from the seabed surface, providing penetration 

resistance along with monitoring of the evolving soil flow mechanisms. The effects of 
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normalised soil properties and geometry on the soil flow mechanisms, cavity depth and 

load-penetration responses were investigated. For the study on layered clay, special 

attention was paid to the likelihood of spudcan punch-through and its severity.  

Overall, good agreement was obtained between the results from LDFE analyses and 

centrifuge tests. It was found that when a spudcan penetrated into single layer clay, 

there were three distinct penetration mechanisms: during initial penetration, soil flow 

extended upwards to the surface leading to surface heave and formation of a cavity 

above the spudcan; with further penetration, soil began to flow back gradually onto the 

top of the spudcan; during deep penetration, soil back-flow continued to occur while the 

initial cavity remained unchanged. For spudcan penetration in stiff-over-soft clay, four 

interesting aspects of the soil flow mechanisms were identified: (a) vertically downward 

motion of the soil and consequent deformation of the layer interface; (b) trapping of the 

stronger material beneath the spudcan, with this material being carried down into the 

underlying soft layer; (c) delayed back-flow of soil around the spudcan into the cavity 

formed above the spudcan; (d) eventual localised flow around the embedded spudcan, 

surrounded by strong soil. 

At some stage during continuous spudcan penetration, the soil starts to flow back into 

the cavity above the spudcan. The resulting back-flow provides a seal above the 

penetrating spudcan and limits the cavity depth. It was shown that the current offshore 

design guidelines are based on the wrong criterion for when back-flow occurs. New 

design charts with robust expressions were developed to estimate the point of back-flow 

and hence the cavity depth above the installed spudcan. 

Load-penetration responses were presented in terms of normalised soil properties and 

geometry factors for both single layer and two-layer clay profiles, taking full account of 

the observed flow mechanisms. Further, guidelines were suggested to evaluate the 

likelihood and severity of spudcan punch-through failure in layered clays. 

Finally, the effect of strain-rate and strain-softening was examined, in an attempt to 

model real soil behaviour more closely. Adjustment factors were proposed to modify 

the design approaches developed on the basis of ideal elastic-perfectly plastic soil 

behaviour. 
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NOTATION 

 

A  Spudcan cross-sectional area at largest section 

d  Penetration depth of spudcan base (lowest point of largest section) 

D  Foundation diameter at largest section 

dc  Depth factor 

E  Young’s modulus 

e
*
i  Strain error in element i  

fd  Local mesh density function 

H Open cavity depth after spudcan installation (taken as identical to back-flow 

depth) 

Hideal Open cavity depth for ideal soil 

hmin Minimum element size 

k  Soil strength gradient 

N  Scaling ratio for centrifuge model, that is, test acceleration level 

Nc  Shallow bearing capacity factor 

Ncd  Deep bearing capacity factor 

Ncdu  Ultimate deep bearing capacity factor 

Ncdu,ideal Ultimate deep bearing capacity factor for ideal soil 

Nc0  Bearing capacity factor in weightless soil 

qnet   Net bearing pressure 

qnet0  Net bearing pressure in weightless soil 

qu  Ultimate bearing pressure 
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S  Remeshing interval 

St  Soil sensitivity 

su  Undrained shear strength 

sub  Undrained shear strength of bottom layer soil 

subs  Undrained shear strength of bottom layer soil at the layer interface 

sui  Intact (undisturbed) undrained shear strength 

sum  Undrained shear strength at the mudline 

sumi  Intact (undisturbed) undrained shear strength at the mudline 

sut  Undrained shear strength of top layer soil 

su0  Undrained shear strength at the spudcan level, d 

su0i  Intact (undisturbed) undrained shear strength at the spudcan level, d 

t  Thickness of top layer 

v  Penetration rate 

V  Combined volume of embedded spudcan and leg (shaft herein) 

Vb  Volume of embedded spudcan (below the maximum diameter) 

V0  Vertical bearing capacity 

y  Radial distance from a user-specified origin  

z  Depth below the soil surface 

  Spudcan-soil interface friction ratio (base roughness) 

  Displacement increment size 

rem  Remoulded ratio (the inverse of the sensitivity) 


h
  Strains from the FE analysis  


*
  Strains evaluated by SPR 


*
p  Nodal strains recovered by SPR in a patch 
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  Effective unit weight of soil 

b  Effective unit weight of bottom layer soil 

t  Effective unit weight of top layer soil 

  Rate parameter 

  Absolute cumulative plastic shear strain  

95  Softening parameter 

   Maximum strain rate 

ref   Reference strain rate at which sui was assessed 

i  Area of element i  
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CHAPTER 1 OFFSHORE MOBILE DRILLING RIG AND 

‘SPUDCAN’ FOUNDATION 

 

1.1 INTRODUCTION 

Spudcan foundations are the most common means of support for independent-legged 

mobile offshore drilling units, referred to as ‘jack-up’ rigs. The research presented in 

this dissertation was undertaken to develop new design approaches for spudcan 

foundations on single layer and double layer clays, replacing the approaches suggested 

in SNAME (2002) with more rational methods linked directly to the mechanisms of soil 

failure.       

In order to satisfy the relentless rise in world energy consumption, hydrocarbon 

exploration, and eventual production, has gradually evolved from onshore fields in 

Texas and the Middle East to offshore regions in the Gulf of Mexico, North Sea, Persian 

Gulf, offshore Australia, Southeast and Far East Asia, Bay of Bengal, India, South 

America, and most recently West Africa (McClelland, 1974; Poulos, 1988; US 

Geological Survey, 2008). Within each region, there has been an inevitable progression 

from shallow to deep and deeper water (see Figure 1.1). Three-legged mobile jack-up 

rigs supported on spudcan foundations are used to perform most offshore drilling in 

shallow to moderate water depths. Figure 1.2 shows that jack-up rigs represent the 

highest proportion of all contracted and drilling rigs around the world. The deployment 

of the other major type, that is, mat supported jack-up rigs is limited to fairly even 

seabeds of very soft clay (e.g. in the Gulf of Mexico).     

1.2 INDEPENDENT LEG JACK-UP RIG 

A typical modern self-elevating (jack-up) drilling unit consists of a buoyant triangular 

platform supported by three independent truss-worked legs, each resting on a large 

inverted conical footing known as a spudcan (see Figure 1.3). Spudcans are generally 

circular or polygonal in plan, with a shallow conical underside and a central spigot to 

facilitate initial positioning and to provide improved sliding resistance, as displayed in 
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Figure 1.3b. The legs and footings are fabricated from steel while the hull is a watertight 

compartment that houses the equipment, systems, and personnel, thus enabling the unit 

to perform its tasks. A rack and pinion system enables the retractable legs to be jacked 

up and down through the deck and thus to lift the platform clear of the water (see Figure 

1.4). 

1.2.1 Evolution of Jack-up Unit 

The first mobile jack-up rig ‘DeLong-McDermott No. 1’ was built in 1954 (McTaggart, 

1976) since when the platform, leg and foundations have evolved continuously, as 

described by  McTaggart (1976), Le Tirant (1979), McClelland et al. (1981), Poulos 

(1988), Rapoport & Young (1988), CLAROM (1993), Senner (1993), Veldman & 

Lagers (1997) and Cassidy (1999). Early platforms were rectangular supported by 8 to 

12 tubular legs or piles. The demand to operate in deeper water and harsher 

environments has revolutionised the design, reshaping the hull geometry to a triangular 

configuration supported on three K-lattice legs each equipped with a spudcan at the end.  

The shape and size of spudcans have also evolved in order to comply with specific 

performance needs. Bearing areas have tended to increase with loads, keeping the 

bearing pressure similar. Figure 1.5 shows the development of spudcans in terms of size 

and geometry. Initial spudcans were 5 to 10 m in diameter and cylindrical (tank-type) in 

shape. The modern saucer-shaped spudcan appeared in 1974 with enhanced size of 10 to 

20 m in diameter. Currently the majoring of jack-up rigs operating around the world are 

based on a three-legged module with saucer-shaped spudcans, separated centre to centre 

by around 3 diameters (see Figure 1.6). The research carried out in this dissertation has 

therefore adopted this configuration. 

1.2.2 Mobility 

Unlike a fixed platform or gravity structure, a jack-up unit is mobile in nature. After 

completion of operations in one place (usually short term), it is mobilised to other sites, 

and so a single unit may visit a number of locations around the world within its 

operating life. Offshore soils around the world exhibit a wide range of strength 

characteristics and classification properties. With the changing of drilling locations, 

therefore, jack-up rigs are required to be reassessed for each site. 
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1.2.3 Revolution in Jack-up Exploitation 

Most offshore drilling in shallow to moderate water depths throughout the world is 

performed from jack-up rigs with proven flexibility, mobility, and cost-effectiveness 

(see Figure 1.2). Designs have progressed towards greater water depths, as reflected in 

Figure 1.7 with current capability of operating in water depths up to 150 m. Eventual 

production for fields of limited life, assisting in new platforms installation (tender 

assist), cantilever drilling and maintenance work are further indications of their 

operational versatility particularly in marginal fields (see Figure 1.8). The move towards 

heavier rigs and longer periods of operation has placed increasing importance on 

accurate assessment of spudcan performance, ensuring safety in extreme environments 

while avoiding excessive conservatism. 

1.2.4 Operational Modes 

A jack-up rig is transported to the given site with its legs elevated, as shown in Figure 

1.9. Once on site, the jack-up is positioned by lowering the legs on to the seabed 

followed by adjusting the position while the hull rests on the water surface. The hull is 

then slowly elevated out of the water, causing the spudcans to penetrate under the self-

weight of the jack-up. Prior to commencing jack-up operations, spudcans are routinely 

proof loaded by static vertical preloading thus expanding the capacity envelope to 

obtain an acceptable margin of safety against the extreme storm design event (SNAME, 

2002). Typically preloading is accomplished by pumping seawater into holding tanks 

within the hull, causing the spudcan foundations to penetrate into the seabed until the 

load on the spudcan is equilibrated by the resistance of the underlying soil. In soft soil, a 

spudcan may penetrate up to 2 or 3 diameters to reach equilibrium (Endley et al., 1981). 

The ballast is then discharged and the hull is jacked up further to provide an adequate 

air-gap for subsequent operation. Figure 1.10 displays schematically a jack-up 

undergoing this installation procedure in a typical clayey seabed.    

During the preloading stage, assuming calm weather, the footings of a jack-up unit are 

subjected to essentially vertical loading, although in operational mode, and during a 

storm event, they are more likely to experience combined vertical, horizontal and 

moment loading. This dissertation focuses on the performance of spudcans on clays 

under vertical undrained loading only but the ultimate outcomes will aid to assess 

spudcan, and whole rig, response under environmental loading as well.  
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1.3 PREVIOUS WORK ON CLAYS 

A number of investigations have been carried out to explore the performance of spudcan 

foundations subjected to vertical loading on clays. Field data from case histories have 

also been reported. The relevant literature is reviewed in each chapter. Various strength 

profiles have been explored chiefly through model tests. However, unfortunately and 

perhaps surprisingly, no concerted effort has been made to develop a complete design 

approach, validating the results against field data, for the penetration resistance of 

spudcan foundations.  

A few recent studies have focused on the response of circular foundations in clays from 

lower and upper bound plasticity solutions and FE analyses. The reported results have 

covered the effect of soil strength non-homogeneity, foundation base cone angle, base 

roughness and depth of embedment. However, in all cases the footings were modelled 

as a cylindrical object with smooth or rough rigid shaft and the soil weight was ignored. 

As such, the results have limited applicability for a saucer-shaped spudcan foundation 

where soil is free to flow back on top of the spudcan.     

1.4 SNAME 5-5A (2002) SUGGESTED DESIGN APPROACHES: 

BASED ON ONSHORE PRACTICE 

Spudcan foundations undergo progressive penetration during preloading, contrasting 

with onshore practice where a footing is placed at the base of a pre-excavated hole or 

trench. However, owing to a lack of solutions for continuous penetration, spudcan 

resistance profiles are generally assessed within the framework used for onshore 

foundations, considering the bearing capacity of a series of ‘wished in place’ spudcans 

at successively increasing depths with any stratification or strength anomalies 

unchanged from the original in situ conditions. In most cases all soil within the plan 

area of the spudcan down to the base level is conveniently removed or replaced by a 

surcharge of zero strength backfilled soil above the spudcan (Endley et al., 1981; 

SNAME, 2002). 

1.4.1 Single Layer Clay 

For spudcan penetration in single layer clay, bearing capacity factors originally 

developed for a surface strip footing (Prandtl, 1921; Davis & Booker, 1973) are 
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adjusted for shape and embedment depth following the approaches of Skempton (1951) 

and Brinch Hansen (1970). An average undrained shear strength value over a user-

defined depth below the spudcan level (typically 0.5 to 1D) is applied in order to 

account for any variations in strength. An alternative approach is to employ the local 

shear strength, su0, with local bearing capacity factor, Nc, accounting for foundation 

roughness, shape (cone angle, ), soil strength non-homogeneity, kD/sum and 

embedment ratio, d/D, such as tabulated by Houlsby & Martin (2003). Neither of these 

approaches takes proper account of the continuous penetration of the spudcan from the 

surface. 

1.4.2 Stiff-over-Soft Clay 

For spudcan penetration in double layer stiff-over-soft clay, SNAME (2002) 

recommend a bearing capacity factor calculated following Brown & Meyerhof (1969), 

but adjusted for embedment depth by applying a constant depth factor, following the 

semi-empirical approach of Skempton (1951). However, Brown & Meyerhof’s 

approach was developed on the basis of model tests conducted on a surface circular 

footing with very small displacement prior to failure, and under 1g conditions without 

maintaining stress similitude in terms of su/d. Therefore their approach does not 

account for the distortion of the upper layer as it punches through into the lower layer; 

which has been found to have significant influence, and even for a surface footing, the 

bearing capacity factors have been found to be overly conservative (Wang & Carter, 

2002; Edwards & Potts, 2004). The validity of the various calculation methods has also 

not been confirmed by observations of the failure mechanisms at either field or 

laboratory scale. 

From the above discussion it emerges that there is an urgent need to reassess the 

SNAME design methods and to develop more rational design approaches based on the 

evolving soil flow mechanisms. 

1.5 PUNCH-THROUGH FAILURE 

One of the main potential problems during load-controlled preloading in seabed 

composed of stratified sediments, where a strong clay layer overlays weaker clay, is a 

sudden and large uncontrolled penetration (usually experienced by only one leg). This 

may lead to buckling of the leg, effectively decommissioning the platform, or may even 
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result in toppling of the unit. This catastrophic incident of jack-up units is referred to as 

‘punch-through’, with frequent incidents occurring throughout the world in locations 

ranging from off the Australian coast to the Gulf of Mexico (see later in Chapter 6).  

While mobile rigs are becoming larger and heavier in response to pressure to operate in 

deeper waters and more hostile environments, and for prolonged time periods, they 

suffer a high frequency of accidents, with a quoted rate of 4 to 6% annually, a 

significant proportion of which are due to punch-through, with uncontrolled penetration 

of one or more legs. A recent example is the failure of the KFELS B Class jack-up in 

August 2004 in the Natuna Sea offshore Indonesia (Brennan et al., 2006). Despite the 

establishment of site assessment procedures, as detailed in SNAME (2002), jack-up 

foundation failures unfortunately continue to occur at an alarming and, more 

worryingly, rising rate (Jack et al., 2007). Consequently, improved understanding of the 

behaviour of foundations in potential punch-through situations has become increasingly 

important.  

1.6 PURPOSE AND ORIENTATION OF THIS DISSERTATION 

In view of the perceived need to improve the SNAME guidelines and develop more 

accurate procedures for estimating spudcan penetration, this study has explored spudcan 

foundation performance on clays through centrifuge model tests and large deformation 

finite element (LDFE) analysis. Two main configurations of clay deposits have been 

explored: (a) single layers with uniform and increasing strength profiles and (b) double 

layers (stiff-over-soft) with uniform-over-uniform and uniform-over-non-uniform 

strength profiles. A key aspect has been to reveal the mechanisms of soil flow generated 

with the progress of spudcan penetration. Half-spudcan penetration tests against a 

transparent window have allowed images of soil flow to be captured by a digital 

camera, and analysis of the images with great precision using particle image 

velocimetry (PIV). Separate full-spudcan tests have measured the load-penetration 

responses. The continuous penetration (LDFE) analyses have provided penetration 

resistance along with monitoring of the evolving soil flow patterns. The LDFE results 

were first validated against centrifuge observations and then extended for a range of 

normalised parameters encompassing almost all cases of practical interest. The chief 

aim was to develop new design approaches for prediction of spudcan penetration depths 

based on the observed soil flow mechanisms – referred to as ‘mechanism-based design 
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approach’. The outline of this dissertation is detailed below. 

Chapter 2 reports the details of numerical modelling approaches implemented. 

Chapter 3 provides the technical details of centrifuge tests carried out in a drum 

centrifuge.  

Chapter 4 presents the results of physical model tests and FE analyses for 

spudcan foundations on (nominally) uniform clay with a design 

approach suggested. 

Chapter 5 extends the previous work by considering spudcan foundations on 

clay with linearly increasing strength with depth, culminating in a 

systematic design approach. 

Chapter 6 assembles a brief summary of ‘punch-through’ failure and its 

consequences during spudcan preloading. The chapter also describes 

the results of centrifuge model tests for spudcans on stiff-over-soft 

clay. The mechanism of catastrophic ‘punch-through’ failure is 

revealed. The effects of various normalised factors related to soil 

properties and layer geometry are also discussed.  

Chapter 7 reports LDFE analyses performed for spudcan foundations on stiff-

over-soft clay. With encouraging agreement found between the results 

from centrifuge tests and LDFE analyses, a guideline is developed for 

assessing the likelihood of punch-through failure, and a ‘mechanism-

based design approach’ is proposed. 

Chapter 8 accounts for effects of strain-softening and strain-rate in order to 

simulate real soil behaviour anticipated during progressive penetration 

of a spudcan. The strategies adopted to incorporate the effects by 

adjusting the current shear strength in a simple elastic-perfectly plastic 

Tresca soil are discussed. Adjustment factors are proposed to modify 

the design approaches developed in the context of ideal elastic-

perfectly plastic soil behaviour. 

Chapter 9 provides a concluding summary of the research and areas where 

further work is needed.                                                                 
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(a) Sunda Shelf, Southeast Asia (after Leung & Chow, 2005) 

 

(b) Gulf of Mexico 

Figure 1.1 Evolution of oil and gas fields (source: US Geological Survey, 2008) 

  Oil Field      
  Gas Field 
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Figure 1.2 Utilisation of jack-up rigs compared to other types of offshore rig 

(source: www.rigzone.com, 2008) 
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(a) Jack-up rig in operation (after Leung & Chow, 2005) 

 

(b) Spudcan equipped with truss-worked leg (after Brennan, 2005) 

Figure 1.3 Elevated platform supported by three independent legs each resting on 

a spudcan  
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Figure 1.4 Rack and pinion system assisting the leg to climb up (after Hancox, 

1993; Brennan, 2005) 

 

Figure 1.5 Evolution of spudcan geometry over 30 years (after Poulos, 1988; 

Senner, 1993) 
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Figure 1.6 Typical configuration of a tripod jack-up rig (after Le Tirant, 1979) 

 

Figure 1.7 Jack-up progression to greater water depths (after Le Tirant, 1979; 

CLAROM, 1993) 
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(a) Assisting in new platform installation (after Watson & Humpheson, 2005) 

 

1.8(b) Operational assistance at unmanned platform (Source: 

www.woodside.com.au, 2008)  

http://www.woodside.com.au/
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(c) Drilling/production platform (after Brennan, 2005) 

 

 

(d) Jacket being positioned for installation (after APPEA, 2008) 

Figure 1.8 Jack-up rigs performing additional roles  
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(a) Source: www.rambol-wind.com, 2008  

 

(b) After Veldman & Lagers (1997)   

Figure 1.9 Transportation of jack-up rig to the selected location 

http://www.rambol-wind.com/
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(a) Towing 

 

 

1.10(b) Positioning 
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(c) Preloading 

 

 

(d) Drilling 

Figure 1.10 Jack-up rig operational sequence in clayey soil  
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CHAPTER 2 NUMERICAL MODELLING: LARGE 

DEFORMATION FE ANALYSIS 

 

2.1 INTRODUCTION 

The thesis deals with the performance of spudcan foundations under preloading, which 

is routinely carried out prior to the commencement of a jack-up rig in operation. During 

preloading, spudcans undergo progressive penetration, with final penetration more than 

two diameters in clay strata, unlike onshore pre-embedded foundations or offshore 

skirted foundations. This continuous penetration involves changing of soil flow patterns 

with penetration depth and large distortion and significant remoulding of the soil, as 

revealed from visual evidence in Chapters 4 to 6 and in Craig & Chua (1990, 1991). 

Clearly, simulation of spudcan penetration during preloading requires continuous 

penetration analysis accommodating large strains and deformations. Further, spudcan 

progressive penetration in layered clay involves changing of layer geometry beneath the 

spudcan, while accounting for strain-softening and rate dependency, another aspect of 

this dissertation, requires the full stress-strain response of each soil element to be 

followed. In essence, it was decided to implement a large deformation finite element 

(LDFE) approach capable of following the complete load deformation response. This 

provides insight into general foundation behaviour, particularly in regard to the natural 

development of the soil failure patterns, making no a priori assumptions about the 

mechanisms. In addition though, conventional small strain finite element (SSFE) 

analyses were also carried out for comparison in single layer clays.  

2.1.1 Justification for Two-Dimensional Analysis 

During operation and storm loading, spudcan foundations are subjected to horizontal 

and moment loading in addition to vertical loading. Performance under such combined 

loading can be evaluated using multi-dimensional yield functions (Martin, 1994; 

Cassidy, 1999; Martin & Houlsby, 2001). Three-dimensional numerical analysis is 

essential to build this yield function and to simulate in situ stresses and strains. 
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During the preloading stage, however, assuming perfectly calm weather, the footings of 

a jack-up unit are subjected to essentially vertical loading. The exploration of spudcan 

performance under such uniaxial monotonic loading can certainly be carried out by two-

dimensional analysis. The focus of this research was on the behaviour of spudcan 

foundations during jack-up installation, and hence it was decided to perform two-

dimensional axisymmetric analysis to simplify the situation as well as save 

computational effort.  

2.2 FINITE ELEMENT MODELLING 

2.2.1 Problem Definition 

This study has considered a circular spudcan foundation of diameter D, penetrating into 

single and double layer clays as illustrated schematically in Figure 2.1. The analyses 

have been performed for D = 12, 15 and 18 m, with the geometry of the 12 m diameter 

spudcan given in Figure 2.2a, and comprising a 13 shallow conical underside profile 

(included angle of 154) and a 76 protruding spigot. All dimensions for other diameters 

are scaled in proportion to the diameter. The shape was chosen to mimic the centrifuge 

spudcan model (discussed in the next chapter), fabricated following the spudcan shape 

adopted for exploring combined loading behaviour of spudcan foundations through 

model tests and numerical analyses at Oxford University (Martin & Houlsby, 2000, 

2001), which was based in turn on the representative spudcan profile adopted for the 

joint industry study of jack-up foundation fixity (Noble Denton & Associates, 1987). 

The selected shape and dimensions are similar to the spudcans used in practice with the 

jack-up rig “Marathon LeTourneau Design, Class 82-SDC” (see Figure 2.2b). A survey 

was carried out through reported case histories and offshore geotechnical 

characterisation reports in order to select relevant parameters for parametric analyses. 

2.2.2 FE Analyses 

In light of the discussion at the outset of this chapter, the majority of analyses were 

undertaken capturing large deformation phenomena while small strain analyses were 

carried out for making effective comparison with existing pre-embedded type numerical 

and closed form plasticity solutions. The finite element code AFENA (Carter & 

Balaam, 1990) was adopted in this study. Problem specific modifications of the source 

code were carried out with due care and sufficient testing to ensure accuracy of the 
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results. H-adaptive mesh refinement cycles (Hu & Randolph, 1998c) were implemented 

to optimise the mesh, minimising discretisation errors. The mesh was then used for 

bearing capacity analysis using small strain theory. Large deformation analyses were 

undertaken implementing the RITSS (Remeshing and Interpolation Technique with 

Small Strain; Hu & Randolph, 1998a) coupled with AFENA. Six-noded triangular 

elements with three internal Gauss points were used in all the FE analyses. 

The axisymmetric soil domain was chosen as 12D in diameter and 10D in depth to 

ensure that the boundaries were well outside the plastic zone. The soil was modelled as 

an elasto-plastic material obeying a Tresca yield criterion. All the analyses simulated 

undrained conditions and adopted Poisson‟s ratio  = 0.49 (sufficiently high to give 

minimal volumetric strains, while maintaining numerical stability), friction and dilation 

angles  =  = 0, and a uniform stiffness ratio E/su = 500 (where E is the Young‟s 

modulus and su is the clay undrained shear strength). The stiffness ratio is within the 

range commonly adopted for soft clays, but the precise value has negligible effect on 

the results. Where the soil weight was modelled, the effective weight was assumed 

constant within each layer and geostatic stresses were implemented taking K0 = 1 (note, 

K0 has insignificant effect on the results presented in this dissertation).    

2.2.3 Evolution of the Adopted RITSS Method  

Geotechnical applications in offshore engineering often involve large displacements of 

structural elements, such as a foundation or pipeline, relative to the seabed sediments. 

Quantification of soil-structure interaction must therefore consider geometric non-

linearity due to changes in the surface profile, or distortion of initially horizontal soil 

layers, in addition to the material non-linearity that is an intrinsic aspect of soil 

behaviour. Over the last decade, a simple practical approach to large deformation 

analysis, RITSS, based on the initial work of Hu & Randolph (1998a, 1998c), has been 

applied to a variety of offshore design problems. The advantage of this approach is that 

the remeshing and interpolation algorithms may be coupled with any standard finite 

element package through user-written interface codes. In essence, RITSS has opened a 

new window in offshore research on clay at the University of Western Australia and 

elsewhere (Randolph et al., 2008).   

To date many of the applications of LDFE in geomechanics have been built around the 

finite element code, AFENA (Carter & Balaam, 1990), addressing a wide range of 
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problems including deep penetration of skirted type foundations (Hu & Randolph, 

1998b; Hu et al., 1999; Hu & Randolph, 2002), plate penetrometers (Hu & Randolph, 

1999; Hu et al., 2001; Lu et al., 2001), T-bar & ball penetrometers (Lu et al., 2000), and 

spudcan foundations (Mehryar et al., 2002a; Mehryar, 2007), cone penetration in clay 

(Lu et al., 2004), punch through of circular foundations on layered soils (Wang & 

Carter, 2002) and uplifting of strip and circular plate anchors (Wang, 2001; Mehryar et 

al., 2002b; Thorne et al., 2004; Song et al., 2008). A number of dissertations have been 

based on a combination of SSFE and LDFE analyses, notably Wang (2001), Lu (2004), 

Barbosa-Cruz (2007), Mehryar (2007), Zhou (2008).  

All the above mentioned investigations implemented RITSS method along with linear 

strain six-noded triangle elements with three Gauss points per element on a simple 

elastic-perfectly plastic soil model obeying a Tresca (or Mohr-Coulomb) failure 

criterion. The robustness of the approach has been demonstrated by comparison of the 

penetration resistance with closed form plasticity solutions. 

The current trend is to incorporate more complicated soil models, for example 

extending the simple elastic-perfectly plastic model to account for strain-softening and 

rate dependency. The modified technique has been employed successfully for full-flow 

penetrometers (Zhou & Randolph, 2007) and spudcan foundations in this dissertation as 

discussed in Chapter 8. 

While full details of the technique have been provided by Hu & Randolph (1998a, 

1998c), Lu (2004), Barbosa-Cruz (2007) and Mehryar (2007), a condensed version is 

provided below, focusing mainly on the strategies adopted in accord to the specific 

problem considered here, which is undrained vertical deep penetration of spudcan 

foundations in single and double layer clays.  

2.2.4 Mesh Generation 

When the finite element method is used in numerical analysis, the domain analysed has 

to be discretised into many small elements, in other words, an optimum mesh needs to 

be generated over the full domain. The finite element method is a powerful and versatile 

means of numerical analysis, but its effectiveness rests on questions related to precision 

and time consumption. In this study, all the analyses were carried out adopting meshes 

comprising six-noded triangular elements with three internal Gauss points. The fully 

automatic mesh generation strategy employed here falls in the nodal connection class 
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(Ho-Le, 1988) and is based on two techniques:  

 (a) mesh generation using normal offsetting of the nodes from the nodes 

generated on the domain boundary followed by Delaunay triangulation to 

make appropriate element connections; 

  (b) mesh smoothing to produce optimum triangles by adjusting the triangulated 

element shapes using a Laplacian technique. 

The mesh density was controlled by means of an external mesh density function, fd, 

adopting in a simple exponential form as  

ny

d mef  (2.1) 

in which m and n are constants, and y is the radial distance from a user-specified origin. 

The value for m was assigned as 0.5 and normalised density factor ny/D was chosen in 

the range 0.2 to 0.3, with lower values generating a finer mesh. The spudcan bottom 

edge (lowest point of largest section) was specified as the origin in order to generate a 

particularly fine mesh in the vicinity of the spudcan. 

The full mesh generation procedure can be concisely presented by four steps (Hu & 

Randolph, 1998a): 

 1. Mesh generation with normal offsetting, smoothing and mesh density 

controlling. 

 2. Transformation of three-node triangular elements to six-node triangular 

elements. 

 3. Numbering the nodes of the mesh for finite element analysis. 

 4. Writing a postscript file for plotting the mesh and the input data file to link 

with the AFENA program. 

Figure 2.3 illustrates initially generated typical meshes for a spudcan resting on the 

surface, reflecting the effect of normalised factor ny/D on the degree of fineness (and 

hence on the total number of elements in the entire domain). 

2.2.5 H-Adaptive Finite Element Method 

In order to improve the accuracy of finite element results, the initially generated mesh is 
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required to be optimised, keeping the error from discretisation of the domain of interest 

below a certain level. Three adaptive strategies are available to ensure this operation, 

and they are: (a) h-adaptivity, (b) p-adaptivity and (c) hp-adaptivity. Among these 

techniques, h-adaptivity is favoured because it can be easily implemented in existing FE 

codes without modification. Hu & Randolph (1998c) dealt with incorporation of h-

adaptivity into the finite element package AFENA (Carter & Balaam, 1990).   

Basically, h-adaptivity works by decreasing the element size, h, in the highly error-

prone region following the sequence of steps summarised below: 

 1. Generate an initial coarse mesh (as was done in the preceding section- see 

Figure 2.3). 

 2. Compute an initial strain field 
h
 on integration points. 

 3. Compute recovered strain field 
*
 using SPR (as detailed below). 

 4. Calculate estimated error for each element employing Equation 2.2. 

 5. Find e
*
max, the maximum element error over the entire mesh. 

 6. Halve the element size (hnew = 0.5 hold) in the area with e
*
i  0.5e

*
max. 

 7. Create a new mesh with updated mesh density function. 

 8. Use this new mesh to repeat steps 2 to 7, until hmin is achieved. The number 

of cycles needed depends on the initial element size and the minimum 

element size required (hmin). 

The above method for mesh refinement has been proved to work well in producing an 

optimal mesh for FE analysis in foundation response calculations.              

SPR- Super Convergent Patch Recovery  

In FE analysis, the finer the mesh the more accurate the final computed outcome will 

be. Due care to estimate the error due to spatial discretisation is crucial. In essence, the 

error distribution over the domain of interest must be evaluated in order to optimise the 

mesh by adjusting the mesh density. Combining the strain-projection criterion 

(Belytschko & Tabbara, 1993) and superconvergent patch recovery-SPR (Zienkiewicz 

& Zhu, 1992), a strain-SPR error estimator has been proposed by Hu & Randolph 

(1998c) expressed as  
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in which e
*
i is the strain error in element i, i is the area of element i, 

h
 are the strains 

from the FE analysis, and 
*
 are the strains evaluated by SPR in a similar manner to the 

SPR of 
*
 by Zienkiewicz & Zhu (1992). The non-dimensional characteristic of this 

error estimator makes it easy to use. 

In finite element solutions the stress (
h
) and strain (

h
) values offered by the method 

have high quality at certain points, conventionally referred to as superconvergent values 

(Zienkiewicz & Zhu, 1992). The present research deals with two dimensional 

axisymmetric meshes formed by six-noded triangular elements with three internal 

Gauss points. Following Hu & Randolph (1998c), the nodal strains recovered by SPR in 

the patch, 
*
p, may be evaluated according to 

a Pp
*ε  (2.3)  

where the subscript p refers to the local patch, while P contains appropriate polynomial 

terms and a is a set of unknown parameters, expressed respectively as 

P = [1  x  y  x
2
  xy  y

2
] 

a = [a1  a2  a3  a4  a5  a6]
T
  

In order to obtain the unknown parameters a, a least squares fit is inserted through the 

strains from the FE analysis, 
h
, and the recovered strains, 

*
, using normalised 

coordinates (xi, yi) for the patch as 

    



n

1i

2

iiii

h  y,x y,xε)F( aPa  (2.4) 

where n is the total number of sampling points in the patch.  

The minimisation condition of F(a) implies that a satisfies  

       



n

1i

ii

h

ii

T
n

1i

iiii

T y,xε y,x y,x  y,x PaPP  (2.5)         

The solution is obtained in matrix form as 
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bAa  1  (2.6) 

where 

   



n

1i

iiii

T y,x  y,x PPA  

   



n

1i

ii

h

ii

T y,xε y,xPb   

The modest number of equations to be solved for each patch and performing recovery 

only for each vortex node have made the procedure inexpensive. 

In order to evaluate the parameters a, the strains from the FE analysis 
h
 are computed 

at the interior nodes (mid-side points of the triangular elements). The values of the 

recovered strains 
*
p at any position of the triangular element may be estimated using 

the same shape functions as used for interpolation of displacements. 

2.2.6 Limiting Element Size and Displacement Increment- Precise Result 

The h-adaptive operation requires a minimum element size (hmin) to be inserted in Step 

8 in Section 2.2.5 in order to complete mesh generation ready for analysis. The 

precision of the computed bearing response is directly linked to the fineness of the final 

mesh, with finer mesh or smaller element size resulting in more accurate response. 

Experience has shown a quite significant influence on the computed bearing resistance 

particularly for a spudcan on non-homogeneous clay. However, the finer the mesh, the 

more costly (time consuming) will be the calculation, especially when frequent 

remeshing is required. For a rational compromise, Hu & Randolph (1998c) suggested a 

criterion, originally proposed for surface circular foundation, but found to work well for 

embedded foundations, as 

0.005
D

hmin   (2.7) 

Figure 2.4 shows the optimised version of the mesh illustrated in Figure 2.3b after four 

cycles of h-adaptive mesh refinement with the limiting minimum element size following 

Equation 2.7. Indeed, the refined mesh shows that the smallest elements are nicely 

concentrated in the vicinity of the spudcan bottom edge, the most error-prone region, as 

was anticipated.   
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In this research, all FE analyses were carried out under displacement control. The 

accuracy of the FE calculation was therefore also a function of the size of the 

displacement increment. Sufficient accuracy can be ensured, avoiding any smoothing of 

the computed load-displacement response, by assigning incremental displacement, , 

following the expression below (Hu & Randolph, 1998c)  

0.03
s

kD

s

E

D

δ
0.8

u0u

























 (2.8) 

in which D is the foundation diameter, E/su is the uniform stiffness ratio and kD/su0 is 

the clay strength non-homogeneity (where k is the clay strength gradient and su0 is the 

soil shear strength at the level with the lowest point of the maximum spudcan diameter). 

For kD/su0 < 1, the third bracket needs to be taken as unity. This essentially happens at 

deeper embedment in non-homogeneous clay and in uniform clay (k = 0). 

It should also be noted that a sufficiently fine mesh in conjunction with controlled 

incremental displacement is able to give accurate prediction of collapse loads. The 

limitations of six-noded triangular elements for axisymmetric analysis suggested by 

Sloan & Randolph (1982) are alleviated by having only three Gauss points per element. 

2.2.7 Boundary Conditions 

The nodal points along the vertical side boundaries were restrained in the horizontal 

direction while those on the bottom boundary were constrained in both horizontal and 

vertical directions, as portrayed schematically in Figures 2.3 and 2.4. 

2.2.8 Soil-Spudcan Interface 

The interface between spudcan and soil was modelled using a nodal joint approach as 

described by Herrmann (1978). Two-noded joint elements, linking the opposite nodes of 

the soil and structure elements in contact, were linked by discrete springs. Shear and 

normal springs determine the interface stiffness. In spite of the load-displacement 

response being insensitive to the interface stiffness (Lu et al., 2000), infinitely large 

tensile stress was permitted in order to prevent any gapping as the spudcan advances 

through the soil. The shear strength of the nodal joint was taken as a fraction of the local 

soil strength depending on the adopted roughness ranging from fully rough to fully 

smooth. 
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2.3 SMALL STRAIN FE ANALYSIS 

Bearing capacity calculations are an important part of the design of foundations. 

Traditional solutions have evolved based on pre-embedded analysis techniques notably 

limit equilibrium method, exact or bound plasticity solutions. Furthermore, the spudcan 

penetration is generally assessed by considering the bearing capacity profile obtained 

from a series of „wished-in-place‟ spudcans at successively increasing depths (Endley et 

al., 1981). Therefore, at least primarily, bearing capacity analyses have been undertaken 

using a small strain approach along with more appropriate large deformation analysis, 

particularly for deep penetration in non-homogeneous soil.  

Small strain analyses were carried out with the spudcan placed at a given depth, d, with 

d/D varied in the range 0 to 3. A vertical-walled cylindrical cavity was assumed to 

extend from the soil surface down to the critical depth of soil back-flow into the cavity 

(H, see details in Chapters 4 and 5), at which soil was found to start flowing back above 

the spudcan. The refined meshes displayed in Figures 2.4, 2.5a and 2.5b are for three 

embedment depths, representing a surface spudcan, spudcan with exposed top and 

embedded spudcan. Systematically assembled macro commands in AFENA along with 

prescribed incremental displacement drove the analyses up to a settlement so that the 

load response attained a limiting value. Figure 2.6 illustrates the normalised load-

displacement responses (Pnet/Asu:Disp./D; where A is the largest cross-sectional area of 

the spudcan and su is the uniform undrained shear strength) for the three cases with fully 

smooth soil-spudcan interface. The raw penetration force, Pv, FE, obtained from the finite 

element analysis, was adjusted by subtracting the buoyancy of the spudcan according to  

VγPP FEv,net
  (2.9) 

where  is the effective unit weight of the soil, and V is the volume of the embedded 

spudcan including shaft. Since the spudcan was modelled as a hollow saucer-shaped 

zone penetrating soil with a non-zero effective unit weight, a buoyancy force will act on 

the spudcan. The buoyancy force is calculated from the (theoretical) embedded volume 

of the foundation multiplied by the effective unit weight of the soil (e.g. V in Equation 

2.9).    
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2.4 LARGE DEFORMATION FE ANALYSIS 

Large deformation analyses were undertaken using the RITSS (Remeshing and 

Interpolation Technique with Small Strain) approach developed by Hu & Randolph 

(1998a). This method falls within what are known as Arbitrary Lagrangian-Eulerian 

(ALE) finite element methods (Ghosh & Kikuchi, 1991), whereby a series of small 

strain analysis increments (using AFENA) are combined with fully automatic 

remeshing of the entire domain, followed by interpolation of all field values (such as 

stresses and material properties) from the old mesh to the new mesh. The loading of a 

spudcan was simulated by specifying incremental displacements.  

The h-adaptive mesh generation cycle described previously was employed to generate 

an initial optimal mesh and for remeshing after each updated domain boundary. The 

procedure used in large penetration analysis by the h-adaptive RITSS method is 

summarised below, where an elaboration can be found in Hu & Randolph (1998a). 

 1. Generate an initial optimal mesh implementing the h-adaptive mesh 

refinement cycle. 

 2. Perform infinitesimal strain incremental analysis of incremental 

displacements using AFENA for a certain number of steps. 

 3. Re-generate a new mesh using the deformed boundary, in which only one 

cycle of mesh adaptivity is conducted. 

 4. Transfer field values from the old mesh to the new mesh. 

 5. Repeat steps 2 to 4 until a targeted penetration is achieved. 

In step 2, the displacement increment size, , and the number of steps of small strain 

analysis between each re-meshing, S, were assigned in such a way that the total 

penetration meanwhile remained in a small strain range and less than half the minimum 

element size (S < 0.5hmin). Hu & Randolph (1998a) pointed out that smaller 

displacement increments allow any out of balance force owing to the remeshing and 

interpolation procedure to be corrected more rapidly, resulting in a steadier bearing 

response. 
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2.4.1 Transfer of Field Values in Step 4 

Interpolation of stresses 

The RITSS approach evolved based on standard small strain Lagrangian increments but 

with periodic remeshing followed by interpolation of all stresses and material 

properties. The latter may include user-defined history variables such as the original 

depth of that „particle‟ of soil, or the cumulative plastic shear strain (e.g. for calculating 

damage in strain-softening constitutive relationships), as discussed in the next section. 

The principle is that each new remeshing stage constitutes a new problem, albeit with 

boundary geometries and internal stresses that reflect the preceding sequence of 

increments. The degree of precision therefore substantially depends on the intrinsic 

(smooth) transfer of field quantities from the old mesh to the new mesh at each 

remeshing stage. 

On the basis of the stress characteristics in a six noded triangular element mesh, where 

the displacement field in the element is quadratic and hence the strains vary linearly 

within each element but are discontinuous between neighbouring elements, five tactics 

were addressed by Hu & Randolph (1998a, 1998c) for planar stress interpolation as: 

 (a) Inverse Distance Algorithm (IDA), 

 (b) Arbitrary Linear Interpolation (ALI), 

 (c) Unique Element Method (UEM), 

 (d) Modified Unique Element Method (MUEM), 

 (e) Stress-SPR (Superconvergent Patch Recovery). 

The first four approaches work by interpolating the values from the old Gauss points to 

the new Gauss points, whereas in the stress-SPR method the unique (old) nodal stress 

values are computed from the stress field smoothed by the SPR, and finally the shape 

function for displacement in the mesh provides the basis for interpolating stress values 

at the new Gauss points from old nodal values. 

In this dissertation, which adopted six-noded triangular elements with three internal 

Gauss points per element and a Tresca soil model, it was decided to use the 

UEM/MUEM technique in order to minimise oscillations in the load-displacement 

response due to remeshing. While a fuller description has been provided by Hu & 
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Randolph (1998c) and Lu (2004), a concise systematic procedure is (Barbosa-Cruz, 

2007): 

 1. Form a reference mesh by updating the location of the nodes and Gauss 

points of the old mesh according to the displacements from the preceding 

incremental steps (since last remeshing). 

 2. Locate the element in the reference mesh where the particular Gauss point 

of the new mesh is located. 

 3. Once the element is identified, interpolate stresses following one of the two 

paths below: 

(a) Path I: If the new Gauss point is entirely within the triangle formed 

with three Gauss points of the old element in the reference mesh (like 

G1 is encapsulated by T1T2T3 in Figure 2.7), linearly interpolate the 

stress values at the new Gauss point (G1) from the values at the old 

Gauss triangle (T1T2T3); otherwise 

(b) Path II: If the new Gauss point lies outside the triangle (like G2 in 

Figure 2.7), then choices are 

(i) If the new Gauss point (G2) is close enough, in a user-specified 

tolerance scale, to one of the vertices of the old Gauss triangle 

(T1 of triangle T1T2T3), allocate directly the value of that vertex 

(T1) to the new Gauss point (G2); or    

(ii) If the new Gauss point (G2) is beyond the tolerance distance, 

linearly interpolate the stress values at the new Gauss point (G2) 

from the values at the Gauss triangle (T1T2T4) formed by the 

closest side of the old Gauss triangle (T1T2) and the closest 

Gauss point of the neighbouring element (T4).                

In order to complete the interpolation of stresses successfully, a check on yield status 

must be undertaken. The interpolated stresses are supposed to obey the assigned failure 

criterion. A new Gauss point lying in the yielded region may infringe the criterion, 

rendering the necessity of special treatment. Carrying out a number of numerical tests, 

Hu & Randolph (1998c) commented that, for a simple elastic-perfectly plastic soil 

model with a Tresca yield criterion, checking of the yield status has a significant 



Chapter 2: Numerical modelling: large deformation FE analysis                                               

Centre for Offshore Foundation Systems (COFS) 2-14 

influence on the steadiness of the penetration resistance profile but not on the average 

path. However, for more intricate soil models, the adjustment step can influence the 

overall trend of the load-penetration response. This problem was circumvented by 

implementing the correction method prescribed by Potts & Gens (1985) and reproduced 

succinctly in an Appendix by Barbosa-Cruz (2007).                              

Interpolation of strength 

The next interpolation involves material properties, specifically the transfer of the 

undrained shear strength. This research assessed the response of spudcan foundations 

during undrained vertical penetration in clays. For single layer clays, two basic 

configurations of seabed profile were considered: (a) uniform clay having constant 

strength with depth and (b) non-homogeneous clay with shear strength increasing 

linearly with depth. The interpolation of strength (or original depth) was not important 

for the former profile but was critical for the latter case. At the commencement of 

spudcan penetration, the undrained shear strength of horizontal layers can be evaluated 

according to the soil depth. However, advancement of the spudcan into the soil domain 

causes gross distortion of the horizontal layers. The strength is then no longer a function 

of the current depth but depends on the original depth of every point of the deformed 

mesh.  

The initial depth was stored as a history value at nodes and Gauss points, and at each 

remeshing stage these values were translated from the deformed source mesh to the 

newly generated mesh. The interpolation technique of strength from old nodes to new 

Gauss points was employed for all the analyses. The procedure is sequentially 

illustrated in Figure 2.8. The transfer of original depth values at each junction was 

performed by quadratically interpolating the nodal values from the old to the new mesh. 

No interpolation was required for a new node outside the old deformed mesh; instead 

the depth value stored in the closest old node was taken directly. This is because 

extrapolation causes values to appear outside the six nodal values of the closest element, 

generating zones with original depth values that correspond to lower levels of the 

profile. The original depth values at the new Gauss points were evaluated by 

interpolating linearly from the stored values at the three old corner nodes of the 

triangular elements. 
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2.4.2 Formation of New (Free) Surface  

Continuous penetration of the spudcan from the soil surface involves evolving flow 

patterns, which progressively capture the advancing spudcan into the original intact 

(rectangular) soil domain. The process included heaving of the mudline, formation of an 

initial cavity and subsequent soil back-flow into that cavity above the spudcan. It was 

necessary to update the free surface in this region periodically during the progress of 

spudcan penetration. Evolution of the new mesh of triangular elements was based on the 

displaced position of the old nodes located on the soil domain boundary according to 

the currently implemented remeshing algorithm, rendering a high possibility of poorly 

shaped elements and hence the danger of numerical instability. Uniform size and shape 

of the required soil elements were ensured by treating this problem with smoothing 

techniques, as demonstrated by Barbosa-Cruz (2007). 

Any formation of waves in the surface may incur another discontinuity in the evolution 

of the soil surface, leading to numerical instability. This problem was treated by the 

algorithm following the sequential strategies provided by Barbosa-Cruz (2007). 
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(a) Spudcan penetrating single layer clay 
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(b) Spudcan penetrating double layer clay 

Figure 2.1 Schematic of problem geometry considered in FE analysis showing 

idealised open cavity 
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(a) Spudcan geometry considered in FE analyses (all dimensions are in m) 

 

 

(b) Spudcan geometry used in practice (after Menzies & Roper, 2008) 

Figure 2.2 Geometry of spudcan foundations  
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(a) m = 0.5 and ny/D = 0.21 

 

(b) m = 0.5 and ny/D = 0.28 

Figure 2.3 Initially generated (raw) mesh for different values of normalised density 

factor ny/D  
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Figure 2.4 Refined mesh ready for analysis (m = 0.5 and ny/D = 0.28) 
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(a) Open cavity (before back-flow; d/D = 0.333) 

 

(b) Embedded spudcan (after back-flow; d/D = 0.75) 

Figure 2.5 Meshes for SSFE analysis showing different cavity situations 
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Figure 2.6 Typical load-displacement curves from SSFE analyses (smooth)  
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Figure 2.7 Interpolation of stress state by UEM/MUEM technique  
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(2) Correction for quadratic interpolation of strength (or depth, d) 
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(3) Linear interpolation of strength from old nodes to new Gauss points 

Figure 2.8 Procedure of strength interpolation from old nodes to new Gauss points  
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CHAPTER 3 EXPERIMENTAL SET-UP IN A DRUM 

CENTRIFUGE AND TEST SPECIMEN 

 

3.1 INTRODUCTION 

The primary reason for the introduction of centrifuge modelling to investigate 

geotechnical systems relates to the dominance of self-weight stresses. The constitutive 

behaviour of soil is highly non-linear and stress level dependent, and to simulate 

accurately a prototype at small scale the in situ stresses must be reproduced in the model.   

Model tests performed at standard gravity (1g) may be misleading as the stresses due to 

self weight are often one or two orders of magnitude lower than those in situ. Incorrect 

modelling of the strength ratio, su/D, where is the effective unit weight of the soil, 

will lead to inaccurate assessment of soil flow mechanisms, in particular the transition 

to localised flow around the spudcan with back-flow into the cavity (see Chapters 4 to 

6). The stress profile with depth and heaving of the seabed surface as the spudcan 

penetrates are most conveniently replicated by centrifuge modelling. In brief, centrifuge 

modelling facilitates important insights into prototype behaviour in a model test. This 

chapter demonstrates the detailed techniques used in this study to conduct model tests at 

enhanced gravity in a drum centrifuge. 

3.1.1 Principle 

The principle of centrifuge modelling is to accurately replicate stress conditions in a 

reduced scale laboratory model, by subjecting a model reduced in linear scale by a 

factor, N, to a radial acceleration field equal to Ng, where g is the acceleration due to 

the Earth‟s gravitational field (i.e. 9.81 m/s
2
). If the same soil density exists in model 

and prototype, then a soil element in a centrifuge model at an arbitrary depth, hm, will 

experience an equivalent vertical stress to an in situ soil element at a depth Nhm. It is 

possible to use this basic principle together with dimensional analysis to derive scaling 

laws for extrapolation of model test results to prototype conditions. Table 3.1 is a 

summary of pertinent scaling relationships for modelling at enhanced accelerations. A 
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more comprehensive discussion can be found in the paper by Schofield (1980), a 

pioneer in the field. 

3.1.2 Overview of Literature and Advantages 

An overview of centrifuge principles, history, philosophies of use, limitations of the 

techniques, and importantly the impact of centrifuge modelling in offshore engineering 

is provided in Craig (1988), Murff (1996), Davies (1998) and Martin (2001). The 

impact of centrifuge testing is assessed within the context of competing physical 

modelling options such as field tests and 1g model tests, which have traditionally played 

a very important role in the design of offshore foundations. 

Compared with full scale field testing, centrifuge modelling is addressed as a legitimate, 

much more economical and efficient option thus highly cost effective. Furthermore, 

testing parameters such as soil properties are more readily controlled and characterised. 

In installation problems, results are shown to provide important insights into prototype 

behaviour and to agree well with available full scale measurements.  

Two important advantages noted related to this study are: 

 (a) When confronted with novel applications, unfamiliar site conditions etc., the 

engineer naturally tends to force the new problem to fit with a familiar 

solution. Indeed, that is the case for spudcan foundations. An alternative 

option is to take the benefit of observing realistic performance under 

idealised, controlled conditions varied in a systematic way. An 

understanding of a failure mechanism is paramount in devising a design to 

preclude such failure. Further, with the development of ever more 

sophisticated miniaturised instrumentation and advances in image 

processing the centrifuge has been used increasingly for more quantitative 

investigations.  

 (b) Since boundary conditions, material properties and soil stress history, which 

are often poorly defined in the field, are exceptionally well controlled in a 

centrifuge model, quantitative results of the penetration resistance and 

patterns of soil flow may be used to validate numerical models rigorously. 

The calibrated numerical models can then be applied to new and more 

complex field situations with greater confidence. 
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In spite of a fifty-year history with offshore spudcans, reliable observations of their 

performance are relatively scarce. In this study, all tests were conducted at enhanced 

gravity in a drum centrifuge. The mechanisms of soil flow were revealed and load-

penetration responses were measured. The results provide benchmarks to be validated 

against and for further parametric numerical analyses.  

3.2 EQUIPMENT 

3.2.1 Drum Centrifuge 

The tests described here were performed in the drum centrifuge located at the 

University of Western Australia. A view of the channel and tool table (without the 

protective hat) is shown in Figure 3.1. This facility, installed in 1997, has a 1.2 m 

diameter annular channel and a maximum acceleration level of 485g. Although the 

centrifuge is designed to run with the annular channel full of soil, it may also be used to 

carry out tests in soil confined within a smaller box, and then mounted within the 

channel. The latter technique was adopted here, with soil samples first consolidated on 

the laboratory floor, and then cut to fit within a specially designed box (described later). 

The main actuator is mounted on a central tool table and provides vertical (across the 

width of the channel) and radial motion, while the tool table itself may be rotated 

relative to the channel through a precise Dynaserv motor that links the concentric drive 

shafts. Together, these actuators allow spudcans or penetrometers to be positioned 

within the soil sample and penetrated at a pre-determined rate. A load cell installed 

between the load actuator and the foundation measures load-penetration responses in 

this displacement controlled system. 

An essential aspect of the drum centrifuge for these tests was the ability to „park‟ the 

central tool table while the channel containing the soil sample continued to rotate. When 

parked, the various testing tools that are fixed to the actuator may be changed or cleaned, 

without affecting the acceleration level on the soil, allowing placing of clay slurry and 

swapping between model spudcans and a T-bar penetrometer.  

There are two on-board data acquisition systems: one is fitted on the channel and the 

other is fitted on the tool table. The basic systems can record a total of 32 direct signals, 

transferred through the sliprings, on both the channel and the tool table. Each system 

comprises an onboard computer with A/D conversion board and a pair of 8 channel 
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instrumentation amplifiers. Digital signals from each onboard computer are transferred 

to a single data acquisition computer in the control room via a RS232 link. The off-

board computer stores the data to the disk, and allows control over sampling frequency 

and signal integration, synchronises sampling from the two systems, and transfers the 

saved data to a second computer for real time graphics display. Further technical details 

can be found in Stewart et al. (1998). 

3.2.2 Strongbox with Viewing Window 

The channel of the drum centrifuge is 300 mm high (vertically) and has a 200 mm radial 

depth. A purpose-designed strongbox with a plexiglass window was built to allow 

observation of the soil deformation through the window (see Figure 3.2). The box has 

an internal size of 258 (length)  163 (width)  160 (depth) mm, and was restrained in 

position by four plates bolted to the annular channel. The small size of this strongbox, 

determined by the requirement to fit inside the drum channel, made for easy handling 

and model preparation since the entire model package weighed less than 18 kg. This 

allowed very short model turnaround times and single-operator testing. 

3.2.3 Model Spudcans 

Model tests were undertaken using a half-spudcan of 60 mm diameter and two full-

spudcans of 60 and 30 mm diameter (Figure 3.3a). The models were made from 

duraluminium and included a 13 shallow conical underside profile (included angle of 

154) and a 76 protruding spigot. Full details of a 60 mm diameter spudcan model are 

shown in Figure 3.3b. The shape was chosen similar to the spudcans of “Marathon 

LeTourneau Design, class 82-SDC” jack-up rig and to the spudcan profile adopted for 

exploring combined loading behaviour of spudcan foundations through model tests and 

numerical analyses at Oxford University (Martin & Houlsby, 2000, 2001), which was 

based in turn on the representative spudcan profile adopted for the joint industry study 

of jack-up foundation fixity (Noble Denton & Associates, 1987). The black anodised 

colour of the spudcans was chosen to help distinguish them from the white kaolin clay.  

Although transparent soil substitutes have been developed recently (Gill & Lehane, 

2001; Iskander et al., 2002), the opacity of natural soil prevents measurement of the soil 

motion during penetration within the body of the soil sample. Instead, a half-spudcan 

was fabricated, designed to penetrate adjacent to the strongbox window, permitting the 

soil deformation to be captured by a camera. The half-spudcan size of 60 mm was 
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chosen sufficiently large to allow reasonably detailed images of the soil flow patterns, 

while avoiding boundary effects from the strongbox. Thus the strongbox width of 

163 mm allowed a clear 133 mm (> twice the diameter) between the spudcan and the 

wall of the box; this region encompasses the failure zone, as may be perceived on the 

soil deformation patterns illustrated by Craig & Chua (1990, 1991) from centrifuge tests 

and those obtained in this study from finite element analyses presented in Chapters 4, 5 

and 7. 

Separate full-spudcan penetration tests were performed to measure the load-penetration 

response, avoiding frictional resistance from the window. Full-spudcan models of two 

different sizes were fabricated in order to achieve different ratios of normalised clay 

strength, strength non-homogeneity factor, and upper layer thickness to spudcan 

diameter for the prepared layered profiles. 

3.2.4 V-H-M Load Cell 

For undertaking spudcan penetration tests, a V-H-M load cell was introduced to 

measure the load response (see Figure 3.4). The spudcan leg was attached to one side of 

the load cell, which in turn attached to the main radial actuator of the centrifuge. The 

load cell, properly strain gauged, is sensitive to vertical, horizontal and moment loading. 

Vertical and horizontal displacements can be obtained from the loading actuator. 

Although this study concentrated merely on the vertical loading and corresponding 

displacement response, the moment reading assisted in setting the flat face of the half-

spudcan model firmly against the strongbox window avoiding any damage but ensuring 

a tight seal. 

3.2.5 Digital Camera 

In-flight soil deformation during the half-spudcan penetration was captured 

continuously by means of a high resolution (2592  1944 pixels) digital still camera 

sitting in front of the strongbox on a specially fabricated cradle bolted to the annular 

channel. The adjustable cradle and slots in the base plate allowed the camera to be 

positioned at right angles to the channel base and the strongbox window focusing 

precisely along the centreline of the advancing spudcan. This is important to ensure 

sufficient accuracy and quality of images avoiding any source of lens distortion, notably 

fisheye or barrelling (details are noted in photogrammetry section). A specially 

developed electronic system connected through the sliprings was used to press the 
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shutter, triggering the continuous shooting mode, obviating the necessity of using a 

battery with limited running time. The experimental arrangement is shown in Figure 3.5. 

Two mini video cameras, one mounted within the channel slightly behind the camera 

cradle and the other on the tool platform, were also employed for routine monitoring, 

and particularly to position the probes on the test site of the soil specimen. 

3.2.6 Lighting 

A tungsten bulb with 1 W Superbright LEDs was mounted under the tool platform to 

provide sufficient lighting on the operational area, within the enclosed protective hat 

within which the centrifuge runs. The light was aligned along the spudcan centreline, 

focused on the bottom of the window to avoid creating direct reflections in the image, 

and operated on a low voltage. By painting the inside of the ring channel white, the 

image brightness was maximised without introducing glare from the direct light source 

(see Figure 3.5). 

3.2.7 Free Water Layer 

In order to perform tests maintaining a water layer on the soil surface, resembling the 

field situation, a system equipped with a rotary metal tube with two plastic extensions at 

each end was introduced. The tube was fitted vertically at the centre of the actuator. A 

freeboard of water was added prior to the test at a low acceleration level, with care 

being taken to avoid injection-induced distortion of the soil sample. The speed was then 

ramped up to the desired gravity level for the probe penetration test. The system was 

also used to maintain a water layer on soil deposits during in-flight consolidation by 

sprinkling water at regular intervals. 

3.2.8 Soil Strength Assessment Tool: T-bar 

The family of full-flow penetrometers (T-bar, ball) are relatively new in the field of soil 

strength assessment. A cylindrical T-bar, as displayed in Figure 3.6, allows full flow of 

soil around the probe (apart from a small region where the shaft connects to the 

cylindrical bar), thereby minimising the need for corrections due to the ambient stress 

level. With the advantage of closely bracketed plasticity solutions, relating penetration 

resistance to shear strength, the T-bar is now prevalently used in the field and in 

centrifuge testing to assess clay strength in soft deposits.        
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The model T-bar penetrometer developed for the centrifuge comprises a cylindrical 

cross bar, of 5 mm diameter and 20 mm long, attached at a right angle (to form a T) at 

the end of a vertical shaft, which narrows to 4.5 mm diameter behind the T-bar (Figure 

3.6). When the T-bar is pushed into the soil, the penetration resistance is measured by a 

highly sensitive load cell ( 100 N maximum range) situated immediately behind the 

bar. The cylindrical surface of the T-bar was sand blasted to create a relatively rough 

surface, while the ends of the bar were machined smooth to minimise end effects. 

Randolph & Houlsby (1984), Martin & Randolph (2006) and Randolph & Andersen 

(2006) have given a fuller treatment for a cylindrical object undergoing lateral 

translation in undrained uniform clay through bound plasticity solutions. The upper 

bound and lower bound values have been reported for different object-soil interface 

roughness (fully smooth to fully rough with  = 0 to 1). The original exact solutions 

gave bearing capacity factors of NT-bar = 9.14 (for  = 0) to 11.94 (for  = 1) (Randolph 

& Houlsby, 1984), although an error was subsequently discovered in the upper bound 

solution except for fully rough conditions. Correction of the error led to significantly 

higher upper bound values with the gap reducing as the roughness increased. Martin & 

Randolph (2006) reduced the range by combining two upper bound mechanisms 

denoted as the Martin mechanism and the Randolph mechanism; these provide upper 

bound values of NT-bar = 9.2 to 11.94 (exact) which are very close to the lower bound 

values and also agree well with FE solutions both in terms of capacity factors and 

mechanism (Randolph & Andersen, 2006).          

For shallow embedment, Murff et al. (1984) and Randolph & White (2008) reported 

bound solutions for a circular pipe in clay as a function of the pipe roughness ( = 0 to 

1), depth of embedment (up to one radius) and the strength non-homogeneity ratio (0 to 

). The effect of soil heaving adjacent to the advancing pipe is computed as 10 to 15% 

at shallow penetrations, reducing with penetration depth. Aubeny et al. (2005) presented 

bearing capacity factors for a deep-penetrating (up to 5 diameters) horizontal cylinder 

obtained from FE simulations and approximate solutions using classical plasticity 

theory taking into account soil strength non-homogeneity. The trench in the wake of the 

advancing cylinder was assumed as fully open, as the solutions were directed at field 

situations where open trenches are observed. However, in all cases soil weight was 

ignored, although this plays a substantial role on the transition of flow mechanisms at 
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shallow penetrations with initial cavity and subsequent back-flow and hence on the 

resulting penetration resistance.     

Barbosa-Cruz & Randolph (2005) performed large deformation FE analyses by 

penetrating a pipe continuously from the soil surface. The penetration responses were 

presented up to a penetration of ~5 diameters for uniform and non-homogeneous clay. 

The illustrated soil flow patterns reveal substantial soil surface heaving adjacent to the 

pipe, and a penetration of more than 2.5 diameters was required for closure above the 

pipe and 3.5 diameters to attain a fully localised flow mechanism. 

Assembling reasonable data from the above solutions in Figure 3.7, a simple expression 

can be developed for T-bar bearing capacity factor, NT-bar, up to deep embedment as 

5.10
10D

d
1

0.45D

d
5.14N barT 







 



  (3.1)        

where d is the T-bar embedment (measured at invert) below the soil surface. In this 

study, however, a constant T-bar factor of NT-bar = 10.5 has been used, as suggested by 

Randolph & Houlsby (1984), Stewart & Randolph (1991) and Watson (1999), ignoring 

transitional flow mechanisms at shallow depths. Practically, this value is sufficient since 

full flow-round mechanisms will govern essentially at ~3 to 4 diameters penetration, 

which is relatively low ~1.5 to 2 m depth in prototype scale (at 100g) for the given T-

bar of diameter 5 mm.  

3.3 PREPARATION OF CLAY SPECIMENS 

The spudcan tests were performed on clay specimens of commercially available kaolin, 

which is commonly used for centrifuge model tests and where an abundance of reliable 

data exists regarding the geotechnical properties (e.g. as given in Table 3.2). 

3.3.1 Preparation of Kaolin Slurry 

A homogeneous slurry was prepared by mixing reconstituted kaolin clay powder with 

deionised water at 120% water content (twice the liquid limit) in a conventional barrel 

mixer (Figure 3.8). A thorough mixing procedure was adopted comprising the following 

steps: 

 1. Mix about two hours. 
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 2. Leave about two hours for completion of soaking. 

 3. Monitor and manual break down the clogs. 

 4. Mix about four hours.  

The mixer was equipped with a vacuum pump via a jubilee connection (Figure 3.8). A 

vacuum close to 100 kPa was applied at the inception of the fourth stage and maintained 

throughout in order to complete de-airing the slurry. The slurry was then carefully 

ladled under a water layer into the consolidation frame. 

3.3.2 Consolidation in Conventional Tank at 1g 

To produce clay samples with a nominally uniform strength profile, kaolin slurry was 

consolidated at 1g in a cell comprising cylindrical containers of 394 mm inside diameter 

(see Figure 3.9). Geo-fabric mats with drainage to atmospheric pressure were provided 

at both ends of the samples. One-dimensional consolidation was performed in stages, up 

to a final pressure of 100 to 500 kPa. Each increase in pressure was applied when the 

rate of consolidation from the previous increment fell below 1 mm/h. During the final 

pressure increment, primary consolidation was considered achieved when the rate 

dropped to 0.1 mm/h. The sample was then unloaded in stages finally to atmospheric 

pressure. The total time required for consolidation was two and a half weeks. The 

resulting clay samples were about 270 to 300 mm deep, as displayed in Figure 3.10.  

3.3.3 Consolidation in Strongbox under Centrifuge Spinning 

Normally consolidated clay specimens with a linearly increasing strength profile were 

prepared by performing consolidation directly in the centrifuge. Four strongboxes were 

fitted symmetrically within the channel of the drum. The slurry was pumped into the 

boxes (above a geo-fabric mat) while spinning at an acceleration level of 20g, before 

self-weight consolidation at 200 to 250g for approximately 7 days. During this time 

additional slurry was added to the specimens to obtain the required specimen height and 

a layer of water was maintained at the specimen surface to ensure saturation. After 

completion of consolidation, the channel was stopped and the boxes removed. The 

resulting specimens were approximately 140 mm deep with a normally consolidated 

profile. 
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3.3.4 Preparation of Test Specimen 

Uniform clay 

Test specimens were prepared by cutting the pre-consolidated cylindrical clay samples 

precisely according to the plan size of the strongbox and a depth of about 120 mm. All 

inner surfaces of the strongbox were lubricated with white petroleum grease up to the 

specimen height to reduce boundary frictional effects. The sliced specimen was then 

slid down into the box with great care.      

Non-homogenous clay 

For the rectangular base samples consolidated on the centrifuge, the upper 25 mm layer 

was carefully trimmed off the consolidated specimens, minimising any distortion of the 

remaining clay, in order to achieve a depth of about 115 mm and a non-zero strength 

intercept at the surface (sum  0). 

Layered clay 

To obtain uniform-over-uniform layered deposits, one dimensional consolidation was 

carried out in the former manner in two separate cells under two different final pressures 

in order to produce comparatively stiff and soft samples. Test specimens were prepared 

by cutting the pre-consolidated clays according to the size of the strongbox and planned 

top layer thickness so that the total depth became 120 mm, and then placing a stiff soil 

layer on top of a soft layer, as illustrated in Figure 3.2. 

To produce uniform-over-non-uniform layered deposits, kaolin slurry was consolidated 

in both manners, in a cell at 1g and in strongboxes under direct centrifuge spinning. 

Depending on the planned top layer thickness, the top few mm was carefully trimmed 

off the specimens minimising any distortion of the remaining clay so that the total depth 

became 120 mm. Test specimens were then prepared by placing a sliced stiff uniform 

soil layer (consolidated at 1g) on top of a non-uniform deposit.  

Cosmetic surgery for half-spudcan test 

The specimen, nesting within the strongbox, designed for full-spudcan tests was then 

ready for operation. For half-spudcan tests, however, a special decoration was required. 

Coloured flock was sprinkled evenly, via a 300 micron sieve, on the polished soil 

specimen side facing the window (see Figure 3.2). Flock of different colours (black, 
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green or mixture) was used to mark stiff and soft layers respectively on layered 

specimens, and in bands on non-homogeneous clay specimens. This was (a) to add 

texture to the white kaolin to allow the images to be used for particle image velocimetry 

(PIV) analysis and (b) to identify any stronger (or softer) soil trapped beneath the 

spudcan and being carried down into the bottom layer or flowing around onto its upper 

surface. The test specimen was then placed back within the channel and the spudcan and 

T-bar tests were carried out after achieving the testing gravity level (but with no 

additional consolidation being allowed at that stage). For a layered deposit, a few 

minutes spinning at the gravity level was necessary though to establish a good contact 

between the two layers. 

3.3.5 Soil Strength Determination 

Soil characterisation tests were carried out using a T-bar penetrometer, of diameter 

5 mm and length 20 mm (model scale), at a penetration rate of 1 mm/s, which was 

sufficiently fast to ensure undrained behaviour in the kaolin (Randolph & Hope, 2004). 

It was anticipated that the shear strength of the preconsolidated samples might vary 

markedly with the passage of time, particularly after adding a surface water layer during 

centrifuge spinning. In-flight strength assessments were therefore undertaken 

immediately before and after each spudcan test, facilitating estimation of the undrained 

shear strength profile during spudcan penetration by linear interpolation in time.  

Typical (averaged) shear strength profiles on the different types of clay deposits ranging 

from single to double layer are plotted in Figure 3.11, based on a T-bar factor of NT-bar = 

10.5, where z is the penetration depth of the T-bar mid-diameter. For the layers 

produced from samples pre-consolidated at 1g, the strength values were idealised as 

approximately constant with depth, whereas those for the layers consolidated in-flight 

were fitted by a linear variation with depth (see Figure 3.11). The assumption of a 

constant shear strength close to the surface apparently overestimates the shear strengths 

in the upper 2 m. This is partly due to the assumption of a constant NT-bar factor of 10.5, 

although the actual value should increase from around 5.14 at the surface to 10.5 at a 

penetration of 4 diameters, a prototype depth of about 2 m at 100g (Barbosa-Cruz & 

Randolph, 2005). There will also have been slight absorption of water and softening of 

the clay near the free surface. This softening effect is more pronounced for the layers 

produced from samples pre-consolidated at 1g since they went through a „swelling (after 

removing the consolidation pressure)  drying (by evaporation)  absorption of water 
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(under enhanced gravity)‟ procedure prior to any test. For the spudcan tests on layered 

clay, however, the critical shear strength for the upper layer is that in the lower half of 

the layer, just before any punch-through occurs, and on soft single layer clay, the critical 

shear strength is that after a depth of half the spudcan diameter since spudcans 

commonly penetrates 2 to 3 diameters in these deposits. The uniform strength profile 

has therefore been based on that value. 

It may also be seen from Figure 3.11c that the shear strength profile (or T-bar resistance) 

on layered clay shows a transition between the two layers, extending over a depth range 

of about 2 m (4 diameters of the T-bar). Essentially the T-bar goes through a form of 

punch-through into the lower layer, probably carrying down some higher strength 

material from the upper layer into the lower layer. The fitted strength profile in the 

lower layer has been extrapolated back to the (nominal) interface, ignoring this 

transition zone. 

At the conclusion of tests on each specimen, core samples were collected in order to 

determine the moisture content at various depths (or of both layers). It should be noted 

that the sensitivity of the kaolin is approximately 2 to 2.8, as judged from cyclic T-bar 

penetration tests (Chen, 2005). 

3.4 SPUDCAN PENETRATION 

All tests were carried out with a free water layer above the clay surface, so that the 

effective unit weight of the clay governs, as would be the case in practice. 

The half-spudcan penetration tests were undertaken tight against the window of the 

strongbox. The box was therefore placed at an angle within the channel so that the inner 

face of the window was on a radius from the centrifuge axis. In order to prevent soil 

ingress between the spudcan and the window, an „O‟ ring was fitted along the periphery 

of the flat central face of the spudcan (Figure 3.3a), and was compressed against the 

window during penetration. Images were captured continuously in-flight by a digital 

still camera sitting at right angles on a cradle within the channel.   

The full-spudcan tests were carried out along the centreline of the soil specimens. The 

angle of the box within the channel was adjusted for these tests to align the radius from 

the drum axis and the penetration direction at the test site.  
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In full-spudcan tests, the spudcan was installed at a constant rate of 0.2 mm/s (at model 

scale). A comparatively lower penetration rate of 0.05 mm/s (at model scale) was 

adopted for half-spudcan tests, which was sufficiently slow to allow frequent 

photographs to be taken, but fast enough to ensure undrained conditions. The camera 

operated at 0.5 Hz, so that images were obtained every 0.1 mm of (model) displacement, 

providing excellent resolution of the failure mechanisms. Undrained conditions were 

satisfied according to the criterion of Finnie (1993), with the non-dimensional velocity 

index, vD/cv, exceeding 30, where v is the penetration rate, D the spudcan diameter and 

cv the consolidation coefficient. 

3.5 PARTICLE IMAGE VELOCIMETRY (PIV) ANALYSIS 

The images captured continuously during a half-spudcan test provide visual evidence of 

soil flow mechanisms. Observing them either sequentially in a PC or in the form of a 

movie allows the evolving soil deformation patterns with the progress of spudcan 

penetration to be viewed. However, for precise quantification of flow patterns and 

(hence) distortion zone, and for presentation in a visually appealing manner, „vector‟ 

plots were of paramount requirement. Recently, a new system for measuring 

deformation in geotechnical tests was developed at Cambridge University. Indeed, the 

technique is now used widely, with proven accuracy for measurement and versatility of 

application, and was adopted in this study. The system combines three technologies: 

digital still photography, particle image velocimetry (PIV) and close range 

photogrammetry. A condensed version of the system is presented below while the 

details can be found in White et al. (2003). 

3.5.1 Digital Photography 

The measurement technique operates by processing digital images, which can be 

captured directly from digital cameras. Colour images are achieved by the combination 

of three colours (red, green and blue). Each colour channel is equipped with a matrix of 

the intensity (brightness) recorded at each pixel on the camera‟s charge coupled device 

(CCD). The matrix is populated by the pixel coordinates.  

In this study, during half-spudcan tests, images were captured by a high resolution 

digital camera (2592  1944 pixels) operated at 0.5 Hz. The spudcan penetration rate 

was slowed down accordingly (0.05 mm/s). This ensured sufficiently small 
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displacement between the successive images, precluding any high strain gradients. This 

is of particular importance for precise tracking of moving soil particles. Due care was 

also taken to ensure that the axis of each camera lens was perpendicular to the 

measurement plane to minimise the image distortion such as non-coplanarity and lens 

distortion (e.g. barrelling, fisheye). 

3.5.2 Particle Image Velocimetry (PIV) 

The captured digital images were analysed by particle image velocimetry (PIV). PIV 

operates by tracking the texture (i.e. the spatial variation of brightness) of a mesh of 

patches through a series of images. The lack of texture of white kaolin was 

circumvented by adding coloured flock material uniformly, as discussed before. 

The initial image is divided up into a mesh of PIV test patches. The displaced location 

of a patch in a subsequent image is obtained by determining the location of highest 

correlation between each patch and a larger search region from the following image. 

The location of the correlation peak is established to a sub-pixel precision by fitting a 

bicubic interpolation around the highest integer peak. This operation is repeated for the 

entire mesh of patches within the image, and then repeated for each image within the 

series, to produce complete trajectories of each test patch. The output files are in ASCII 

format, and can be manipulated by the user in MatLab or a spreadsheet to produce 

displacement and strain data. 

3.5.3 Close Range Photogrammetry  

The final step is to convert the displacement vectors measured by PIV from image-

space (pixels) into object-space (e.g. mm). Traditionally, a very simplistic means of 

transformation strategy is followed in most image-based deformation systems by 

applying a constant scaling factor across an image. However, it is virtually impossible 

under centrifuge acceleration to set an ideal condition having optical axis perfectly 

orthogonal to an image plane, particularly when it lies behind a refractive window; the 

spatial variation in image scale leads to errors if the conversion is performed in this 

manner using a single scaling factor. Although due care was taken to ensure that the 

axis of each camera lens was perpendicular to the measurement plane, slight rotation of 

either axis, likely to occur in centrifuge spinning, will lead to a different spatial 

variation in image scale for each camera. The standard deviation between measured and 

actual reference points increases significantly per degree rotation of the camera lens axis. 
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Even with perfect coplanarity, radial lens distortion (fisheye) causes a bowl-shaped 

spatial variation in image scale. Instead, photogrammetry was implemented in the 

image-space to object-space transformation, easing non-coplanarity and radial lens 

distortion effects. In order to establish the parameters needed for this transformation 

operation, a set of reference points distributed evenly over the object-space is required. 

A grid of 24 control points was installed within the viewing window, as shown in 

Figure 3.2. The object-space coordinates of these dots were measured. A black dot on a 

white background allowed the location on image-space to be traced, implementing a 

centroiding technique. Once the control marker locations in the initial image were 

achieved, any subsequent image-space displacement of the control markers incurred by 

camera movement was evaluated employing PIV (White et al., 2005).                

     

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3: Experimental set-up in a drum centrifuge and test specimen                                               

Centre for Offshore Foundation Systems (COFS) 3-16 

REFERENCES 

Aubeny, C. P., Shi, H. & Murff, J. D. (2005). Collapse loads for a cylinder embedded in 

trench in cohesive soil. Int. J. Geomechanics 5, No. 4, 320-325. 

Barbosa-Cruz, E. R. & Randolph, M. F. (2005). Bearing capacity and large penetration 

of a cylindrical object at shallow embedment. Proc. 1st Int. Symp. on Frontiers 

in Offshore Geotechnics, Perth, pp. 615-621. 

Chen, W. (2005). Uniaxial behaviour of suction caissons in soft deposits in deepwater. 

Ph. D. Thesis, The University of Western Australia. 

Craig, W. H. (1988). Centrifuge models in marine and costal engineering. In 

Centrifuges in Soil Mechanics, Craig, James & Schofield (Eds), pp. 149-168. 

Rotterdam: Balkema. 

Craig, W. H. & Chua, K. (1990). Deep penetration of spudcan foundations on sand and 

clay. Géotechnique 40, No. 4, 541-556. 

Craig, W. H. & Chua, K. (1991). Large displacement performance of jack-up spudcans. 

Proc. Int. Conf. on Centrifuge ’91, pp. 139-144.  Rotterdam: Balkema.  

Davies, M. C. R. (1998). Applications of centrifuge modelling to geotechnical 

engineering practice. Proc. Instn Civ. Engrs Geotech. Engng 131, 125-126. 

Finnie, I. M. S. (1993). Performance of shallow foundations in calcareous soil. Ph. D. 

Thesis, The University of Western Australia. 

Gill, D. R. & Lehane, B. M. (2001). An optical technique for investigating soil 

displacement patterns. Geotechnical Testing Journal, GTJODJ 24, No. 3, 324-

329. 

Iskander, M. G., Liu, J. & Sadek, S.  (2002). Transparent amorphous silica to model 

clay. J. Geotechnical and Geoenvironmental Engineering, ASCE 128, No. 3, 

262-273. 

Martin, C. M. (2001). Impact of centrifuge modelling on offshore foundation design. 

Proc. Conf. on Constitutive and Centrifuge Modelling: Two Extremes, Monte 

Verita, Switzerland, Balkema. 



Chapter 3: Experimental set-up in a drum centrifuge and test specimen                                               

Centre for Offshore Foundation Systems (COFS) 3-17 

Martin, C. M. & Houlsby, G. T. (2000). Combined loading of spudcan foundations on 

clay: laboratory tests. Géotechnique 50, No. 4, 325-338. 

Martin, C. M. & Houlsby, G. T. (2001). Combined loading of spudcan foundations on 

clay: numerical modelling. Géotechnique 51, No. 8, 687-699. 

Martin, C. M. & Randolph, M. F. (2006). Upper-bound analysis of lateral pile capacity 

in cohesive soil. Géotechnique 56, No. 2, 141-145. 

Murff, J. D. (1996). The geotechnical centrifuge in offshore engineering. Proc. Offshore 

Technology Conference, Houston, pp. 675-689, OTC 8265. 

Murff, J. D., Wagner, D. A. & Randolph, M. F. (1989). Pipe penetration in cohesive 

soil. Géotechnique 39, No. 2, 213-229. 

Noble Denton & Associates (1987). Foundation fixity of jack-up units: a joint industry 

study. London: Noble Denton & Assiciates. 

Randolph, M. F. & Andersen, K. H. (2006). Numerical analysis of T-bar penetration in 

soft clay. Int. J. Geomechanics 6, No. 6, 411-420. 

Randolph, M. F. & Hope, S. (2004). Effect of cone velocity on cone resistance and 

excess pore pressures. Proc. Int. Symp. on Engineering Practice and 

Performance of Soft Deposits, Osaka, pp. 147-152. 

Randolph, M. F. & Houlsby, G. T. (1984). The limiting pressure on a circular pile 

loaded laterally in cohesive soil. Géotechnique 34, No. 4, 613-623. 

Randolph, M. F. & White, D. J. (2008). Upper-bound yield envelopes for pipelines at 

shallow embedment in clay. Géotechnique 58, No. 4, 297-301. 

Schofield, A. N. (1980). Cambridge geotechnical centrifuge operations. Géotechnique 

30, No. 3, 227-268.  

Stewart, D. P. (1992). Lateral loading of piled bridge abutments due to embankment 

construction. Ph. D. Thesis, The University of Western Australia. 

Stewart, D. P., Boyle, R. S. & Randolph, M. F. (1998). Experience with a new drum 

centrifuge. Proc. Int. Conf. on Centrifuge ’98, pp. 35-40. Rotterdam: Balkema. 



Chapter 3: Experimental set-up in a drum centrifuge and test specimen                                               

Centre for Offshore Foundation Systems (COFS) 3-18 

Stewart, D. P. & Randolph, M. F. (1991). A new site investigation tool for the 

centrifuge. Proc. Int. Conf. on Centrifuge ’91, pp. 531-538. Rotterdam: 

Balkema. 

Watson, P. G. (1999). Performance of skirted foundations for offshore structures. Ph. D. 

Thesis, The University of Western Australia. 

White, D. J., Randolph, M. F. & Thompson, B. (2005). An image-based deformation 

measurement system for the geotechnical centrifuge. Int. J. Physical Modelling 

in Geotechnics 5, No. 3, 1-12. 

White, D. J., Take, W. A. & Bolton, M. D. (2003). Soil deformation measurement using 

particle image velocimetry (PIV) and photogrammetry. Géotechnique 53, No. 7, 

619-631. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3: Experimental set-up in a drum centrifuge and test specimen                                               

Centre for Offshore Foundation Systems (COFS) 3-19 

Table 3.1 Centrifuge scaling relationships (Schofield, 1980) 

Quantity  Relationship 

(Model/prototype) 

Gravity N 

Stress 1 

Strain  1 

Length 1/N 

Force 1/N
2
 

Density 1 

Mass 1/N
3
 

Time (consolidation) 1/N
2
 

 

 

 

 

 

Table 3.2 Kaolin clay properties (after Stewart, 1992) 

Property  Value 

Liquid limit, LL: % 61 

Plastic limit, PL: % 27 

Plasticity index, Ip: %  34 

Specific gravity, Gs  2.6 

Consolidation coefficient (mean), cv: m
2
/year 2.6 
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Figure 3.1 The UWA drum centrifuge (1.2 m diameter, 485g)  

 

 

Figure 3.2 Strongbox with plexiglass window and layered deposit inside 
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(a) Centrifuge spudcan models 

 

 

(b) Dimensions of 60 mm diameter spudcan (all dimensions are in mm) 

Figure 3.3 Spudcan models 
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Figure 3.4 V-H-M load cell 

 

 

Figure 3.5 Set-up for a half-spudcan test within the drum channel 
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Figure 3.6 A T-bar fitted in the loading arm of actuator 
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Figure 3.7 Bearing capacity factor for cylindrical objects 
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Figure 3.8 Conventional barrel mixture equipped with vacuum pump 
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Figure 3.9 Consolidation tank with kaolin slurry under consolidation  

 

 

Figure 3.10 Soil samples after consolidation (in tank at 1g) 
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3.11(b) Non-homogeneous clay 
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(c) Layered clay 

Figure 3.11  Typical strength profiles from T-bar tests (NT-bar = 10.5) 
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CHAPTER 4 SPUDCAN ON UNIFORM CLAY 

 

4.1 INTRODUCTION 

In light of the discussion in Chapter 1 the saucer-shaped geometry of the spudcan, and 

its progressive mode of penetration under preloading lead to soil failure mechanisms 

and hence design strategy that differ markedly from those relevant to onshore practice. 

To date, no concerted attention has been focused to develop a complete design approach 

for the penetration resistance of this type of foundation for mobile drilling rigs. There is 

an urgent need to reassess the SNAME design methods, which are based on assessing 

the bearing capacity of pre-embedded foundations, and to develop more rational design 

approaches based on the evolving soil flow mechanisms. 

This study has explored the performance of deeply penetrating spudcan foundations on 

clays of different strength profiles through centrifuge model tests and large deformation 

finite element (LDFE) analysis. The research started by considering a very simple case 

with spudcan foundations on uniform clay with (nominally) constant strength with 

depth, as portrayed schematically in Figure 4.1, and the outcomes are presented in this 

chapter. This starting point was deliberate because most traditional solutions, as adopted 

in the current offshore design guidelines (SNAME, 2002; ISO, 2003), have evolved 

based on studies of foundations on uniform clay. The results have been documented in 

Hossain et al. (2005) and Hossain & Randolph (2009).  

4.1.1 In Situ Strength Profile  

In many areas of the world where offshore hydrocarbon development is active, the 

undrained shear strength of clay sediments increases more or less linearly with depth 

below the sea floor. Exception occurs, for example in stratified deposits, or in stiff over-

consolidated (OC) clays, such as in the North Sea, or in some locations close to the 

mudline up to a depth of about one spudcan diameter, such as in the Sunda Shelf, 

Southeast Asia (Lunne et al., 1981; Poulos, 1988; Rapoport & Alford, 1989; Nelson et 

al., 2000; Cassidy et al., 2002; Paisley & Chan, 2006). In these cases, the upper part of 

the seabed often shows uniform undrained shear strength with nominally constant 
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strength. The research therefore initially considered constant strength profile, largely as 

a precursor to more general profiles where the undrained shear strength, su, increases 

with depth, expressed as  

kzss umu    (4.1)                

where sum is the soil strength at the seabed (mudline) and k is the rate of increase in su 

with depth z. This chapter is restricted to the case with k = 0, that is, su = sum = su0; su0 is 

the shear strength at the spudcan base level (see Figure 4.1). 

4.2 LITERATURE REVIEW 

The research has endeavoured to reveal the soil flow mechanisms and the extent to 

which a cavity remains open above the spudcan as it progressively penetrates through 

the soil. The resulting load-penetration responses have been demonstrated, linking these 

directly to the evolving soil flow patterns. A summary of relevant results reported by 

other researchers is provided below. 

4.2.1 Soil Flow Mechanisms: Limiting Cavity Depth 

An understanding of the failure mechanism is paramount in devising improved design 

predictions of spudcan penetration resistance. Unfortunately, little evidence of the 

failure mechanism beneath jack-up spudcans in the field is available, except from some 

inspection reports by divers of surface deformations in the vicinity of spudcans (Kee & 

Ims, 1984; Ahrendsen et al., 1989).   

In a firm clay site, Kee & Ims (1984) assumed that ‘clean’ holes may form as the legs 

penetrate. Subsequent collapse of soil over the spudcans would lead to a sudden 

increase in load on them, which could trigger rapid further penetration of the leg. 

Ahrendsen et al. (1989) reported three case histories on the Texas-Louisiana continental 

shelf. For a soil of uniform undrained shear strength of about 2 kPa for the first 3 m 

followed by increases with depth, it was assumed that the cavity created by a 

penetrating spudcan is generally filled with soil. The additional weight owing to back-

flow could exceed the preload applied to each spudcan by over 70 percent. Therefore, 

the soil spalling onto the spudcan could have added a significant load and may have 

contributed to the bearing failure. However, nowhere in any of these papers is there a 

definitive illustration as to the observed failure mechanisms.  
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Physical observations from model tests in laboratory (at 1g) and centrifuge are quite 

extensive. In model tests at 1g, the ratio of shear strength, su, to the effective overburden 

stress, v is extremely high. Since this ratio directly controls the triggering of soil to 

flow back, no significant back-flow was reported above the footing even in very soft 

clays of strength 13 kPa and after penetration of a diameter (Martin & Houlsby, 2000; 

Vlahos et al., 2001). In centrifuge tests, Craig & Chua (1990, 1991) attempted to 

determine the penetration mechanism by installing dry spaghetti markers vertically 

across the centreline of the foundation in the undisturbed clay bed prior to testing. After 

completion of the test, the soil sample was bisected along the centreline, permitting the 

soil movement to be observed through the deformed shapes of the spaghetti, as depicted 

in Figures 4.2a and 4.2b. In a soft clay with free water on top (su/D  0.25), when 

penetration was shallow (d/D = 0.75; Figure 4.2a), a cavity formed above the spudcan 

and is reported to have remained open. The lateral extent of visible distortion due to soil 

flow was confined to within 1.5 spudcan diameters of the centreline. In the same soil, 

Craig & Chua (1991) conducted a test with deeper penetration (more than 1.6 

diameters). During deep penetration (Figure 4.2b), the spaghetti deformation showed 

that (a) a wedge of clay underneath the spudcan was pushed down with the footing; (b) 

clay flowed plastically around the spudcan from below to above; and (c) the clay near 

the surface was thought to have collapsed into the cavity. However, the post-test 

sectioning revealed only the final deformation pattern, so the balance between 

mechanisms (b) and (c) could not be established since the evolution of the soil flow 

pattern could not be determined. Springman & Schofield (1998) used a mini video 

camera fixed to the model jack-up platform leg to capture the clay infill into the lattice 

leg; a top snapshot of penetration site is shown in Figure 4.2c. These illustrations 

provided good images of the surface soil deformation, but they did not reveal the soil 

failure mechanisms underneath and around the spudcan. 

The degree of back-flow above a penetrating spudcan is currently estimated by 

assessing the maximum (stable) depth of open cavity above the installed spudcan. The 

stability of an unsupported circular cavity has been investigated extensively by 

Meyerhof (1972) using Rankine’s pressure theory, Britto & Kusakabe (1982, 1983) 

implementing upper bound plasticity analysis, and Lyamin & Sloan (2002) employing 

finite element based upper bound and lower bound analyses, and is expressed in terms 

of a stability number (Ns) defined as 



Chapter 4: Spudcan on uniform clay                                               

Centre for Offshore Foundation Systems (COFS) 4-4 

u

w
s

s

Hγ
N


   (4.2) 

where  is the soil effective unit weight, Hw is the cavity depth at which wall failure is 

initiated and su is an appropriate undrained shear strength. The limiting value of Ns is 

expressed as a function of the spudcan penetration, normalised by its diameter. The 

above relationship then gives the depth of cavity, Hw = Nssu/ at which wall failure will 

occur, and hence an upper bound on the depth of cavity that can stand open above a 

penetrating spudcan. SNAME (2002) recommends, conservatively, to using the stability 

numbers of Meyerhof (1972) for uniform clay and those of Britto & Kusakabe (1982, 

1983) for normally consolidated, or lightly overconsolidated, clay where the shear 

strength increases markedly with depth. The suggested chart is shown in Figure 4.3. 

However, all the above mentioned stability factors have been developed based on wall 

failure during axisymmetric excavations in clay. The effect of foundation penetration on 

back-flow of soil into the cavity was not considered, which casts doubt on their 

applicability during continuous penetration of a spudcan. 

4.2.2 Bearing Capacity 

The bearing capacity of spudcan foundations subjected to vertical loading on uniform 

clay has been investigated covering various strength profiles. Single-gravity test data 

were reported by Santa Maria & Houlsby (1988), Houlsby & Martin (1992), Martin & 

Houlsby (2000) and Vlahos et al. (2001). Centrifuge data of spudcan installation were 

presented by Craig & Chua (1990, 1991), Dean et al. (1998), Hossain et al. (2003, 2004) 

and Hossain & Hu (2004). However, none of these studies has attempted to develop a 

complete design approach for the penetration resistance of spudcan foundations. As a 

consequence, offshore design guidelines (SNAME, 2002; ISO, 2003) provide advice on 

estimating spudcan penetration resistance, based partly on theoretical solutions but with 

many empirical adjustments and other assumptions as discussed below. 

4.2.3 SNAME Suggested Design Approach and Recent Work 

Spudcan foundations undergo progressive penetration during preloading, contrasting 

with onshore practice where a footing is placed at the base of a pre-excavated hole or 

trench. However, owing to a lack of solutions for continuous penetration, spudcan 

resistance profiles are generally assessed within the framework used for onshore 

foundations, considering the bearing capacity of a series of ‘wished-in-place’ spudcans 
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at successively increasing depths with any stratification or strength anomalies 

unchanged from the original in situ conditions, and with all soil within the plan area of 

the spudcan down to the base level conveniently removed or replaced by a surcharge of 

zero strength backfilled soil above the spudcan (Endley et al., 1981; SNAME, 2002). 

Bearing capacity factor originally developed for a surface strip footing (Prandtl, 1921) 

is adjusted for shape and embedment depth following the approaches of Skempton 

(1951) and Brinch Hansen (1970). Dean (2008) later on simplified Brinch Hansen’s 

depth factor, dc, adopting the originally suggested one for d/D < 1 over full range of 

penetration depths to avoid a step jump at d/D = 1. This approach has been shown to be 

deficient, since the depth factors provided are overly conservative, as will be confirmed 

later and in Chapter 5. An alternative approach is to employ the local bearing capacity 

factor, Nc, accounting for foundation roughness, shape (cone angle, ) and embedment 

ratio, d/D.   

In uniform clay (kD/sum = 0), Nc values for circular footings were recently reported by 

Wang & Carter (2002), Salgado et al. (2004) and Edwards et al. (2005). Wang & Carter 

(2002) presented bearing capacity factors for a smooth circular footing on double layer 

clays including a result on a uniform clay (both layers have equal strength) from large 

deformation finite element analyses. Salgado et al. (2004) reported Nc factors for 

embedded flat circular foundations with a rough base from finite element based upper 

bound and lower bound analyses. They provided Nc values for deep foundations (d/D = 

5) ranging from 11 (lower bound) to 13.7 (upper bound) in contrast to the traditional 

value of 9 (Skempton, 1951). Edwards et al. (2005) presented Nc factors for flat-based 

circular foundations with a fully rough base from small strain finite element analyses, 

covering smooth and rough sided shafts, and penetration depth ratios, d/D, up to 4. 

However, with the exception of Salgado et al. (2004), the footings were modelled as a 

cylindrical object with smooth or rough rigid shaft and the soil weight was ignored. As 

such, the results have limited applicability for a spudcan foundation where soil is free to 

flow back on top of the spudcan. 

At high embedment, the bearing capacity factor for a failure mechanism that extends to 

the soil surface exceeds the value for a confined (local) flow mechanism. Martin & 

Randolph (2001) presented identical lower and upper bound bearing capacity factors for 

a deeply buried thin circular plate with Nc = 12.4 (smooth) to 13.11 (rough). For a fully 

rough spudcan, the capacity will be the same as for the rough plate, since the spudcan 
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geometry will fit within the rigid wedges of soil above and below the plate. However, 

for a smooth spudcan, upper bound analyses indicate a 4% reduction of the bearing 

capacity factor, to Nc ~ 12 for a spudcan with a 154º cone, as considered later (Mehryar 

et al., 2002). 

4.3 NUMERICAL ANALYSES 

Conventional small strain finite element (SSFE) analysis was undertaken for pre-

embedded spudcans at successive depths using the finite element package AFENA. 

More pertinent large deformation finite element (LDFE) analysis was carried out by 

penetrating spudcan foundations continuously form the soil surface employing the 

RITSS approach coupled with AFENA. The details of these approaches have been 

documented in Chapter 2.  

In order to select realistic soil parameters, a survey was carried out through reported 

case histories (e.g. Rapoport & Alford, 1989; Nelson et al., 2000; Cassidy et al., 2002) 

and offshore geotechnical characterisation reports (e.g. Lunne et al., 1981; Poulos, 

1988). These suggested typical (nominally) uniform strengths of su = sum = 10 to 300 

kPa. The (average) effective unit weight of soil  typically varies between 6 and 

12.5 kN/m
3
. The effective diameter of spudcans ranges from 10.5 to 18.5 m, although 

some jack-up rigs have spudcans in excess of 20 m (van Langen et al., 1999; Menzies & 

Roper, 2008).  

In this study, the values of soil properties sum,  and spudcan diameter (D) were chosen 

so that normalised strength at the mudline varied as sum/D = 0.1 to 1.11. The selected 

parameters for this study are summarised in Table 4.1, encompassing a wide range of 

practical interest.  

4.4 CENTRIFUGE TESTS 

Clay specimens of nominally constant strength with depth were prepared by cutting 

larger samples consolidated in a tank on the laboratory floor. The test specimen fitted 

into the purpose-designed strongbox was then placed within the channel and the 

spudcan and T-bar tests were carried out immediately after achieving the testing gravity 

level, with no additional consolidation of the specimen. The tests were undertaken 

maintaining a water layer above the soil surface. At the conclusion of tests on each 
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specimen, core samples were collected in order to determine the moisture content of the 

soil. The full experimental details have been described in Chapter 3. 

A half-spudcan model (D = 60 mm) penetrated against the window of the strongbox 

allowed the soil flow mechanisms to be viewed and captured by a continuously shooting 

camera mounted within the drum channel. Black ‘flock’ powder was sprinkled on the 

soil specimen side facing the window. This was to add texture to the white kaolin to 

allow the images to be used for PIV analysis. Separate full-spudcan tests were 

conducted on two models of 30 and 60 mm diameter to measure the load-penetration 

responses avoiding any frictional resistance from the window. In some of the full-

spudcan tests, the cavity depth above the installed spudcan was measured by stopping 

the centrifuge after completion of spudcan penetration. Table 4.2 summarises all tests 

conducted. 

In this study, the spudcan diameter and clay parameters were chosen considering the 

interrelated limitations of the centrifuge facility and loading equipment. The prototype 

spudcan diameters considered (1.5 to 6 m) are smaller than typical spudcans in the field, 

which has been compensated for by adopting lower shear strengths for the clay, so that 

the non-dimensional parameter sum/D covers the range of practical interest.  

4.5 RESULTS AND DISCUSSION 

The soil flow patterns observed from FE analyses and centrifuge model tests are 

demonstrated below. The load-penetration responses will then be discussed linking 

directly to the failure mechanism at different penetration depths.    

4.5.1 Soil Flow Mechanisms 

LDFE analysis: spudcan continuous penetration 

In large deformation analyses, spudcan foundations were penetrated continuously from 

the soil surface updating field values regularly. A distinct advantage of using this 

approach is that it provides natural development of soil deformation mechanisms at 

every increment of displacement. Figure 4.4 depicts the mechanisms for smooth and 

rough spudcans in a soil with sum/D = 0.21 (in Group – II, Table 4.1; although for 

uniform clay with su = sum = su0, the normalised strength is addressed as sum/D to be 

consistent with the next chapter). Figure 4.4a shows a familiar bearing capacity failure 
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mechanism for a surface footing. A significant amount of soil beneath the spigot moves 

mainly downwards with the spudcan, while the soil around the spudcan edge shows a 

rotational movement from lateral to vertically upwards, hence the soil surface adjacent 

to the spudcan edge heaves and a cavity forms above the spudcan. With further 

penetration (d/D = 0.5; Figure 4.4b), the region of downward moving soil beneath the 

spudcan decreases, and more soil moves around the spudcan edges. Soil begins to flow 

back gradually onto the top of the spudcan while the top part of the initial cavity stays 

open. For deeper penetration (d/D = 1.48; Figure 4.4c), the continual back-flow 

provides a seal above the spudcan and limits the cavity depth. The flow around the 

spudcan is fully localised with no further influence to the surface soil. The critical depth 

of onset of back-flow was detected by observing flow mechanism sequentially. The 

(average) depth of the stable cavity measured in Figure 4.4c matches closely with the 

depth at which soil back-flow was first initiated. 

The lateral extent of the soil distortion zone can be measured as 2D at shallow 

embedment, decreasing gradually to 1.5D at deep embedment for a smooth spudcan. 

However, for a rough spudcan penetration, soil deformation covers a significantly 

greater region of about 2.5D down to 1.8D.  

Figure 4.5 illustrates the deep penetration of smooth spudcans in soils with sum/D = 

0.14 and sum/D = 0.1 (in Groups II and III, Table 4.1). This illustration is to show the 

effect of normalised parameter sum/D on the stable cavity depth. By comparing Figures 

4.4c and 4.5, it can be seen that the (average) stable cavity depth decreases markedly as 

the non-dimensional strength ratio reduces.  

Centrifuge modelling: visual evidence 

In order to obtain visual evidence, soil flow mechanisms have been revealed from 

centrifuge tests by penetrating a half-spudcan against a transparent window. Figure 4.6 

illustrates the digital images captured during a half-spudcan penetration in a 100g 

centrifuge test. The undrained shear strength was nominally constant with depth with a 

value of su  12 kPa (sum/D = 0.29; Test T 3, Table 4.2). The digital images with 

coloured flocks were analysed by particle image velocimetry (PIV) with subsequent 

photogrammetric corrections (see Chapter 3). Figure 4.7 shows quantified displacement 

vectors using three or four successive images at each phase of Figure 4.6. With 

progressive penetration, three distinct patterns appear, similar in nature to those 
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discerned in LDFE analysis, confirming the mechanisms of soil flow with formation of 

a cavity and subsequent back-flow above the spudcan. The depth of onset of back-flow 

was detected by observing the captured images sequentially, and then measuring from 

the image (verified by subsequent PIV analysis). The depth of stable cavity above the 

spudcan was also measured from the image at deep penetration, and this was found to 

agree well with the initiation depth for back-flow. 

The lateral extent of soil distortion decreases with spudcan penetration from 1.75D to 

1.45D, which agrees reasonably well with those obtained from LDFE analysis for a 

smooth spudcan (2D to 1.5D) and with the width of 1.5D reported by Craig & Chua 

(1990) at a penetration of d/D = 0.75. Note that the duraluminium spudcan model used 

for centrifuge testing would have led to a relatively smooth interface, with typical ratios 

of interface shear stress to the local soil shear strength of 0.2 to 0.4 (Chen & Randolph, 

2004).  

SSFE analysis: pre-embedded spudcan 

Small strain FE (SSFE) analyses were carried out with the spudcan placed at different 

depths. From the evidence of centrifuge observations and LDFE results, a cavity forms 

above the spudcan as it penetrates and remains open up to the critical depth of back-

flow, H. Therefore, small strain analyses were performed initially with a vertical-walled 

cylindrical cavity above the penetrating spudcan. Figure 4.8 presents the mechanisms at 

two different pre-embedment depths, for smooth and rough spudcan bases in the same 

material of Figure 4.4 (sum/D = 0.21; in Group – II, Table 4.1). With a shallow cavity 

above the spudcan (d/D = 0.25; Figure 4.8a), soil at the spudcan edge flows upwards 

and heaves as the spudcan penetrates. When the cavity is deeper (d/D  0.41; Figure 

4.8b), the soil around the spudcan edge partially flows back on to the exposed top of the 

spudcan, with a little soil movement near the soil surface. This mechanism is referred to 

as flow failure, since it is due to the soil flow induced by spudcan penetration.  

After the critical depth at which soil back-flow is initiated, analysis considering an open 

cavity above the spudcan is no longer appropriate and hence, for any penetration greater 

than this depth, backfilled soil was considered above the spudcan while maintaining the 

initial cavity depth of H (as shown in Figure 4.1). Figure 4.9 depicts patterns at two 

different embedment depths after flow failure. At a pre-embedment depth of d/D = 0.75 

(Figure 4.9a), soil flows back on top of the spudcan, thus causing an increasing infill 
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depth of soil above the spudcan. A strong tendency for upward flow of soil towards the 

cavity base above the spudcan can be observed. Finally, when the embedment is deep 

(d/D = 1.25; Figure 4.9b), the fully localised soil flow mechanism is obtained. 

Consistent with results from LDFE analysis, spudcan base roughness was found to have 

substantial influence on the extension of the plastically yielded zone around the spudcan.  

The above illustrations are for soil with self weight. If no soil weight is considered in 

the analysis, the transition between the flow patterns, as displayed in Figures 4.8a, 4.8b 

and 4.9b, occurred at significantly greater depths, with penetrations of 1.25 (smooth) 

and 1.5 (rough) diameters required before fully localised flow was achieved. 

4.5.2 Limiting Cavity Depth: New Design Chart 

From the observations in the centrifuge modelling and LDFE analysis, it can be seen 

that cavity formation and the stable cavity depth are controlled by the normalised 

strength sum/D = su/D. Moreover, it is clear from Figures 4.4 and 4.7 that the soil 

back-flow onto the spudcan arises from flow initiated at the spudcan edge. In neither the 

physical nor numerical modelling was there any observation of cavity wall failure, as 

proposed in the current offshore design guidelines (SNAME, 2002) for assessing 

potential back-flow. To clarify this matter further, small strain FE analysis for the same 

case as illustrated in Figure 4.8 was conducted maintaining the open cavity above the 

spudcan. It was found that cavity wall failure as illustrated in Figure 4.10 occurred once 

self-weight was applied to the soil (before displacing the spudcan) and was similar to 

that assumed by Britto & Kusakabe (1983), but required a much deeper cavity (d/D = 

1.44) than that at which soil back-flow occurred (d/D  0.41) inducing by spudcan 

penetration. This finding was confirmed by all the pertinent analyses conducted, 

covering a parameter range of 3.5 ≤ D/sum ≤ 22.7, which is in agreement with the 

observations in the centrifuge tests.  

All the values from exploration of wall failure are plotted in Figure 4.11 in conjunction 

with other available solutions for collapsing an unsupported cavity. The normalised 

stable cavity depths, Hw/D, are plotted as a function of preferential normalised strength 

suw/D (where suw is the soil undrained shear strength at the depth of triggering wall 

failure, Hw), rather than conventional stability number Ns of Equation 4.2. The SSFE 

results are in close agreement with bound solutions of Lyamin & Sloan (2002) and are 

nicely bracketed by the two analytical solutions of Britto & Kusakabe (1983) and 
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Meyerhof (1972) as recommended in SNAME (2002). Since cavity stability during 

circular excavation is an important issue in onshore geotechnical engineering, a robust 

expression can be developed for estimating the critical depth of cavity wall collapse in 

clay as  
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However, the depths at which flow failure (i.e., back-flow over the spudcan) was found, 

from both SSFE analyses and centrifuge observations, all lie substantially above the line 

for wall failure, as shown in Figure 4.12. The overestimation of cavity depth using the 

criterion for wall failure is by a factor as high as 4 to 5. This indicates an urgent need 

for a revised chart for assessing the onset of back-flow and thus the maximum cavity 

depth above spudcans. 

In order to establish a design chart, an extensive parametric study was undertaken using 

AFENA, varying the principal parameters as detailed below: 

  Spudcan diameter, D = 12 and 18 m; 

  Soil unit weight,  = 4, 7 and 10 kN/m
3
; 

  Soil strength, sum = su varied from 1 to 60 kPa. 

Combinations were chosen in order to encompass a wide range of the normalised 

strength, sum/D. Both SSFE and LDFE analyses were performed in order to evaluate 

the cavity depth, or back-flow initiation depth, H. In the small strain analyses, ‘wished-

in-place’ penetration depths were varied in intervals of 0.05 to 0.1 m, according to the 

expected range for H/D. The value of H was then determined from the observed flow 

mechanism, noting the penetration depth at which the soil started to flow back into the 

cavity. Since no significant variation in predicted cavity depth was found between 

smooth and rough spudcans, only the results for smooth spudcans are discussed here. 

All the results from centrifuge tests and FE analyses are presented in Figure 4.13 with 

the normalised cavity depth, H/D, plotted against suH/D, where suH is the shear strength 

at the back-flow depth, H (although for uniform clay su = sum = suH; see Figure 4.1). The 

difference in cavity depth prediction between the small strain and large deformation 

analyses is minimal, thus they are not discussed separately. The straightforward 



Chapter 4: Spudcan on uniform clay                                               

Centre for Offshore Foundation Systems (COFS) 4-12 

relationship (on log-log axes) is evolved for estimating cavity depth above the 

advancing spudcan in uniform clay as 
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4.5.3 Bearing Capacity 

Comparison with solutions for weightless soil ( = 0) 

Initially, small strain FE analyses were performed ignoring soil weight assuming a fully 

open cavity above the spudcan, and with depths of pre-embedment d/D varied from 0 to 

3. In addition, large deformation analyses were undertaken for spudcan penetration 

continuously from the surface. The results are presented in terms of bearing capacity 

factor, Nc0 (where the subscript 0 denotes weightless soil), as a function of d/D, and 

calculated as 

u0c0u sNq    (4.5) 

where qu is the ultimate bearing pressure and su0 is the shear strength at the spudcan 

base level (although for uniform clay su = sum = su0; see Figure 4.1). The depth is 

relative to the penetration at which the lowest maximum spudcan diameter is just at the 

mudline (so that the tip of the spudcan is then about D/4 below the mudline). The Nc0 

values for both smooth and rough spudcan bases are tabulated in Table 4.3 and 

presented graphically in Figure 4.14 (Group – I, Table 4.1). The results from small 

strain FE (SSFE) and large deformation FE (LDFE) analyses show good agreement up 

to a normalised penetration depth of about 1.25 (smooth) and 1.5 (rough). Below those 

depths the results diverge due to the existence of back-flow soil above the spudcan for 

the LDFE analyses, resulting in increased bearing resistance because of shear 

deformations within the back-flow soil. The effect of spudcan base roughness on the 

computed bearing capacity factor, Nc0, was found to be significant. Changing the 

roughness from fully rough to fully smooth reduces Nc0 by 4 to 10%, with a smaller and 

shallower area of shearing around the smooth spudcan (see flow patterns on Figures 

4.14a and 4.14b).  

Figure 4.14 also includes recently published results from plasticity solutions and FE 

analyses for circular foundations. Despite the cone angle of 154 rather than flat (180), 
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the spudcan results are in good agreement with those for circular foundations. For the 

smooth base (Figures 4.14a), the spudcan results are within 5% lower than Wang & 

Carter’s (2002) result from LDFE analysis. For the rough base (Figure 4.14b), the 

spudcan results are in excellent agreement with the small strain FE results from 

Edwards et al. (2005), are nicely bracketed by the plasticity solutions of Salgado et al. 

(2004) and stay close to the lower bound solutions of Martin (2001). However, the 

widely quoted bearing capacity factors of Skempton (1951), Brinch Hansen (1970) 

modified by Dean (2008) with surface Nc0 = 6.14 (rough) and 5.69 (smooth; Cox et al., 

1961), and Houlsby & Martin (2003), as adopted by current offshore design guidelines 

SNAME (2002) and ISO (2003), are overly conservative compared to the present FE 

results and all other factors from FE and closed form plasticity solutions.     

Soil with self-weight (  0) 

Spudcan installation in soil with self-weight causes back-flow above the spudcan at a 

relatively shallow depth, as shown in Figures 4.4 to 4.7, which in turn influences the 

resulting penetration resistance. Further analyses were carried out including soil self-

weight for clarification (Group – II, Table 4.1). In the small strain analyses, a cavity was 

assumed for penetrations d < H, below which soil was included above the spudcan but 

maintaining a constant cavity depth H; the value of H can be estimated from Equation 

4.4 but actual values obtained from the LDFE analyses were used.  

For shallow penetration prior to any back-flow (d  H), the bearing capacity factors, Nc, 

were calculated by considering the penetration resistance as 

A

V
γdγsNq b

u0cu
   (4.6) 

where Vb is the volume of embedded spudcan (below the maximum diameter) and A is 

the spudcan largest cross-sectional area. As expected and indeed appears in Figure 4.15, 

the results for all values of sum/D (0.14 to 0.36) form unique lines that follow those for 

weightless soil in Figures 4.14a and 4.14b.  

For deep penetration in excess of initiation of back-flow (d > H), the bearing capacity 

factors were calculated according to  

A

V
γsNq u0cdu
   (4.7)  
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where V is now the (full) volume of embedded spudcan including shaft. This approach 

allows a unique ultimate bearing capacity factor to be arrived at for deep penetration, 

independent of the quantity sum/D. The bearing capacity factor is therefore denoted Ncd, 

to indicate deep penetration, and to differentiate between the forms of Equations 4.6 and 

4.7. The results for deep penetration (d > H) are shown graphically in Figures 4.16 and 

4.17 for smooth and rough spudcans in soil with sum/D = 0.14 to 0.36 (Group – II, 

Table 4.1) from SSFE and LDFE analyses respectively. As the embedment ratio, d/D, 

increases the bearing capacity factor rises towards a common limiting value for all 

values of sum/D, which marks the attainment of a deep localised failure mechanism 

(see Figures 4.4c and 4.9b). Comparing Figures 4.16 and 4.17, the outcomes from SSFE 

and LDFE analyses agree reasonably well up to deep embedment but with more gradual 

increase of Ncd and delayed attainment of the limiting value from the latter analyses. 

The limiting values during deep penetration of Ncdu = 12 (smooth) and 13.1 (rough) 

match with the exact plasticity solutions for a buried plate (Martin & Randolph, 2001) 

with a slightly (3%) lower value for the smooth case owing to the sloping top and 

bottom surfaces of the spudcan. 

In order to derive a design approach for spudcans during deep penetration, the values of 

the bearing capacity factor for a range of sum/D in Figures 4.16 and 4.17 can be 

approximated by the following expressions 
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Alternatively, the computed bearing capacity factors for the complete penetration from 

the surface can be plotted against d/H, as displayed in Figure 4.18, which gives a unique 

relationship for the bearing capacity factor Ncd. A best fit through the data allows the 

deep bearing capacity factor to be approximated as  
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Centrifuge tests 

To measure the load-penetration responses, centrifuge model tests were conducted on 

nominally uniform clay deposits using two full-spudcan models of 30 and 60 mm 

diameter. Figure 4.19 illustrates the results for tests covering a range of sum/D from 0.3 

to 3 (see Table 4.2). The proposed design approach of Equations 4.8 and 4.10 for a 

smooth spudcan on uniform clay considering an average values of H = 0.54D is also 

included in Figure 4.19. Comparing Figures 4.17 and 4.19, the experimental results 

exhibit similar trends to those from the LDFE analyses but lie below the suggested 

design curve for d > H. The experimental results show a limiting value for Ncdu of about 

10.5 ~ 11.5 in comparison to that given by the continuous penetration analysis of 12 

(smooth). Similar discrepancy was noted for the capacity of circular plate anchors 

(Merifield et al., 2003), where the lower bound bearing capacity for deeply embedded 

(smooth) circular plates was 12.56, while available laboratory test results suggested a 

range of 9.5 to 10.5. 

In the above computations, two important aspects that have not been considered are the 

effects of (a) gradual remoulding of the clay as it flows around the spudcan, and 

(b) strain rate. Theses effects have also been explored extensively in this study. The 

LDFE analyses have been undertaken accounting for strain-softening and rate 

dependency. The evaluated effects are demonstrated in Chapter 8 accounting for the 

apparent 4 to 13% difference, so that it is necessary to select an appropriate shear 

strength, su0, taking account of softening and strain rate effects (as suggested by Erbrich, 

2005 and Osborne, 2007) when applying the bearing capacity factors proposed here. 

4.6 SUMMARY DESIGN PROCEDURE AND EXAMPLES 

A suggested procedure for estimating spudcan penetration depth at full preload in a 

single layer clay is outlined here. The procedure is based on an assumed (nominally) 

uniform profile of soil undrained shear strength (Equation 4.1 with k = 0). Note that the 

bearing capacity will be expressed in terms of the shear strength at the lowest maximum 

spudcan diameter, written as su0. 

 1. Determine representative values of the soil parameter sum and effective self-

weight, , and hence evaluate the non-dimensional ratio sum/D = su0/D = 

suH/D. 
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 2. For the given foundation diameter, D, calculate the maximum cavity depth, 

H, from Equation 4.4.  

 3. For penetrations less than the maximum cavity depth, H, use Equation 4.6 to 

evaluate the corresponding penetration resistance (and hence force, V0 = 

Aqu where A is the cross-sectional area of the spudcan). The value of Nc in 

Equation 4.6 is taken as Nc0 for weightless soil, which may be estimated 

from the results gathered in Table 4.3 and Figure 4.14 (interpolating for the 

estimated spudcan roughness). Alternatively use Equation 4.7, estimating 

the values of Ncd from Equations 4.10 and 4.11 (interpolating for the 

estimated spudcan roughness). 

 4. For penetrations greater than the maximum cavity depth, H, use Equation 

4.7 to evaluate the corresponding penetration resistance, estimating the 

values of Ncd either from Equations 4.8 and 4.9 or from Equations 4.10 and 

4.11 (in both cases interpolating for the estimated spudcan roughness).  

A short transition zone is needed for penetrations just greater than H, as soil back-flows 

gradually over the top of the spudcan, with a further penetration of about 0.3D required 

until the spudcan is fully buried. Careful consideration should also be given to an 

appropriate choice of shear strength. Considering the relatively low penetration rates of 

spudcans in the field, the shear strength should be that corresponding to very low strain 

rates (equivalent to a typical laboratory test), and representative of the average shear 

strength measured in triaxial compression, triaxial extension and simple shear. 

Allowance for softening should also be included, as discussed by Erbrich (2005). 

4.6.1 Examples of Application 

Two extreme cases are considered here including one on very stiff clay with almost no 

back-flow up to a diameter or so and the other one on very soft clay with significant soil 

back-flow. The prescribed parameters are for CASE 1: su = 200 kPa;  = 10 kN/m
3
; D = 

18 m, and for CASE 2: su = 12 kPa;  = 7 kN/m
3
; D = 18 m. The LDFE analyses were 

carried out for both smooth and rough spudcan bases ( = 0 and 1). The results are 

plotted in Figure 4.20, along with estimations following the suggested design approach, 

and are compared with SNAME recommended and other prevalent empirical and 

plasticity solutions. In evaluations of these solutions, the cavity situation above the 
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spudcan is assumed as either ‘fully open’ for CASE 1 or ‘full back-flow’ for CASE 2, 

accounting for appropriate spudcan buoyancy. 

The design approach suggested in this study predicts the responses fairly well. Overall, 

other solutions are in more encouraging agreement for CASE 1 with exposed spudcan 

top, mimicking the mechanism for a cylindrical object. Skempton’s (1951) and SNAME 

/ Dean’s (2008) empirical solutions and Houlsby & Martin’s (2003) lower bound values 

substantially underestimate the resistances. The bound solutions of Salgado et al. (2004) 

nicely bracket the curve for a rough spudcan for CASE 1 but a slight anomaly exists for 

CASE 2 with significant underestimation in the transition zone down to overestimation 

at deep penetration.     

4.7 SUMMARY AND CONCLUDING REMARKS 

This chapter has presented a new rational approach for assessing the performance of 

spudcan foundations during installation in uniform clay. The new design approach is 

based on soil failure mechanisms, including cavity formation and eventual back-flow of 

soil over the spudcan, observed from centrifuge tests and large deformation finite 

element analyses. Finite element analyses were undertaken, with small strain analyses 

of pre-embedded spudcans and large deformation analyses of spudcans penetrating 

continuously from the soil surface. In order to verify the FE results, centrifuge model 

tests were conducted including half-spudcan tests, allowing the soil flow to be viewed 

directly and quantified through PIV analysis, and full spudcan tests to measure the 

penetration resistance.  

From both centrifuge and numerical investigations, it was found that an open cavity was 

formed during the initial penetration of the foundation, while the soil adjacent to the 

spudcan edge flowed outwards and upwards, leading to heave at the soil surface. 

Subsequently, at a certain penetration depth, the soil adjacent to the spudcan edge 

started to flow back gradually onto the exposed top of the spudcan. Finally, the spudcan 

became fully embedded and a localised deep failure mechanism was achieved, where 

further penetration had no effect on the cavity formed initially or the soil surface profile. 

The lateral extent of soil distortion zone was 1.75 to 2D (smooth) and 2.5D (rough) at 

shallow penetration which narrowed to 1.45 to 1.5D (smooth) and 1.8D (rough) at deep 

penetration. 
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When soil started to flow back onto the top of the spudcan, the existing open cavity 

remained stable with no further change in depth. No evidence of cavity ‘wall collapse’, 

as would be indicated by inward and downward soil movements into the open cavity, 

was observed in either the model tests or the numerical analysis. The onset of back-flow 

above the spudcan may also be taken as the (average) stable cavity depth after deep 

penetration of the spudcan, and attributed as a function of soil unit weight (), soil 

strength (su) and foundation diameter (D), expressed in terms of dimensionless group 

sum/D. 

From FE analyses with an initial open cavity above a pre-embedded spudcan, it was 

found that the soil back-flow was caused by the spudcan penetration (flow failure), 

rather than instability of the cavity wall (wall failure). This contrasts with 

recommendations for estimating the point of back-flow onto spudcans in the current 

design guidelines (SNAME, 2002), which are based on collapse conditions for an open 

cavity. The wall failure criterion was shown to overestimate the stable cavity depth by 

up to 5 times compared with the criterion for flow failure.  

Conditions for back-flow, and the limiting cavity depth, H, may be expressed simply as 

a relationship between H/D and the non-dimensional strength suH/D (Equation 4.4). 

The importance of the condition for back-flow expressed here extends beyond merely 

estimating the penetration resistance. Since back-flow provides a seal over the top of the 

spudcan, the above relationship also provides quantitative guidance on conditions where 

transient suctions may be sustainable beneath the spudcan, with a consequential increase 

in uplift resistance and moment capacity at low vertical loads. It should be noted that 

natural soils exhibit strain-softening and rate dependency. The effect of this on H may 

be significant and essential to be accounted for. Chapter 8 provides comments on this 

issue. 

The penetration resistances have been presented in terms of profiles of bearing capacity 

factors in both graphical and equation forms to facilitate their use for practical design 

problems. They were basically divided into two categories based on the cavity situation 

above the spudcan: (a) fully open cavity (d  H): shallow bearing capacity factor, Nc 

and (b) embedded spudcans (d > H): deep bearing capacity factor, Ncd. 

For shallow foundations with penetration less than the limiting cavity depth H, results 

from small strain and large deformation analyses were very consistent, and results with 
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and without soil weight were also similar. Therefore, bearing capacity factors for 

weightless soil (Nc0) can be used in practice, accounting for the embedment ratio, d/D, 

and spudcan base roughness. The results from this study were nicely bracketed by 

previously published closed form plasticity solutions and agreed well with available FE 

results. 

For deep foundations with penetration in excess of H, the Nc value for deep penetration 

(Ncd) rapidly approached an ultimate value (Ncdu). The results from small strain (SSFE) 

and large deformation (LDFE) analyses agreed fairly well up to deep penetration, with 

the Ncd values affected by the normalised strength sum/D in the transition zone (prior to 

attaining the limiting value). The spudcan base roughness was found to have significant 

influence on the capacity factors including the limiting value (Ncdu). 

Encouraging agreement was found between the results from LDFE analyses and 

centrifuge tests, allowing a systematic design approach to be proposed for practical 

application. It was shown that the suggested approach predicted penetration responses 

reasonably accurately over full range of penetration for two extreme cases, confirming 

the robustness of the proposed approach, while methods currently suggested in the 

SNAME guidelines tended to overestimate the measured penetration depth.   
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Table 4.1 Summary of FE analyses performed 

Analysis sum/D = su/D Spudcan 

base 

Notes 

Group - I  Rough and 

smooth 

Weightless 

soil 

Group - II 0.14, 0.18, 0.21, 0.25, 0.29, 

0.32 and 0.36 

Rough and 

smooth 

Parametric 

study 

Group - III 0.1 and 1.11 Rough and 

smooth 

Examples 

 

 

Table 4.2 Summary of centrifuge tests conducted 

Test Test  

g-level 

Spudcan D (mm) 

(model) 

D (m) 

(prototype) 
 

(kN/m
3
) 

su = sum 

(kPa) 
sum/D 

T 1 50g HS 60 3 7 15.6 0.74 

T 2 50g FS 30 1.5 7 15.6 1.486 

T 3 100g HS 60 6 7 12 0.29 

T 4 100g FS 30 3 7 12 0.571 

T 5 100g FS 60 6 7.1 13 0.305 

T 6 100g FS 30 3 7.1 12 0.563 

T 7 100g FS 30 3 7.5 66 2.933 

HS: Half-Spudcan; FS: Full-Spudcan 
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Table 4.3 Bearing capacity factor, Nc0 for smooth and rough-based spudcans in 

weightless soil (open cavity) 

d/D Values of bearing capacity factor, Nc0  

Smooth Rough 

FE LB 

(Martin, 2001) 

FE UB 

(Martin, 2001) 

0 5.45 6.05 6.07 6.05 

0.083 6.20  6.85  

0.167 6.64  7.21  

0.25 7.00 7.08 7.48 7.86 

0.333 7.29  7.75  

0.417 7.57  7.98  

0.5 7.80 7.80 8.19 8.90 

0.583 8.03  8.41  

0.75 8.46  8.76  

0.833 8.66  8.95  

1 8.95 8.80 9.25 10.65 

1.25 9.20  9.70  

1.5 9.20 9.21 10.10 12.13 

2 9.20 9.21 10.15 13.44 

2.5 9.20  10.15  

3 9.20  10.15  
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Figure 4.1 Schematic of embedded spudcan foundation showing idealised open 

cavity 
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(a) su/D  0.25; d/D = 0.75 (after Craig & Chua, 1990) 

 

(b) su/D  0.25; d/D = 1.6 (after Craig & Chua, 1991) 

    

(c) Top view of soil surface heaving (after Springman & Schofield, 1998) 

Figure 4.2 Centrifuge observation of soil flow mechanisms form literature  
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Figure 4.3 SNAME suggested design chart for estimating cavity depth 
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Smooth RoughSmooth Rough

 

  (a) Surface heave mechanism (d/D = 0.25) 

 

Smooth RoughSmooth Rough

 

4.4(b) Onset of back-flow mechanism (d/D = 0.5) 
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Smooth RoughSmooth Rough

 

(c) Deep localised mechanism (d/D = 1.48) 

Figure 4.4 Soil flow mechanisms from LDFE analyses (sum/D = 0.21; in Group – 

II, Table 4.1) 

sum/D = 0.14 sum/D = 0.1sum/D = 0.14 sum/D = 0.1

 

Figure 4.5 Effect of normalised strength sum/D on formed cavity depth (d/D = 

1.49, smooth; in Groups II and III, Table 4.1) 
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(a) d/D = 0.20 

 

(b) d/D = 0.52 

 

(c) d/D = 1.05 

Figure 4.6 Digital images of spudcan penetration in centrifuge test at 100g (sum/D 

= 0.29; Test T 3, Table 4.2) 



Chapter 4: Spudcan on uniform clay                                               

Centre for Offshore Foundation Systems (COFS) 4-33 

-50 -40 -30 -20 -10 0 10 20 30 40 50

-20

-10

0

10

20

30

40

50

60  

(a) Surface heave mechanism (d/D = 0.20) 
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(b) Onset of back-flow mechanism (d/D = 0.52) 
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(c) Deep localised mechanism (d/D = 1.05) 

Figure 4.7 Soil flow vectors from image analyses of centrifuge test at 100g 

(corresponding images are shown in Figure 4.6) 
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Smooth RoughSmooth Rough

 

(a) Surface failure (d/D = 0.25) 

Smooth RoughSmooth Rough

 

(b) Flow failure (d/D  0.41) 

Figure 4.8 Soil failure mechanisms from SSFE analyses with open cavity (sum/D = 

0.21; in Group – II, Table 4.1) 
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Smooth RoughSmooth Rough

 

(a) Cavity surface failure (d/D = 0.75) 

Smooth RoughSmooth Rough

       

(b) Deep localised failure (d/D = 1.25)     

Figure 4.9 Soil failure mechanisms from SSFE analyses with embedded spudcan 

(sum/D = 0.21; in Group – II, Table 4.1) 
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Britto & Kusakabe (1983)

Assumed wall failure

Britto & Kusakabe (1983)

Assumed wall failure

Britto & Kusakabe (1983)

Assumed wall failure

 

Figure 4.10 SNAME adopted wall failure from SSFE analysis with open cavity 

(sum/D = 0.21; in Group – II, Table 4.1) 
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Figure 4.11 Design chart for estimating safe cavity depth for circular excavation  
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Figure 4.12 Comparison of normalised cavity depth for flow failure and wall 

failure  
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Figure 4.13 New design chart for estimating cavity depth after spudcan installation 

in uniform clay 
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(b) Rough base 

Figure 4.14 Shallow bearing capacity factors for circular foundations in weightless 

soil (Group – I, Table 4.1)  
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Figure 4.15 Shallow bearing capacity factors for spudcan (Groups I and II, Table 

4.1)  

 



Chapter 4: Spudcan on uniform clay                                               

Centre for Offshore Foundation Systems (COFS) 4-40 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 2 4 6 8 10 12 14 16

Deep bearing capacity factor, Ncd
N

o
rm

a
li
s

e
d

 e
m

b
e

d
m

e
n

t,
 d

/D

sum/D = 0.36

12

sum/D = 0.14

Buried plate 

(Martin & 

Randolph, 

2001)

Depth of  

back-flow

After back-flow

d

D

12
D

Hd
0.05,12.9MaxN

0.11

cd 














 


 

(a) Smooth base 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 2 4 6 8 10 12 14 16

Deep bearing capacity factor, Ncd

N
o

rm
a

li
s

e
d

 e
m

b
e

d
m

e
n

t,
 d

/D

sum/D = 0.36

13.1

sum/D = 0.14

Buried 

plate 

(Martin & 

Randolph, 

2001)

Depth of  

back-flow

After back-flow

d

D

13.1
D

Hd
0.05,13.6MaxN

0.11

cd 














 


 

(b) Rough base 

Figure 4.16 Deep bearing capacity factors for spudcan (SSFE; Group – II, Table 

4.1) 
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Figure 4.18 Bearing capacity factors for spudcan (SSFE; Group – II, Table 4.1) 
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Figure 4.20 Application of suggested approach compared to traditional solutions  
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CHAPTER 5 SPUDCAN ON NON-HOMOGENEOUS 

CLAY 

 

5.1 INTRODUCTION 

Marine clays generally do not show a simple homogeneous strength profile, but tend to 

show increasing strength with depth. In some parts of the world, a layer of stronger 

material overlies the main normally, or lightly over-consolidated deposit. This chapter 

deals with spudcan foundations installation in non-homogeneous seabed with strength 

profile increasing linearly with depth, as illustrated schematically in Figure 5.1. The 

results have been documented in Hossain et al. (2006) and Hossain & Randolph (2009). 

Spudcan response in more complex layered deposits will be explored in two subsequent 

chapters.  

5.1.1 In Situ Strength Profile 

In many areas of the world where offshore hydrocarbon development is active, such as 

in the Gulf of Mexico or off the West African coast, the seabed sediments comprise soft 

normally-consolidated (NC) or lightly over-consolidated (LOC) clay (Gemeinhardt & 

Focht, 1970; Gemeinhardt & Yan, 1978; Endley et al., 1981; Kee & Ims, 1984; Poulos, 

1988; Rapoport & Young, 1988; Ahrendsen et al., 1989; Brekke et al., 1989; Menzies & 

Roper, 2008). Figures 5.2 and 5.3 display typical non-homogeneous seabed profiles in 

the Gulf of Mexico and Sunda Shelf, Southeast Asia, including a clay sample extracted 

from the Sunda Shelf. For these soils the undrained shear strength, su, increases more or 

less linearly with depth below the sea floor from a mudline intercept of zero to a few 

kPa, and can be expressed as 

kzss umu    (5.1) 

where sum is the soil strength at the seabed (mudline) and k is the rate of increase in su 

with depth z (as shown in Figure 5.1). The effect of linear increase in strength with 

depth may be expressed in terms of a non-dimensional ratio of kD/sum, known as the 

degree of strength non-homogeneity or simply non-homogeneity factor. The relative 
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magnitude of shear strength and effective stress, expressed as a normalised strength of 

sum/D or k/ (where D is the spudcan diameter and  the effective unit weight of the 

soil), also affects the profile of penetration resistance and the depth to which an open 

cavity will form above the spudcan.  

5.2 LITERATURE REVIEW 

5.2.1 Soil Flow Mechanisms: Limiting Cavity Depth 

There is no general consensus as to mechanisms of soil deformation for spudcan vertical 

penetration in non-homogeneous clay. In the absence of direct observations of large 

field prototypes, the information from model tests and FE analysis available in the 

literature is reviewed below. 

In soft normally consolidated clay with zero strength at the surface (sum = 0), field 

inspection reports by divers (Kee & Ims, 1984), centrifuge observation (Cassidy et al., 

2004; Hossain et al., 2004) and results from numerical simulation (Mehryar et al., 2002; 

Hossain et al., 2004) indicated a progressive infilling of soil over the spudcan 

immediately after penetration of the widest part of the spudcan below the mudline (see 

Figure 5.4a) regardless of soil strength gradient k and spudcan base roughness. 

Eventually, the spudcan became fully embedded, with soil covering the entire top 

surface with no significant crater (see Figure 5.4a). This complete back-flow negates the 

significant bearing capacity contribution from the overburden surcharge term through 

increasing the applied preload (potentially by up to 70%, Ahrendsen et al., 1989).  

In non-homogeneous clay with some strength at the mudline (sum  0), from field 

inspections, Endley et al. (1981), Ahrendsen et al. (1989) and Menzies & Roper (2008) 

reported that a stable cavity remained open above the penetrating spudcan. Murff (1996) 

reports centrifuge tests where an attempt was made to establish contours of the soil 

movement profiles at varying distances from a penetrating spudcan (D = 13.7 m) by 

inserting lead threads through a soil sample (su = 9 + 1.4z kPa) in a plane passing 

through the vertical axis of the spudcan. After the test the soil sample was extruded 

from the container, sectioned with the spudcan in place, and X-rayed, indicating only 

the final deformation with significant proportion highly localised around the spudcan 

(see Figure 5.4b). The depiction of soil flow mechanisms from LDFE analysis for a 

plate can be found in Lu et al. (2001) and Barbosa-Cruz (2007), also reflecting a stable 
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cavity depth above the flat plate. In the present research, model tests and LDFE analyses 

have been undertaken to improve the proposed design chart for cavity depth estimation 

(Chapter 4) by incorporating the effect of soil strength non-homogeneity for spudcans in 

single layer clay. 

5.2.2 Bearing Capacity 

Load-penetration responses during spudcan installation have been reported from 

centrifuge tests by Cassidy et al. (2004), Hossain et al. (2004) and Purwana et al. (2005) 

and from numerical simulations by Mehryar et al. (2002) and Hossain et al. (2004). 

However, as for uniform clay, none of these studies has attempted to develop a 

complete design approach for the penetration resistance of spudcan foundations. 

5.2.3 SNAME Suggested Design Approach and Recent Work 

Current design guidelines (SNAME, 2002; ISO, 2003) are still largely based on bearing 

capacity factors originally developed for a surface strip footing (Prandtl, 1921; Davis & 

Booker, 1973) and then adjusted for shape and embedment depth following the 

approaches of Skempton (1951) and Brinch Hansen (1970). An average su value over an 

arbitrary depth below the spudcan level (typically 0.5 to 1D) is applied in order to 

account for any variations in strength. This approach has been shown to be deficient, 

since both shape and depth factors are affected by the strength non-homogeneity factor, 

kD/su0 (Houlsby & Wroth, 1983; Tani & Craig, 1995). An alternative approach is to 

employ the local shear strength, su0, with local bearing capacity factor, Nc, accounting 

for foundation roughness, shape (cone angle, ), soil strength non-homogeneity, kD/sum 

and embedment ratio, d/D. 

Two recent studies have focused on the influence of the degree of soil strength non-

homogeneity, kD/sum and embedment depth. Martin (2001) presented Nc factors for flat-

based skirted foundations with a fully rough base from upper bound and lower bound 

analyses, covering smooth and rough sided caissons, penetration depth ratios, d/D, up to 

2, and kD/sum values from 0 to 20. A significant gap was noted between lower bound 

and upper bound values, necessitating techniques such as the finite element method to 

ascertain appropriate bearing capacity factors more precisely. Houlsby & Martin (2003) 

tabulated lower bound solutions for conical-based foundations as a function of the cone 

angle ( from 30 to 180), cone roughness ( from 0 to 1), depth of embedment (d/D 

from 0 to 2.5) and the strength non-homogeneity ratio (kD/sum from 0 to 5), assuming 
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smooth-sided vertical skirts above the foundation. However, the footings were modelled 

as a cylindrical object with smooth or rough rigid shaft and the soil weight was ignored. 

As such, the results have limited applicability for a spudcan foundation where soil is 

free to flow back on top of the spudcan. 

Above all, the majority of the studies were limited to pre-embedded analysis, with no 

account taken of the changes in flow regime of the soil or the complex evolving pattern 

of soil strengths in the vicinity of the spudcan during progressive penetration. 

5.3 NUMERICAL ANALYSES 

Conventional small strain finite element (SSFE) analysis was carried out placing the 

spudcan at successive embedment depths, while the appropriate cavity situation was 

maintained. A significant limitation in this method, in conjunction with others such as 

limit equilibrium and bound solutions, is that the examination of the influence of 

increasing strength on the bearing capacity is essentially limited to pre-embedded 

foundations. However, in clay with increasing strength with depth, spudcan foundations 

will tend to trap softer soil from the upper layers beneath them as they penetrate, 

dragging the softer material down with the advancing spudcan. Despite the encouraging 

agreement revealed in the previous chapter between the results from SSFE and LDFE 

analyses on uniform clay, continuous penetration analysis was essential to explore the 

effect of distortion of the soil strength profile caused by the advancing spudcan. 

In order to select realistic soil parameters, a survey was carried out through reported 

case histories (Gemeinhardt & Focht, 1970; Gemeinhardt & Yan, 1978; Endley et al., 

1981; Kee & Ims, 1984; Poulos, 1988; Rapoport & Young, 1988; Ahrendsen et al., 

1989; Brekke et al., 1989; Nelson et al., 2000; Cassidy et al., 2002; Menzies & Roper, 

2008) and offshore geotechnical characterisation reports (Quirós et al., 1983; Young et 

al., 1983; Quirós et al., 2000; Quirós & Little, 2003; Randolph, 2004). These suggested 

typical strengths at seabed level of sum = 0 to 25 kPa and gradients, k, in the range 1 to 2 

kPa/m. The (average) effective unit weight of soil  typically varies between 4 and 

7 kN/m
3
. The effective diameter of spudcans ranges from 10.5 to 20 m, although some 

jack-up rigs have spudcans in excess of 20 m (van Langen et al., 1999; Menzies & 

Roper, 2008).  
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In this study, the values of soil properties sum, , k and spudcan diameter (D) were 

chosen so that normalised strength at the mudline varied as sum/D = 0, 0.014 to 0.25, 

and with degree of non-homogeneity (kD/sum) of 1 to 20 and  (corresponding to 

normally consolidated clay with zero mudline strength). The selected parameters for this 

study are summarised in Table 5.1, encompassing almost all cases of practical interest.          

5.4 CENTRIFUGE TESTS 

The specimens with a non-zero mudline intercept followed by linearly increasing 

strength profile were achieved by performing consolidation directly on the centrifuge 

and then carefully trimming off an upper layer (as detailed in Chapter 3). The test 

specimen was then placed within the channel and the spudcan and T-bar tests were 

carried out immediately after achieving the testing gravity level, with no additional 

consolidation. At the conclusion of tests on each specimen, core samples were collected 

in order to determine the moisture content.  

Penetration tests using the half-spudcan, 60 mm in diameter, were undertaken against a 

transparent window to reveal the soil flow mechanisms. Black and coloured flock 

powders were sprinkled in bands on the soil specimen side facing the window. This was 

(a) to add texture to the white kaolin to allow the images to be used for PIV analysis and 

(b) to identify any softer soil trapped beneath the spudcan or flowing around onto its 

upper surface. Separate full-spudcan tests were conducted along the centreline of the 

specimen to evaluate the penetration resistance avoiding any frictional resistance from 

the window. The tests were carried out at different gravity levels ranging from 38g to 

200g and using two spudcan models of 30 and 60 mm diameter, providing a wide range 

of non-homogeneity factor kD/sum. Table 5.2 summarises all tests conducted. The 

spudcan diameter and clay parameters were chosen considering the interrelated 

limitations of the centrifuge facility and loading equipment. However, the non-

dimensional strength, sum/D, and non-homogeneity factor, kD/sum, cover the range of 

practical interest. In some of the full-spudcan tests, the cavity depth above the installed 

spudcan was measured by stopping the centrifuge after completion of spudcan 

penetration.  
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5.5 RESULTS AND DISCUSSION 

5.5.1 Soil Flow Mechanisms 

The details of soil flow mechanisms for spudcans penetration in uniform clay have been 

depicted in the previous chapter. This chapter focuses specifically on the effect of soil 

strength non-homogeneity on formation of cavity, the stable cavity depth, the extent of 

soil distortion and the effect on the penetration resistance of soil trapped underneath the 

spudcan and subsequently flowing back into the cavity above the spudcan.  

Large deformation FE analysis: spudcan continuous penetration 

As for uniform clay, three flow mechanisms can be identified during spudcan 

penetration in non-homogeneous clay. Figure 5.5 displays the mechanisms for smooth 

and rough spudcan bases in a soil with sum/D = 0.048, k/ = 0.286 (Case 2, Group – 

III, Table 5.1). Figure 5.5a shows a conventional bearing capacity failure mechanism for 

a shallow footing. The soil flow around the spudcan is predominantly directed towards 

the surface, leading to surface heave and formation of a cavity above the spudcan. As 

the spudcan advances, because of the increase in overburden pressure, a rotational flow 

mechanism appears and thus soil eventually begins to flow back gradually into the 

cavity (see Figure 5.5b). The subsequent continual back-flow provides a seal above the 

spudcan and limits the cavity depth. The localised flow-round mechanism governs at 

deep penetration, as depicted in Figure 5.5c. The average depth of the stable cavity is 

almost identical to the initiation depth of soil back-flow. By comparing the patterns 

illustrated in the left column with those in the right column, spudcan base roughness is 

found to have insignificant influence on the extent of yielded zone around the spudcan. 

This contrasts with the spudcan on uniform clay, where a greater zone was distorted 

around the rough spudcan.  

By comparing with the soil deformation on uniform clay (kD/sum = 0), as demonstrated 

in Figure 4.4 in the preceding chapter, the zone subjected to plastic deformation is 

shallower and narrower for higher strength non-homogeneity. Similar conclusions were 

found by Lu (2004), and shown graphically by Kusakabe et al. (1986) for a surface 

circular footing (or plate). The presence of stronger soil below the advancing spudcan in 

clay with increasing strength confines the extent of soil deformation below the spudcan 

at shallow depth. The lateral extent of the soil distortion zone can be measured as 1.8D 

at shallow embedment and 1.45D at deep embedment, compared to 2D down to 1.5D 
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for kD/sum = 0. The values agree reasonably well with the width 1.7D down to 1.2D 

reported for a smooth spudcan by Mehryar et al. (2002) and for a smooth plate by Hu et 

al. (2001).   

Figure 5.6 shows the deep penetration of spudcans in soils with sum/D = 0.048, k/ = 

0.143 (Case 1, Group – III, Table 5.1) and sum/D = 0.143, k/ = 0.143 (Case 2, Group 

– II, Table 5.1). These illustrations help to assess the effect of normalised parameters 

sum/D and k/ on the stable cavity depth. By comparing Figure 5.6 (left) with Figure 

5.5c, it can be seen that, for an identical normalised strength sum/D, the stable cavity 

depth has decreased due to the lower strength gradient, k/. The effect of normalised 

strength is reflected in Figure 5.6, showing marked enhancement of the (average) cavity 

depth as sum/D increases. 

Centrifuge modelling: visual evidence 

Figure 5.7 illustrates the digital images captured during a half-spudcan penetration in a 

50g centrifuge test. The undrained shear strength profile increased linearly with depth 

with su = 2.5 + 3.3z kPa (sum/D = 0.12, k/ = 0.47; see Test T 2, Table 5.2). PIV 

analyses were undertaken over three or four successive images at each phase included in 

Figure 5.7, subsequently transferring the results from image-space to object-space by 

employing photogrammetric corrections. The quantified soil deformations vectors are 

plotted in Figure 5.8. Visual evidence along with vectors from PIV exhibit similar flow 

patterns and cavity formation, substantiating those displayed in Figure 5.5 from LDFE 

analysis. The depth of onset of back-flow was detected by observing captured images 

sequentially, and then measuring from the image. The depth of stable cavity above the 

spudcan was also measured from the image at deep penetration, and was found to agree 

well with the initiation depth for back-flow. The assessed depth is authenticated by the 

PIV results. 

The lateral extent of soil distortion decreases with spudcan penetration from 1.7D to 

1.35D, which agrees well with those obtained from LDFE analysis (1.8D to 1.45D).  

Figure 5.9 shows the deep penetration of a half-spudcan from tests at acceleration levels 

of 50g and 90g. Before conducting the test at 50g, more soil was scraped off from the 

top of the specimen in order to obtain a higher strength at the surface. The measured soil 

strengths were 3.8 + 4.29z kPa and 3.85 + 2.06z kPa respectively for the tests at 50g and 

90g (sum/D = 0.18, k/ = 0.61 and sum/D = 0.1, k/ = 0.29; Tests T 3 and T 5, Table 
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5.2). By comparing Figure 5.9a with Figure 5.7c, it can be seen that, under the same 

acceleration level (50g), that is, for the same spudcan diameter (D) and with identical 

soil density (), the stable cavity depth has increased owing to the higher surface 

strength, sum, and gradient with depth, k. The combined effects of soil shear strength 

(sum), and spudcan diameter (D) are shown in Figure 5.9a and Figure 5.9b. The 

prototype spudcan size is 1.8 times higher in the 90g test compared with the 50g test, 

giving a reduced value of sum/D, and also the ratio k/ is lower. The net effect is a 

significant reduction in the cavity depth above the spudcan. 

5.5.2 Limiting Cavity Depth: Updated Design Chart 

From the observations in the centrifuge modelling and LDFE analysis, it can be seen 

that cavity formation and the stable cavity depth are a function of the soil strength at the 

mudline (sum), the strength gradient with depth (k), the effective unit weight of the soil 

( and spudcan foundation size (D), that is, of non-dimensional parameters sum/D and 

k/. In order to establish a complete design chart for single layer clay, incorporating the 

effect of non-homogeneity factor onto that developed for uniform clay in Chapter 4 

(Equation 4.4), an extensive parametric study was undertaken using AFENA, varying 

the principal parameters as detailed below: 

  Spudcan diameter, D = 12, 15 and 18 m; 

  Soil unit weight,  = 4, 7 and 10 kN/m
3
; 

  Strength gradient, k = 1, 2 and 3 kPa/m; 

  Mudline strength, sum varied from 1 to 30 kPa. 

Combinations were chosen in order to enfold a wide range of the dimensionless groups, 

sum/D and k/. Both small strain and large deformation analyses were performed in 

order to evaluate the cavity depth, or back-flow initiation depth, H. Since no variation in 

predicted cavity depth was found between smooth and rough spudcans, only the results 

for smooth spudcans are discussed here. 

All the results from centrifuge tests and FE analyses are presented in Figure 5.10 with 

the normalised cavity depth, H/D, plotted against suH/D, where suH is the shear strength 

at the back-flow depth, H (see Figure 5.1). The difference in cavity depth prediction 

between the small strain and large deformation analyses is minimal, thus they are not 
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discussed separately. The straight line relationship (on log-log axes) given by Equation 

4.4 for uniform clay (k = 0) deviates from the data at larger values of suH/D, and an 

improved fit to the data is given by 
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Ideally, the normalised cavity depth, H/D, should be expressed explicitly in terms of 

sum/D and k/. However, the above expression does not give H/D directly in terms of 

sum, and some iteration is needed to establish H and the resulting value of suH. It has 

been found that an alternate approach is to evaluate the maximum cavity depth 

explicitly as a function of S = (sum/D)
(1-k/)

. This is shown in Figure 5.11 for a range of 

normalised strength gradients, k/. By inserting a line of best fit through the data, a 

convenient expression for H is  

4

S
S

D

H 0.55   (5.3) 

The above expression has an accuracy for H of better than 0.05D relative to the LDFE 

results, and also compares well with cavity depths measured from centrifuge model tests.  

5.5.3 Bearing Capacity 

Weightless soil ( = 0) 

As for uniform clay, initially small strain analyses were performed for weightless soil 

assuming a fully open cavity above the spudcan. Bearing capacity factors were 

calculated according to Equation 4.5 denoting Nc0 as Nc0k for a non-homogeneous soil 

profile. The results for both smooth and rough spudcan bases are tabulated in Tables 5.3 

and 5.4 and presented graphically in Figure 5.12, encompassing a wide practical range 

of non-homogeneity factor kD/sum = 1 to 20 and  (Group – I, Table 5.1). The results 

for uniform clay (kD/sum = 0) are also included. The degree of strength non-

homogeneity only affects the bearing capacity factor at relatively shallow embedment, 

partly because the strength gradient becomes less significant (kD/su0 reduces with 

increasing embedment) and partly because once the spudcan is deep enough for the full 

flow-round mechanism to govern, the limiting value from pre-embedded analyses 

depends only on the spudcan roughness and matches that for uniform clay.  
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Exact Nc0k values for flat circular foundations on the surface (d/D = 0) and lower and 

upper bound Nc0k values for embedded caisson foundations (d/D > 0) have been given 

by Martin (2001). The foundations were assumed to have fully rough bases, and smooth 

sides, embedded in weightless soil. Martin’s values, which show a rapidly increasing 

gap between lower and upper bound solutions as the embedment increases, are 

compared with the present FE solutions for the rough-based spudcan in Table 5.4, 

whereby Figure 4.14b illustrates one case with kD/sum = 0. Despite the cone angle of 

154 rather than flat (180), the spudcan results are bracketed by Martin’s (2001) 

plasticity solutions with gradually closer agreement to the lower bound ones. (Note that 

the FE results for surface foundations show some inaccuracies for high values of kD/sum 

due to insufficient mesh refinement.) 

From these results, it is clear that limiting values of Nc0k of about 9.3 (smooth) or 10.2 

(rough) are achieved for embedment depth ratios of 1.25 to 1.5. That embedment 

corresponds to the development of a fully localised failure mechanism. 

All values of bearing capacity factor Nc0k, normalised by that for uniform clay Nc0, are 

plotted in Figure 5.13, as a function of the dimensionless ratio (kD/su0)
0.8

/(1 + d/D)
n
; 

where the power factor n depends on the spudcan base roughness, with a value of 2 (for 

smooth) or 1.5 (for rough). Interestingly, all the data for each roughness condition show 

a unique trend, which may be expressed through least squares best fits as    
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where Nc0 values for different embedment d/D can be obtained from Tables 5.3 and 5.4 

or Figure 4.14.  

An alternative way of presenting the results is in terms of approximate depth factors to 

be applied to the bearing capacity factor for a surface foundation, Ncm, with the same 

value of kD/su0. Note that, as the spudcan penetration increases, kD/su0 will gradually 

decrease as su0 increases. Derived depth factors are illustrated in Figure 5.14 for smooth 

and rough-based spudcans. The depth factors tend to reduce as the degree of strength 

non-homogeneity rises. This effect might be anticipated, since the contribution to the 
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bearing capacity from the soils above the foundation level will reduce as the strength 

gradient increases. Nonetheless, approximate relationships can be derived of the form 
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The prevalent depth factors derived for circular footings with rough base are also 

included in Figure 5.14b. The depth factors for Salgado et al. (2004) are achieved by 

using the results for a circular footing, as shown in Figure 4.14b, not from the equation 

originally given in the paper derived for a strip footing. The proposed curve (Equation 

5.7) agrees excellently with the upper and lower bound results of Salgado et al. (2004), 

and lies closely below the Edwards et al. (2005) FE result. Also shown are the original 

depth factors implied by Skempton’s (1951) Figure 2 along with the simplified one and 

the one suggested in SNAME (2002) (original Brinch Hansen’s (1970) factor modified 

by Dean (2008) to avoid any step jump). These curves provide unduly conservative 

estimate of dc compared to all other results.     

Soil with self-weight (  0) 

Both SSFE and LDFE analyses were undertaken incorporating soil effective weight, 

with the ratio sum/D varied between 0 and 0.25 and kD/sum varied between 1 to 20 and 

 (Groups II and III, Table 5.1). As for uniform clay, for shallow penetrations before 

any back-flow (d  H), the bearing capacity factors were calculated according to 

Equation 4.6. The computed factors, Nc, are illustrated in Figure 5.15. The bearing 

capacity factors from LDFE analyses are shown to agree well with those from SSFE 

analyses for these shallow penetration depths (for the range of soil profiles, and d/D  

0.5), and the effect of spudcan base roughness is shown to be significant. The results 

with and without soil weight are also consistent (since the d contribution is handled 

separately in Equation 4.6). This confirms that, for any kD/sum, the results for weightless 

soil can be used to assess the penetration response for spudcans while an open cavity 

exists. 

In contrast to the findings discussed above, however, for penetration beyond the depth 

of soil back-flow (d > H), the deep bearing capacity factors (computed following 
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Equation 4.7) from LDFE analyses modelling penetration from the surface were 

significantly lower than those from conventional pre-embedded (small strain) analyses, 

as reflected in Figure 5.16 for smooth and rough-based spudcans in non-homogeneous 

clay with typical kD/sum = 1, 2 and  (Cases 2, 3 and 9, Group – II, Table 5.1). 

Moreover, at deep embedment (d/D ≥ 2), all the continuous penetration curves merge 

together regardless of spudcan base roughness and degree of non-homogeneity, kD/sum, 

and give a unique limiting value of Ncdu ~ 11.3. Comparing with the limiting values 

from the pre-embedded analyses, this value is lower by some 6% for the smooth-based 

spudcan and 14% for the rough-based spudcan. This anomaly is due to the presence of 

softer material around the spudcan (compared to the nominal soil strength at the 

embedment level) in non-homogeneous clay. Similar conclusions were drawn by Hu et 

al. (2001) and Lu et al. (2001) for plate penetration analysis, and by Mehryar et al. 

(2002) for spudcans, and were also commented on by Erbrich (2005) in relation to two 

case histories of an 18 m diameter spudcan penetrating calcareous silts off the South 

coast of Australia. Erbrich estimated the reduction of bearing capacity factor (Nc) due 

to the trapping of soft material as around 0.4, although the discrepancy in Figure 5.16 is 

larger for rough-based spudcans. 

In order to illustrate the effect of softer material trapped beneath penetrating spudcans, 

the distortion of the soil layers is shown in Figure 5.17, plotting strength contours for 

the soil after a penetration of 1 diameter, for a typical case with kD/sum = 2 and sum/D 

= 0.071 (Case 3, Group – II, Table 5.1). Interestingly, the different amount of soft soil 

has trapped beneath the smooth and rough spudcans leading to similar penetration 

resistance for the two cases. The additional resistance due to roughness is balanced by a 

reduction in local soil strength due to trapped soft soil. A further significant effect is the 

large amount of softer soil that has flowed back into the cavity covering the top of the 

advancing spudcan. This contrasts with the pre-embedded analyses, where the soil 

above the spudcan was assumed to have the strength of the adjacent soil at the same 

level. 

To develop a convenient solution for assessing spudcan foundations resistance for deep 

penetration, all the results from the continuous penetration analyses given in Table 5.1, 

are plotted in Figure 5.18. The results for a wide practical range of kD/sum and sum/D 

all tend to converge. Although there is a range of ultimate Ncd values, which can be 
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bracketed by two bound lines, an approximate design curve can be proposed, applicable 

once the penetration exceeds the maximum cavity depth, H, and expressed as  

3.11
D

d
0.065110Ncd 








   (5.8) 

Centrifuge tests 

Separate centrifuge model tests were conducted using two full-spudcan models, of 30 

and 60 mm diameter, to measure the load-penetration responses. Figure 5.19 illustrates 

the results for tests covering a range of kD/sum from 1.12 to 2.89 (see Table 5.2). The 

proposed design approach of Equation 5.8 is included in Figure 5.19. Comparing 

Figures 5.18 and 5.19, the experimental results exhibit similar trends to those from the 

LDFE analyses but lie below the suggested design curve for d > H. The experimental 

results show a limiting value of about Ncdu = 10~10.5 in comparison to that given by the 

continuous penetration analysis of about 11 ~ 11.6. At deep penetration following 2.5 

diameters, the bearing capacity factors for non-homogeneous clay appear to rise 

monotonically, which is caused by the effect of bottom boundary (geo-fabric mat) as 

were appeared in measured strength profiles as well (see Figure 3.11b for instance). 

In the above computations, two important aspects that have not been considered are the 

effects of (a) gradual remoulding of the clay as it flows around the spudcan, and 

(b) strain rate. Theses effects have also been explored extensively in this study. The 

LDFE analyses have been undertaken accounting for strain-softening and rate 

dependency. The evaluated effects are demonstrated in Chapter 8 accounting for the 

apparent 10% difference, so that it is necessary to select an appropriate shear strength, 

su0, taking account of softening and strain rate effects (as suggested by Erbrich, 2005 

and Osborne, 2007) when applying the bearing capacity factors proposed here. 

5.6 SUMMARY DESIGN PROCEDURE AND CASE HISTORIES 

A suggested procedure for estimating spudcan penetration depth at full preload in single 

layer clay is outlined here. The procedure is based on an assumed linearly increasing 

profile of soil undrained shear strength expressed in terms of the mudline shear strength, 

sum, and gradient, k (Equation 5.1). The procedure can be modified for more complex 

strength profiles, maintaining equivalent principles. Note that the bearing capacity will 
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be expressed in terms of the shear strength at the lowest maximum spudcan diameter, 

written as su0.  

 1. Determine representative values of the soil parameters sum, k and effective 

self-weight, , and hence evaluate the non-dimensional ratios sum/D, 

kD/sum and k/. 

 2. For the given foundation diameter, D, calculate the maximum cavity depth, 

H, from Equations 5.2 or 5.3.  

 3. For each value of penetration, d, evaluate su0 and hence the non-

homogeneity ratio kD/su0. 

 4. For penetrations less than the maximum cavity depth, H, use Equation 4.6 to 

evaluate the corresponding penetration resistance (and hence force, V0 = 

Aqu where A is the cross-sectional area of the spudcan). The value of Nc in 

Equation 4.6 is taken as Nc0k for weightless soil, which may either be 

estimated from the results gathered in Tables 5.3 and 5.4 and Figure 5.12 

(interpolating for the estimated spudcan roughness), or estimating Nc0 from 

Figure 4.14, together with Equations 5.4 and 5.5 to allow for kD/su0, or 

making use of Equations 5.6 and 5.7 and appropriate values for the 

equivalent surface bearing capacity factor, Ncm (a function of kD/su0).  

 5. For penetrations greater than the maximum cavity depth, H, use Equation 

4.7 to evaluate the corresponding penetration resistance, estimating the 

values of Ncd from Equation 5.8. 

A short transition zone is needed for penetrations just greater than H, as soil back-flows 

gradually over the top of the spudcan, with a further penetration of about 0.3D required 

until the spudcan is fully buried. Careful consideration should also be given to an 

appropriate choice of shear strength. Considering the relatively low penetration rates of 

spudcans in the field, the shear strength should be that corresponding to very low strain 

rates (equivalent to a typical laboratory test), and representative of the average shear 

strength measured in triaxial compression, triaxial extension and simple shear. 

Allowance for softening should also be included, as discussed by Erbrich (2005). 
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5.6.1 Case Histories 

Case history 1  

Nelson et al. (2000) and Cassidy et al. (2002) reported field data for a jack-up rig 

(Galaxy-1) located in the Central North Sea. The spudcan foundations were 18.2 m in 

diameter with a truncated cone extending 1.83 m beneath the circular section. The site 

consisted of firm to hard clay with strength increase linearly with depth as su = 42 + 2z 

kPa. The average submerged unit weight for the soil can be assumed as  = 9 kN/m
3
. 

The reported spudcan penetration depth was 4.87 m from the end of the circular section 

(6.7 m from the tip) under a maximum preload of 128 MN.  

From the given values, kD/sum = 0.87 and k/ = 0.22. Equation 5.2 or 5.3 gives a 

maximum cavity depth of H ~ 8.6 m, which is greater than the reported penetration 

depth of d = 4.87 m. Using Equation 4.6 and estimating Nc (equivalent to Nc0k) values 

for the kD/sum of 0.87 from Figure 5.12 or Tables 5.3 and 5.4, the load-penetration 

(V0:d), chart has been plotted in Figure 5.20a. For the given maximum preload of V0p = 

128 MN, the penetration depths can be estimated as d = 5.17 m for a fully rough-based 

spudcan and 6.33 m for a fully smooth-based spudcan. The actual penetration depth is 

therefore slightly overestimated, by between 6 and 30% depending on the spudcan base 

roughness. It should, however, be noted that the profile of undrained strength adopted 

was not the original one, based on the site investigation information, but included 

(minor) adjustments proposed by Cassidy et al. (2002) to match the observed 

penetration using JAKUP.  

Case history 2  

Rapoport & Young (1988) reported field data for a three-legged drilling unit located 

offshore of North-East Brazil. The unit had circular spudcans with a maximum diameter 

of 12.2 m and a conical point which extended 2.74 m beneath the circular section. The 

site consisted of very soft to firm olive gray clay. The strength profile and average 

submerged unit weight for the soil have been estimated as su = 5 + 1.1z kPa and  = 6.7 

kN/m
3
 from their plotted results from an exploratory soil boring drilled prior to 

preloading. During preloading, the legs punched-through about 2.5 m before coming to 

rest at penetration depths of 18.5 to 19.5 m from the end of the circular section (21.2 to 

22.2 m from the tip) under a maximum preload of 31.6 MN. The sudden drop occurred 

due to presence of numerous silt pockets and seams in that stratum.  
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From the given values, kD/sum = 2.68 and k/ = 0.16. Equation 5.2 or 5.3 provides a 

maximum cavity depth of H ~ 3.1 m, which is less than the penetration depth of d = 16 

to 17 m prior to punch-through. For d  H, penetration resistance has been evaluated 

using Equation 4.6 and estimating Nc (equivalent to Nc0k) values for the kD/sum of 2.68 

from Figure 5.12 or Tables 5.3 and 5.4. For d > H, the penetration resistance has been 

evaluated using Equation 4.7 estimating the value of Ncd from Equation 5.8. An 

assumption was made for V which has a minor effect on the evaluation. The resulting 

load-penetration (V0:d) chart has been plotted in Figure 5.20b. For the given maximum 

preload of V0p = 31.6 MN, the penetration depth can be estimated as d = 17 m. This is 

within 0 to 6% of the observed penetrations before the punch-through occurred. 

Case history 3  

Gemeinhardt & Focht (1970) reported field data for tank type spudcans (Penrod 53) at a 

location in South Timbalier. The spudcans were 13 m in diameter and 13.7 m high 

above the base level, preventing any soil flow back. The soil shear strength profile 

increased linearly with depth according to su = 1.915 + 0.95z (kPa) and the average 

submerged unit weight was  = 4.7 kN/m
3
. At this location, the reported spudcan 

penetration depth was 16 m under a maximum preload of 31.7 MN.  

From the given values, kD/sum = 6.45. Picking Nc (equivalent to Nc0k) values for the 

kD/sum of 6.45 from Figure 5.12 or Tables 5.3 and 5.4, the load-penetration (V0:d), chart 

has been plotted in Figure 5.20c. For the given maximum preload of V0p = 31.7 MN, the 

penetration depths can be estimated as d = 15.5 m for a fully rough-based spudcan and 

16.4 m for a fully smooth-based spudcan. These predicted values bracket nicely the 

reported penetration depth of d = 16 m, providing confidence that the results of this 

study can be used for any geometry of spudcan. 

In the above three cases, other curves are also shown on Figure 5.20, using the 

approaches most commonly adopted in practice, as detailed below.  

 (a) Skempton’s (1951) bearing capacity factor Nc = 6 + 1.2d/D adjusted for 

non-homogeneous strength profile by averaging strength over a depth of 0.5 

diameter below the spudcan level, that is, su = sum + k (d + 0.25D), as 

suggested by Young et al. (1984); 
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 (b) Skempton’s (1951) bearing capacity factor Nc = 6 + 1.2d/D adjusted for 

non-homogeneous strength profile by averaging strength over a depth of 1 

diameter below the spudcan level, that is, su = sum + k (d + 0.5D) as 

suggested by Gemeinhardt & Focht (1970); 

 (c) Brinch Hansen’s (1970) bearing capacity factor Nc = 6.14 + 2.456tan
-1

(d/D) 

(as adjusted by Dean, 2008) adjusted for non-homogeneous strength profile 

by averaging strength over a depth of 0.5 diameter below the spudcan level, 

that is, su = sum + k (d + 0.25D), as suggested by Young et al. (1984). This 

approach is adopted by SNAME (2002) and referred to here as the SNAME 

/ Dean approach; 

 (d) Houlsby & Martin’s (2003) bearing capacity factor for the relevant kD/sum 

combined with the local shear strength su0.   

While the Houlsby & Martin and Skempton / Young et al. approaches always provide 

substantial underestimation of bearing capacity or overestimation of penetration depth, 

the Skempton / Gemeinhardt & Focht and SNAME / Dean approaches show promising 

ability for the cases with no back-flow (open cavity or tank type spudcan). However, 

those methods unduly overestimate penetration depth for the case with substantial back-

flow, as would be typical in soft sediments. 

5.7 SUMMARY AND CONCLUDING REMARKS 

This chapter has proposed new rational approaches for assessing spudcan penetration at 

full preload in a non-stratified clay, with strength increasing linearly with depth. Finite 

element analyses were undertaken for a wide range of sediment profiles and spudcan 

size, with conventional small strain analyses of pre-embedded spudcans and more 

pertinent large deformation analyses of spudcans penetrating continuously from the 

seabed surface. Particular attention was paid to the effect of softer soil trapped and 

dragged down by the advancing spudcan, spudcan penetration depth, spudcan base 

roughness and soil strength non-homogeneity. The results were validated against 

centrifuge tests data, where half-spudcan tests conducted against a transparent window 

allowing the soil flow to be viewed directly and quantified through PIV analysis, and 

full spudcan tests to measure the penetration resistance.  
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The soil flow patterns observed from centrifuge model tests and continuous penetration 

FE analyses revealed three distinct mechanisms of soil flow around the advancing 

spudcan: (a) outward and upward flow leading to surface heave and formation of a 

cavity above the spudcan; (b) gradual flow back into the cavity; and (c) fully localised 

flow around the embedded spudcan with the cavity unchanging. Softer material was 

trapped beneath the spudcan and being carried down and flowed around onto its upper 

surface. The zone subjected to plastic deformation around the advancing spudcan was 

unaffected by the base roughness, and was shallower and narrower compared to that 

found for uniform clay.       

Once soil started to flow back above the spudcan, the existing open cavity remained 

stable with no further change in depth. The onset of back-flow above the spudcan may 

also be taken as the (average) stable cavity depth after deep penetration of the spudcan, 

and was a function of soil strength at the mudline (sum), strength gradient (k), soil unit 

weight (), and foundation diameter (D), expressed in terms of dimensionless groups 

sum/D and k/. Conditions for back-flow, and the limiting cavity depth, H, may be 

expressed simply as a relationship between H/D and the non-homogeneity ratio suH/D 

or (sum/D)
(1-k/)

 (see Equations 5.2 and 5.3). These relationships appear extremely 

robust over the wide range of soil strengths and foundation diameters explored. The 

importance of the condition for back-flow expressed here extends beyond merely 

estimating the penetration resistance. Since back-flow provides a seal over the top of the 

spudcan, the above relationship also provides quantitative guidance on conditions where 

transient suctions may be sustainable beneath the spudcan, with a consequential increase 

in uplift resistance and moment capacity at low vertical loads. It should be noted that 

natural soils exhibit strain-softening and rate dependency. The effect of this on H might 

be significant and requires to be accounted for. Chapter 8 will provide comments on this 

issue. 

The penetration resistances have been presented in terms of profiles of bearing capacity 

factors in both graphical and equation form to facilitate their use for practical design 

problems. They were basically divided into two categories based on the cavity situation 

above the spudcan: (a) fully open cavity (d  H): shallow bearing capacity factor, Nc 

and (b) embedded spudcans (d > H): deep bearing capacity factor, Ncd. 

For shallow foundations with penetration less than the limiting cavity depth H, results 

from small strain and large deformation analyses were very consistent, and results with 
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and without soil weight were also similar for any soil strength non-homogeneity, kD/sum. 

Therefore, bearing capacity factors for weightless soil (Nc0k) can be used in practice, 

accounting for the non-homogeneity ratio, kD/su0, embedment ratio, d/D, and spudcan 

base roughness. The results from this study were nicely bracketed by previously 

published closed form plasticity solutions with gradually closer agreement to the lower 

bound values. 

For deep foundations with penetration in excess of H, the Nc value for deep penetration 

(Ncd) rapidly approached an ultimate value (Ncdu). The results from SSFE and LDFE 

analyses deviated, with the latter gradually merging together regardless of strength non-

homogeneity (kD/sum) and spudcan base roughness. 

Encouraging agreement was found between the results from LDFE analyses and 

centrifuge tests, allowing a systematic design approach to be proposed for practical 

application. It was shown that the suggested approach predicted the penetration depth 

reasonably accurately for three reported case histories, confirming the robustness of the 

proposed approach, while methods currently suggested in the SNAME guidelines 

tended to overestimate the measured penetration depth. 
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Table 5.1 Summary of FE analyses performed 

Analysis sum/D  kD/sum Spudcan 

base 

Notes 

Group - I   1, 2, 3, 4, 5, 

6, 8, 10, 12, 

15, 20 and   

Rough 

and 

smooth 

Weightless 

soil  

 

Group - II Case 1 0.25 1 Rough 

and 

smooth 

Parametric 

study 
Case 2 0.143 1 

Case 3 0.071 2 

Case 4 0.048 3 

Case 5 0.036 4 

Case 6 0.024 6 

Case 7 0.024 12 

Case 8 0.014 20 

Case 9 0  

Group - III Case 1 0.048 3 Rough 

and 

smooth 
Case 2 0.048 6 

Case 3 0.024 12 

Case 4 0.014 20 

Case 5 0  
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Table 5.2 Summary of centrifuge tests conducted 

Test Test   

g-level 

Spudcan D (m) 

(prototype) 
sumD kD/sum 

T 1 38g FS 1.14 0.317 1.87 

T 2 50g HS 3 0.119 3.96 

T 3 50g HS 3 0.181 3.39 

T 4 70g FS 2.1 0.187 1.81 

T 5 90g HS 5.4 0.102 2.89 

T 6 90g FS 5.4 0.102 2.89 

T 7 100g HS 6 0.119 2.4 

T 8 100g FS 6 0.119 2.4 

T 9 114g FS 3.42 0.135 1.64 

T 10 140g FS 4.2 0.144 1.42 

T 11 200g FS 6 0.124 1.12 

 HS: Half-Spudcan; FS: Full-Spudcan 
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Table 5.3 Bearing capacity factors, Nc0 and Nc0k for smooth-based spudcan in 

weightless soil (open cavity) 

d/D kD/sum 

0 1 2 3 4 5 6 8 10 12 15 20  

0 5.45 6.01 6.59 7.12 7.63 8.16 8.69 9.71 10.67 11.67 13.13 15.43  - 

0.083 6.20 6.98 7.52 7.96 8.33 8.65 8.88 9.33 9.76 9.96 10.38 10.83 13.04 

0.167 6.64 7.30 7.72 8.09 8.33 8.49 8.67 8.89 9.09 9.22 9.37 9.51 10.22 

0.25 7.00 7.64 7.95 8.20 8.32 8.46 8.57 8.70 8.82 8.89 8.97 9.03 9.35 

0.333 7.29 7.88 8.13 8.31 8.44 8.46 8.56 8.64 8.70 8.73 8.78 8.79 8.95 

0.417 7.57 8.10 8.32 8.44 8.51 8.51 8.55 8.60 8.66 8.68 8.71 8.72 8.79 

0.5 7.80 8.31 8.44 8.55 8.54 8.59 8.63 8.63 8.62 8.65 8.65 8.72 8.69 

0.583 8.03 8.44 8.56 8.65 8.66 8.67 8.64 8.68 8.74 8.67 8.74 8.74 8.70 

0.75 8.46 8.75 8.78 8.82 8.81 8.82 8.83 8.80 8.81 8.76 8.79 8.77 8.76 

0.833 8.66 8.90 8.89 8.90 8.90 8.90 8.88 8.88 8.90 8.88 8.87 8.86 8.81 

1 8.95 9.12 9.09 9.06 9.05 9.04 9.02 9.02 9.04 9.01 8.99 8.97 8.93 

1.25 9.20 9.28 9.27 9.26 9.22 9.24 9.24 9.21 9.21 9.20 9.21 9.18 9.13 

1.5 9.20 9.29 9.32 9.27 9.30 9.31 9.30 9.30 9.31 9.31 9.30 9.33 9.27 

2 9.20 9.26 9.28 9.25 9.28 9.31 9.29 9.23 9.29 9.31 9.27 9.31 9.24 

2.5 9.20 9.26 9.33 9.27 9.27 9.27 9.28 9.29 9.28 9.30 9.29 9.32 9.28 

3 9.20 9.26 9.26 9.26 9.27 9.30 9.26 9.29 9.26 9.28 9.27 9.27 9.28 
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Table 5.4 Bearing capacity factors, Nc0 and Nc0k for rough-based spudcan in 

weightless soil (open cavity) 
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Figure 5.1 Schematic of embedded spudcan foundation showing idealised open 

cavity 
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Figure 5.2 Typical NC and LOC soil profiles in the Gulf of Mexico 

After Menzies & Roper (2008) 
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Figure 5.3 Typical NC soil profile and soil sample in the Sunda Shelf, Southeast 

Asia (after Paisley & Chan, 2006) 
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(a) Spudcan penetrating in NC clay with su = 1z kPa (after Hossain et al., 2004) 

 

(b) Deeply penetrated spudcan on non-homogeneous clay with su = 9 + 1.4z kPa 

(after Murff, 1996) 

Figure 5.4 Centrifuge observation of soil flow mechanisms form literature  

1.67D 
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Smooth RoughSmooth Rough

 

 (a) Surface heave mechanism (d/D = 0.15) 

Smooth RoughSmooth Rough

   

5.5(b) Onset of back-flow mechanism (d/D = 0.33) 
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Smooth RoughSmooth RoughSmooth Rough

 

(c) Deep localised mechanism (d/D = 1.5) 

Figure 5.5 Soil flow mechanisms from LDFE analyses (sum/D = 0.048, k/ = 0.286; 

Case 2, Group – III, Table 5.1) 

sum/D = 0.048 

k/ = 0.14

sum/D = 0.143 

k/ = 0.14

sum/D = 0.048 

k/ = 0.14

sum/D = 0.143 

k/ = 0.14

 
 

Figure 5.6 Effect of sum/D and k/ on formed cavity depth (d/D = 1.5, smooth; 

Case 1, Group – III and Case 2, Group – II, Table 5.1) 



Chapter 5: Spudcan on non-homogeneous clay                                               

Centre for Offshore Foundation Systems (COFS) 5-36 

 

(a) d/D = 0.20 

 

(b) d/D = 0.53 

 

(c) d/D = 1.40 

Figure 5.7 Digital images of spudcan penetration in centrifuge test at 50g (sum/D = 

0.12, k/ = 0.47; Test T 2, Table 5.2) 
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(a)  Surface heave mechanism (d/D = 0.20) 

 

(b)  Onset of back-flow mechanism (d/D = 0.53) 

 

(c)  Deep localised mechanism (d/D = 1.40) 

Figure 5.8 Soil flow vectors from image analyses of centrifuge test at 50g 

(corresponding images are shown in Figure 5.7) 
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(a) d/D = 1.00; 50g (sum/D = 0.18, k/ = 0.61) 

 

 

(b) d/D = 1.11; 90g (sum/D = 0.10, k/ = 0.29) 

Figure 5.9 Digital images of deeply penetrated spudcan foundation in centrifuge 

tests (Tests T 3 and T 5, Table 5.2) 
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Figure 5.10 New design chart for estimating cavity depth after spudcan installation 

in clay 
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Figure 5.11 New design chart for estimating cavity depth after spudcan installation 

in clay 
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(b) Rough base 

Figure 5.12 Shallow bearing capacity factors for spudcan in weightless soil (open 

cavity, SSFE; Group – I, Table 5.1)  
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Figure 5.13 Design solutions for shallow spudcan on non-homogeneous clay ( = 0, 

open cavity) 
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(b) Rough base 

Figure 5.14 Depth factors for shallow embedded circular foundations ( = 0, open 

cavity)  
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(b) Rough base 

Figure 5.15 Bearing capacity factors for shallow spudcan (Groups I and II, Table 

5.1) 
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(b) Rough-based spudcan 

Figure 5.16 Comparison of bearing capacity factors from SSFE and LDFE 

analyses (Cases 2, 3 and 9, Group – II, Table 5.1) 
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Figure 5.17 Strength contours of spudcan penetration (d/D = 1, kD/sum = 2; Case 3, 

Group – II, Table 5.1) 
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Figure 5.18 Bearing capacity factors for deep spudcan (Groups II and III, Table 

5.1) 
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Figure 5.19 Deep bearing capacity factors from centrifuge tests (Table 5.2) 
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(a) Case history 1 (without back-flow; d < H; saucer-shaped spudcan) 
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5.20(b) Case history 2 (with back-flow; d > H; saucer-shaped spudcan) 
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(c) Case history 3 (without back-flow; tank type spudcan) 

Figure 5.20 Reported field data and proposed estimation  
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Table 5.1 Bearing capacity factors, Nc0 and Nc0k for smooth-based spudcan in weightless soil (open cavity) 

d/D kD/sum 

0 1 2 3 4 5 6 8 10 12 15 20  

0 5.45 6.01 6.59 7.12 7.63 8.16 8.69 9.71 10.6

7 

11.67 13.13 15.43  - 

0.083 6.20 6.98 7.52 7.96 8.33 8.65 8.88 9.33 9.76 9.96 10.38 10.83 13.04 

0.167 6.64 7.30 7.72 8.09 8.33 8.49 8.67 8.89 9.09 9.22 9.37 9.51 10.22 

0.25 7.00 7.64 7.95 8.20 8.32 8.46 8.57 8.70 8.82 8.89 8.97 9.03 9.35 

0.333 7.29 7.88 8.13 8.31 8.44 8.46 8.56 8.64 8.70 8.73 8.78 8.79 8.95 

0.417 7.57 8.10 8.32 8.44 8.51 8.51 8.55 8.60 8.66 8.68 8.71 8.72 8.79 

0.5 7.80 8.31 8.44 8.55 8.54 8.59 8.63 8.63 8.62 8.65 8.65 8.72 8.69 

0.583 8.03 8.44 8.56 8.65 8.66 8.67 8.64 8.68 8.74 8.67 8.74 8.74 8.70 

0.75 8.46 8.75 8.78 8.82 8.81 8.82 8.83 8.80 8.81 8.76 8.79 8.77 8.76 

0.833 8.66 8.90 8.89 8.90 8.90 8.90 8.88 8.88 8.90 8.88 8.87 8.86 8.81 

1 8.95 9.12 9.09 9.06 9.05 9.04 9.02 9.02 9.04 9.01 8.99 8.97 8.93 

1.25 9.20 9.28 9.27 9.26 9.22 9.24 9.24 9.21 9.21 9.20 9.21 9.18 9.13 

1.5 9.20 9.29 9.32 9.27 9.30 9.31 9.30 9.30 9.31 9.31 9.30 9.33 9.27 

2 9.20 9.26 9.28 9.25 9.28 9.31 9.29 9.23 9.29 9.31 9.27 9.31 9.24 

2.5 9.20 9.26 9.33 9.27 9.27 9.27 9.28 9.29 9.28 9.30 9.29 9.32 9.28 

3 9.20 9.26 9.26 9.26 9.27 9.30 9.26 9.29 9.26 9.28 9.27 9.27 9.28 
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Table 5.2 Bearing capacity factors, Nc0 and Nc0k for rough-based spudcan in weightless soil (open cavity) 

d/D kD/sum 

0 1 2 3 4 5 6 8 10 12 15 20  

LB FE UB LB FE UB FE FE FE LB FE UB FE FE FE FE FE FE LB FE UB 

0 6.05 6.07 6.05 6.95 7.00 6.95 7.78 8.49 9.14 9.24 9.83 9.24 10.45 11.73 12.93 14.09 15.86 18.76       

0.083   6.85     7.90   8.60 9.14 9.63   10.00   10.32 10.90 11.31 11.66 12.09 12.59   15.25   

0.167   7.21     8.19   8.82 9.22 9.48   9.74   9.93 10.23 10.46 10.64 10.81 11.00   11.84   

0.25 7.08 7.48 7.86 7.96 8.44 8.81 8.96 9.25 9.46 9.02 9.62 10.17 9.73 9.95 10.06 10.13 10.25 10.34 9.86 10.71 11.26 

0.333   7.75     8.66   9.08 9.30 9.44   9.58   9.66 9.76 9.84 9.88 9.94 9.98   10.23   

0.417   7.98     8.82   9.18 9.36 9.48   9.56   9.60 9.70 9.75 9.77 9.78 9.83   9.96   

0.5 7.80 8.19 8.90 8.55 8.98 9.60 9.26 9.40 9.51 9.07 9.56 10.06 9.59 9.64 9.68 9.69 9.73 9.74 9.27 9.78 10.32 

0.583   8.41     9.14   9.38 9.48 9.53   9.58   9.61 9.64 9.65 9.68 9.69 9.70   9.72   

0.75   8.76     9.37   9.50 9.56 9.59   9.62   9.65 9.64 9.64 9.65 9.66 9.66   9.66   

0.833   8.95     9.49   9.59 9.62 9.64   9.65   9.66 9.67 9.67 9.68 9.67 9.68   9.67   

1 8.80 9.25 10.65 9.26 9.69 10.82 9.73 9.74 9.75 9.34 9.75 10.63 9.73 9.73 9.73 9.73 9.72 9.72 9.30 9.69 10.46 

1.25   9.70     9.94   9.94 9.92 9.92   9.90   9.89 9.88 9.89 9.89 9.88 9.87   9.82   

1.5 9.21 10.10 12.13 9.48 10.11 11.79 10.07 10.06 10.04 9.58 10.03 11.34 10.02 10.01 9.99 9.99 9.99 9.99 9.57 9.96 11.11 

2 9.21 10.15 13.44 9.43 10.17 12.62 10.21 10.20 10.20 9.51 10.21 12.05 10.21 10.19 10.19 10.20 10.19 10.19 9.53 10.17 11.81 

2.5   10.15     10.17   10.21 10.19 10.19   10.19   10.21 10.20 10.21 10.20 10.20 10.21   10.19   

3   10.15     10.13   10.17 10.15 10.17   10.17   10.18 10.16 10.19 10.19 10.20 10.19   10.18   
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Table 5.3 Bearing capacity factors, Nc0 and Nc0k for smooth-based spudcan in weightless soil (open cavity) 

d/D kD/sum 

0 1 2 3 4 5 6 8 10 12 15 20  

0 5.45 6.01 6.59 7.12 7.63 8.16 8.69 9.71 10.67 11.67 13.13 15.43  - 

0.083 6.20 6.98 7.52 7.96 8.33 8.65 8.88 9.33 9.76 9.96 10.38 10.83 13.04 

0.167 6.64 7.30 7.72 8.09 8.33 8.49 8.67 8.89 9.09 9.22 9.37 9.51 10.22 

0.25 7.00 7.64 7.95 8.20 8.32 8.46 8.57 8.70 8.82 8.89 8.97 9.03 9.35 

0.333 7.29 7.88 8.13 8.31 8.44 8.46 8.56 8.64 8.70 8.73 8.78 8.79 8.95 

0.417 7.57 8.10 8.32 8.44 8.51 8.51 8.55 8.60 8.66 8.68 8.71 8.72 8.79 

0.5 7.80 8.31 8.44 8.55 8.54 8.59 8.63 8.63 8.62 8.65 8.65 8.72 8.69 

0.583 8.03 8.44 8.56 8.65 8.66 8.67 8.64 8.68 8.74 8.67 8.74 8.74 8.70 

0.75 8.46 8.75 8.78 8.82 8.81 8.82 8.83 8.80 8.81 8.76 8.79 8.77 8.76 

0.833 8.66 8.90 8.89 8.90 8.90 8.90 8.88 8.88 8.90 8.88 8.87 8.86 8.81 

1 8.95 9.12 9.09 9.06 9.05 9.04 9.02 9.02 9.04 9.01 8.99 8.97 8.93 

1.25 9.20 9.28 9.27 9.26 9.22 9.24 9.24 9.21 9.21 9.20 9.21 9.18 9.13 

1.5 9.20 9.29 9.32 9.27 9.30 9.31 9.30 9.30 9.31 9.31 9.30 9.33 9.27 

2 9.20 9.26 9.28 9.25 9.28 9.31 9.29 9.23 9.29 9.31 9.27 9.31 9.24 

2.5 9.20 9.26 9.33 9.27 9.27 9.27 9.28 9.29 9.28 9.30 9.29 9.32 9.28 

3 9.20 9.26 9.26 9.26 9.27 9.30 9.26 9.29 9.26 9.28 9.27 9.27 9.28 
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Table 5.4 Bearing capacity factors, Nc0 and Nc0k for rough-based spudcan in weightless soil (open cavity) 

d/D kD/sum 

0 1 2 3 4 5 6 8 10 12 15 20  

LB FE UB LB FE UB FE FE FE LB FE UB FE FE FE FE FE FE LB FE UB 

0 6.05 6.07 6.05 6.95 7.00 6.95 7.78 8.49 9.14 9.24 9.83 9.24 10.45 11.73 12.93 14.09 15.86 18.76       

0.083   6.85     7.90   8.60 9.14 9.63   10.00   10.32 10.90 11.31 11.66 12.09 12.59   15.25   

0.167   7.21     8.19   8.82 9.22 9.48   9.74   9.93 10.23 10.46 10.64 10.81 11.00   11.84   

0.25 7.08 7.48 7.86 7.96 8.44 8.81 8.96 9.25 9.46 9.02 9.62 10.17 9.73 9.95 10.06 10.13 10.25 10.34 9.86 10.71 11.26 

0.333   7.75     8.66   9.08 9.30 9.44   9.58   9.66 9.76 9.84 9.88 9.94 9.98   10.23   

0.417   7.98     8.82   9.18 9.36 9.48   9.56   9.60 9.70 9.75 9.77 9.78 9.83   9.96   

0.5 7.80 8.19 8.90 8.55 8.98 9.60 9.26 9.40 9.51 9.07 9.56 10.06 9.59 9.64 9.68 9.69 9.73 9.74 9.27 9.78 10.32 

0.583   8.41     9.14   9.38 9.48 9.53   9.58   9.61 9.64 9.65 9.68 9.69 9.70   9.72   

0.75   8.76     9.37   9.50 9.56 9.59   9.62   9.65 9.64 9.64 9.65 9.66 9.66   9.66   

0.833   8.95     9.49   9.59 9.62 9.64   9.65   9.66 9.67 9.67 9.68 9.67 9.68   9.67   

1 8.80 9.25 10.65 9.26 9.69 10.82 9.73 9.74 9.75 9.34 9.75 10.63 9.73 9.73 9.73 9.73 9.72 9.72 9.30 9.69 10.46 

1.25   9.70     9.94   9.94 9.92 9.92   9.90   9.89 9.88 9.89 9.89 9.88 9.87   9.82   

1.5 9.21 10.10 12.13 9.48 10.11 11.79 10.07 10.06 10.04 9.58 10.03 11.34 10.02 10.01 9.99 9.99 9.99 9.99 9.57 9.96 11.11 

2 9.21 10.15 13.44 9.43 10.17 12.62 10.21 10.20 10.20 9.51 10.21 12.05 10.21 10.19 10.19 10.20 10.19 10.19 9.53 10.17 11.81 

2.5   10.15     10.17   10.21 10.19 10.19   10.19   10.21 10.20 10.21 10.20 10.20 10.21   10.19   

3   10.15     10.13   10.17 10.15 10.17   10.17   10.18 10.16 10.19 10.19 10.20 10.19   10.18   
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CHAPTER 6 SPUDCAN ON LAYERED CLAY: 

POTENTIAL FOR ‘PUNCH-THROUGH’ 

 

6.1 INTRODUCTION 

Installation of independent-legged jack-up rigs in seabed sediments where a strong layer 

overlays weaker soil can lead to catastrophic failure, referred to as ‘punch-through’, 

with potential leg buckling or toppling of the unit. Although approximate methods of 

analysis exist for estimating the penetration resistance, these do not account for the 

distortion of the upper layer as it punches through into the lower layer and nowhere is 

there a visual depiction of the failure mechanism that occurs. This dissertation reports 

results of centrifuge model tests and LDFE analyses undertaken to provide insight into 

spudcan foundation behaviour during undrained vertical penetration through a stronger 

clay layer into weaker material, varying the strength ratio between lower and upper soil 

layers, the thickness of the upper layer relative to the spudcan diameter and the strength 

gradient of the lower layer. The vital challenge was to reveal the mechanisms for this 

type of failure, which is an essential step for improving calculation models. The 

mechanisms observed from centrifuge model tests and LDFE analyses have allowed 

reappraisal of the conventional design approach, and provided the basis for the 

development of a more rational mechanism-based design approach. 

This chapter starts by describing the problem of jack-up installation and preloading on 

stratified sediments in the context of potential punch-through risks and its consequences, 

collating reported case histories from different sources (e.g. IFP, Noble Denton, 

McClelland Engineering). It then presents extensive results from centrifuge model tests 

covering a range of normalised soil properties and layer geometry for ‘stiff-over-soft’ 

clays aiming chiefly to explore their effect on the soil flow mechanisms, cavity 

formation and bearing response profiles. The results were presented in Hossain & 

Randolph (2008). The next chapter reports results from a complementary study using 

large deformation finite element analysis.  
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6.1.1 Jack-up Rig on Layered Soils: Potential for Punch-Through  

Jack-up preloading in stratified deposits, where a strong layer overlays weaker soil, has 

always been a challenge with the potential for catastrophic ‘punch-through’ failure 

under the load-controlled conditions. The most severe events occur when the upper 

strong layer can support the spudcan during initial raising of the hull (in still water), but 

fails to do so during subsequent preloading or during a storm event, causing the spudcan 

to plunge into the underlying softer layer. Such an event has a potentially catastrophic 

effect on the jack-up rig, since large uncontrolled penetration (usually experienced by 

only one leg) may lead to buckling of the leg, effectively decommissioning the platform, 

or may even result in toppling of the unit (Young et al., 1984; Brennan et al., 2006). 

Two recent examples are the failure of the Maersk Victory, with reported three legs 

damaged, in November 1996 in the Gulf St Vincent, South Australia (Aust, 1997; see 

Figure 6.1) and the KFELS B Class jack-up, where the bow leg was reported as 

completely severed, in August 2004 in the Natuna Sea offshore Indonesia (Brennan et 

al., 2006).  

The accidental loading resulting from a punch-through can lead to several types of leg 

damage including buckling of the braces, buckling or shearing of chords, punching 

shear and joint damage, as illustrated in Figures 6.1 and 6.2. The extent of likely 

damage depends on the magnitude of the punch-through and, more importantly, on the 

actions taken before, during, and immediately after the punch-through. The swiftness of 

leg penetration generally precludes further control once punch-through is triggered, 

since the applied load cannot immediately be removed or reduced other than by the hull 

contacting the sea surface. The resulting leg damage can range from minor structural 

damage to the leg and its jacking mechanism to the complete loss of the rig. Apart from 

mechanical and hence economic losses, the incident may involve fatalities. 

Jack-up rigs are now increasingly in demand for use in deeper waters and more hostile 

environments, and for long term functions in hydrocarbon development projects. While 

mobile rigs are gradually becoming larger and heavier to meet this demand, they still 

suffer a high frequency of accidents with greater consequent cost impact than most 

fixed and mobile structures, as reflected in Figures 6.3 and 6.4 (LeBlanc, 1981; 

McClelland et al., 1981; National Research Council, 1981; Bertrand & Escoffier, 1989; 

Sharples et al., 1989; CLAROM, 1993; Jack et al., 2007). The declining trend in 

economic impact of accidents and the number of fatalities for jack-ups over the period 
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from 1956 to 2000 unfortunately has not been maintained and a reverse trend appears 

from 2001 onwards (see Figure 6.3). Jack-up drilling units are the most vulnerable to 

damage and destruction of all types of mobile rigs. LeBlanc (1981) quoted a total of 96 

out of 140 mishaps involved jack-ups, about 68% of all accidents. 

This research has carried out an extensive survey through reported case histories and 

statistical records of jack-up failures. A number of collated data banks are now 

accessible, encompassing reported mishaps around the world for the period of 1955-

2006 (McClelland et al., 1981; Sharples et al., 1989; CLAROM, 1993; Jack et al., 2001, 

2007; Kvitrud et al., 2001; Hunt & Marsh, 2004; MSL, 2004). The percentage of annual 

accidents is quoted about 4 to 6%, with one-quarter to one-third of all reported accidents 

related to soils and foundations failure (see Figure 6.5).    

Despite the establishment of site assessment procedures (SNAME, 2002), jack-up 

foundation failures continue to occur at an alarming rate. In a comprehensive review of 

226 jack-up mishaps from 1979 to 1988, Sharples & Bennett (1989) and Sharples et al. 

(1989) reported that foundation related problems are the largest single cause, of which 

about 70 to 78% are due to punch-through during preloading, as displayed in Figure 6.6. 

Of the 43 incidents recorded in the period about 50% had some serious damage. There 

have been several cases where the jack-up became a total loss because of a punch-

through. 

MSL (2004) presented a comprehensive review of jack-up foundation failure, including 

compilation of over 50 incidents, where punch-through had the highest rate accounting 

for 53% of all incidents (see Figure 6.7) and incurring the great majority of fatalities. 

Amongst 24 fatalities reported in all incidents, 19 resulted from punch-through failure. 

Hunt & Marsh (2004) attributed 270 fatalities over the period of 1955 to 2000, 

including 18 people killed during punch-through of the Gemini in 1974. They also 

highlight the significant economic cost and continuation of accidents. Seventeen 

accidents were recorded over the next period 1996 to 2003, including four caused by 

punch-through.    

The reports of Osborne & Paisley (2002) and Paisley & Chan (2006) focused on the 

Sunda Shelf, Southeast Asia, where exploration jack-up drilling units frequently 

encounter punch-through hazards due to the geological conditions, where a clay crust is 

underlain by a soft clay layer. In recent years, rigs have been suffering 1 or 2 major 

punch-throughs per annum, together with about 10 to 12 unexpected precipitate footing 
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penetrations, resulting in both rig damage and lost drilling time, with consequential 

costs estimated at between US$1 and US$10 million.  

Despite the lack of detailed information on many of the incidents, almost all the 

reported punch-through disasters taking place during the preloading stage are chronicled 

in Table 6.1. It is readily apparent that  

  The incidents are not confined to a particular region of the world. 

  The prevailing weather conditions have played negligible role.  

  The incidents are not confined to one particular design of jack-up. 

The disappointing and worrying aspect of punch-throughs are that although the crustal 

features and their potential hazard to jack-ups have been well documented in the past, a 

pragmatic dropping trend has taken dramatic reverse trend basically from 1998, and it 

has since tripled in 2006 taking over the major role even over blowout, as reflected in 

Figure 6.8. Clearly, there is an urgent need to improve current site assessment practice 

and design calculations for layered stratigraphies.  

6.1.2 In Situ Strength Profile 

Stratified seabed sediments with potential for punch-through failure are found 

throughout the world ranging from off the Australian coast to the Gulf of Mexico (see 

Figure 6.9), and can be categorised into two main groups: (a) strong clay over weaker 

clay and (b) sand over clay (Baglioni et al., 1982; Young et al., 1984; Castleberry II & 

Prebaharan, 1985; Rapoport & Young, 1988; Fujii et al., 1989; Osborne & Paisley, 

2002; MSL, 2004; Erbrich, 2005; Brennan et al., 2006; Paisley & Chan, 2006). Note 

that the terms clay and sand are used to distinguish seabed soils that behave respectively 

in an undrained or drained manner during the timescale of spudcan preloading. The 

present study considers the former stratification, which may occur from various 

geological processes (McClelland et al., 1981; Castleberry II & Prebaharan, 1985).  

It is apparent from Figure 6.9 that the full clay (clay-over-clay) strata, on which 

continual oil and gas explorations are taking place, spreads chiefly over the region of 

Southeast Asia on Sunda Shelf. Figure 6.10 portrays the region with mapped out oil and 

gas fields, where schematic of typical stratification is shown in Figure 6.11. The zones 

of stiff desiccated and hardened ‘crustal clays’ formed by sub-aerial exposure as a 
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consequence of worldwide lowering of sea levels during the Pleistocene period. Typical 

sample from the crustal zone is displayed in Figure 6.12. These crustal clays overlay 

poorly oxidised and weaker clay of the same age. The transition between these 

horizontal layers may be recognised by abrupt changes in colour; from light grey, 

yellow, red and blue to darker one and drastic reduction in strength and density. Figure 

6.13 shows a few strength profiles rendering the potential hazard for jack-up leg plunge.  

6.2 PREVIOUS WORK ON LAYERED CLAY 

A number of investigations have been carried out on foundation response in stiff-over-

soft clays through experimental and analytical work, mostly limited to strip footings 

(e.g. Reddy & Srinivasan, 1967) resting on the surface of the soil, with the assumption 

that the displacement of the footing prior to ultimate load is very small. The bearing 

capacity of circular foundations has been explored chiefly through model tests on the 

laboratory floor (Brown & Meyerhof, 1969; Desai & Reese, 1970; Meyerhof & Hanna, 

1978). The shear strength profiles were simplified as being (nominally) constant in each 

layer. Brown & Meyerhof (1969) conducted model tests using a circular footing (of 

diameter D = 76 mm) with a rough base sitting on the surface of layered soils, covering 

thickness ratios for the top layer of t/D =  (corresponding to uniform clay) and 0.44 to 

1.48, and shear strength ratios for the two layers of sub/sut = 0.2 to 0.8 and 1 

(corresponding to uniform clay), where sub and sut are the shear strengths of the bottom 

and top layers respectively. The settlement was limited to 0.25D, with failure occurring 

at an average penetration of 0.07D. The bearing capacity factor was defined as a 

modified factor, Nmc = qu/sut, and presented graphically as a function of t/D and sub/sut. 

A simple design expression was developed based on the results, as adopted by current 

offshore design guidelines (SNAME, 2002). 

From similar tests performed on a surface circular footing with rough base and rough 

sides, in conjunction with theoretical analyses based on a punching shear model, 

Meyerhof & Hanna (1978) also derived a semi-empirical approach, which is essentially 

similar to the equation proposed by Brown & Meyerhof (1969) for the specific case of 

undrained conditions. Desai & Reese (1970) reported model test results for a circular 

smooth plate. However, all these model tests were conducted on surface footings with 

very small displacement prior to failure, and under 1g conditions so not maintaining 

stress similitude in terms of su/d. The methods were not intended for assessing the 
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penetration resistance of a footing undergoing continuous deep penetration, and do not 

account for the distortion of the upper layer as it punches through into the lower layer; 

even for a surface footing, the bearing capacity factors have been found to be overly 

conservative (Wang & Carter, 2002; Edwards & Potts, 2004). Progressive embedment 

in layered soils is affected by a number of interacting features, as discussed by Wang & 

Carter (2002). The validity of the various calculation methods has also not been 

confirmed by observations of the failure mechanisms at either field or laboratory scale. 

6.3 SNAME SUGGESTED DESIGN APPROACH 

Current offshore design guidelines for assessing spudcan penetration response (SNAME, 

2002) recommend calculation of bearing capacity using Brown & Meyerhof’s (1969) 

factor, but adjusted for embedment depth by applying a constant depth factor (based on 

the footing at the layer interface regardless of actual penetration depth), following the 

semi-empirical approach of Skempton (1951). Adjustments are also made for any 

surcharge contribution for conditions before and after soil back-flow. The recommended 

expressions for vertical foundation capacity, Fv, are: 

(a) prior to any back-flow (d  H) 
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although it should be noted that the bearing capacity factor for a circular foundation 

with a rough base at the surface of uniform clay should really be taken as 6.05 rather 

than 6.14, as was also originally adopted by Brown & Meyerhof.          

6.4 CENTRIFUGE TESTS 

Two configurations of stiff-over-soft clay sediments relevant for practical situations 

were examined in this dissertation, comprising: (i) uniform-over-uniform clay and (ii) 

uniform-over-non-uniform clay. The preparation of these deposits for centrifuge tests, 

typical strength profiles from in-flight T-bar tests and the method for deduction of 
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design strength values for both layers have been demonstrated in Chapter 3. All tests 

were undertaken at 100g and with a layer of water above the specimen. The model tests 

included half-spudcan tests against a transparent window, allowing the soil flow to be 

captured continuously by a digital camera and subsequently quantified through particle 

image velocimetry (PIV) analysis, and separate full-spudcan tests to measure the 

penetration resistance. At the conclusion of tests on each specimen, two core samples 

were collected in order to determine the moisture content of both soil layers.  

The foundation and soil details for the two-layer deposit are illustrated schematically in 

Figure 6.14, where the top layer of clay with uniform undrained shear strength sut, 

effective density t, and thickness t is underlain by a clay layer of non-uniform 

undrained shear strength sub = subs + k(z - t), effective density b, and (nominally) 

infinite depth.  

In order to select realistic soil parameters, a survey was carried out through reported 

case histories of punch-through failure (e.g. Young et al., 1984; Brennan et al., 2006) 

and offshore geotechnical characterisation reports (e.g. Lambe & Whitman, 1979; 

Castleberry II & Prebaharan, 1985; CLAROM, 1993; Quirós & Little, 2003; Randolph, 

2004; Paisley & Chan, 2006). These suggest a typical maximum top layer undrained 

strength of sut = 200 kPa, minimum bottom layer strength of subs = 10 kPa, and lower 

layer strength gradient k typically varying between 0 and 2 kPa/m. The effective unit 

weight of the bottom layer is typically b = 6.5 to 7.5 kN/m
3
 and that of the top layer is 

t = 7.5 to 8.5 kN/m
3
. The effective diameter of spudcans ranges from 10.5 to 14 m, 

although modern jack-up rigs now incorporate spudcans of up to 20 m in diameter.  

In this study, the spudcan diameter and layered clay parameters were chosen 

considering the interrelated limitations of the centrifuge facility and loading equipment. 

The prototype spudcan diameters considered (3 to 6 m) are smaller than typical 

spudcans in the field, which has been compensated for by adopting lower shear 

strengths for the clay (subs = 3 to 17 kPa), so that non-dimensional parameters such as 

subs/bD encompass the range of practical interest of 0.25 to 0.6. The values of sut were 

planned to attain strength ratios subs/sut of 0.2 and 0.6. The thickness of the upper stiff 

layer was varied relative to the spudcan diameter as t/D = 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 

2, 2.5. Tables 6.2 and 6.3 provide a summary of all centrifuge tests conducted 

respectively on uniform-over-uniform and uniform-over-non-uniform clay strata. 
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6.5 RESULTS AND DISCUSSION 

6.5.1 Soil Flow Mechanisms: Visual Evidence 

The soil flow mechanisms observed are discussed below, linking these directly to the 

profile of penetration resistance. Two typical resistance profiles plotted in Figure 6.15 

were selected from the full-spudcan penetration tests, for two different strength ratios of 

subs/sut = 0.29 (subs/bD = 0.25) and 0.64 (subs/bD = 0.3) (Tests E2UU-II-T 5, E1UU-II-

T 5, both with t/D = 0.75; see Table 6.2). The early part of the normalised load-

penetration curve (d/D < 0) reflects the progressive establishment of contact with the 

soil, first by the central spigot and then by the blunt conical underside of the spudcan. 

The origin d/D = 0 is defined as the penetration at which the largest diameter of the 

spudcan is at the level of the original soil surface; all subsequent penetration response 

figures have been plotted starting from this point. Four transitional stages (A to D) are 

marked on the former profile. Figure 6.16 depicts the soil flow mechanisms 

corresponding to those stages from images captured during a half-spudcan penetration 

test on the same deposit (Test E2UU-II-T 4, Table 6.2). The digital images with 

coloured flocks were analysed by particle image velocimetry (PIV) with subsequent 

photogrammetric corrections (see Chapter 3), with the quantified displacement vectors 

using three or four successive images at each phase included in Figure 6.16. 

It can be seen that during initial penetration at Stage A (d/D = 0.07; Figure 6.16a), only 

a very small amount of soil at the spudcan edges flows upwards to the surface and the 

soil beneath the full spudcan bottom is forced downwards to the lower layer, leading to 

much less surface heave compared to that for a single layer clay (Figures 4.6 and 4.7; 

Chapter 4), so enhancing the formation of a cavity above the spudcan and deformation 

of the layer interface. A significant punch-through, or reduction in bearing capacity, 

occurs at A (see Figure 6.15), at which stage shear planes formed a truncated cone in the 

upper layer. 

With further penetration (d/D = 0.19; Figure 6.16b), the soil flow is predominantly 

directed vertically downwards to the lower layer, with no upward movement or further 

deformation of the surface. Vertical flow becomes confined laterally with deeper extent 

of deformation into the lower layer. New approximately vertical shear planes are 

observed along with a transitional zone of shear deformation which moves downwards 

and sideways. At Stage B (Figure 6.16c), the spudcan is embedded by d/D = 0.52, and 
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distinct shear planes have formed in the upper layer. A soil plug with the shape now of 

an inverted truncated cone has formed in the upper layer and moves down with the 

spudcan as the spudcan penetrates further. A further reduction in penetration resistance 

occurs at this critical stage. 

When the spudcan base is at the original level of the layer interface (Stage C, d/D = 0.75; 

Figure 6.16d), soil flow is concentrated in a limited zone beneath the spudcan as the soil 

plug is forced down into the underlying soft layer. The initial layer interface, and to a 

lesser extent the original soil surface, are pushed up gradually from this depth onwards 

to accommodate the foundation with the trapped plug. The stronger soil within the 

transitional shear deformation zone has not been detached and the cavity formed above 

the spudcan remains fully open. 

Soil started to flow back at a penetration depth of d/D = 0.91 (Stage D). Figure 6.15 

shows that the bearing capacity reduces further at this stage for this case, with the cavity 

depth exceeding the thickness of the top layer once soil back-flow is initiated. Figure 

6.16e shows the flow pattern at d/D = 1 after the inception of back-flow. Stronger 

material around the spudcan edges gradually flows back into the cavity above the 

spudcan. The soil plug with a hemispherical bottom is now entirely within the soft layer. 

The depth of the trapped strong soil plug can be measured as 0.8 times the original 

thickness of the strong layer. 

Figure 6.16f shows the digital image at the end of installation (d/D = 1.6). Continual 

localised back-flow of stronger soil has covered the whole spudcan top and limited the 

cavity depth. Soil from the top layer forced down by the spudcan tends to break into two 

parts at the spudcan edge, with part in the transitional zones flowing back above the 

spudcan and part, bounded by the distinct shear planes, remaining trapped beneath the 

spudcan. The depth of onset of back-flow was detected by observing captured images 

sequentially, and then measuring from the image (verified by subsequent PIV analysis). 

The depth of stable cavity above the spudcan was also measured from the image at deep 

penetration, and this was found to agree well with the initiation depth for back-flow. 

Figure 6.17 depicts the soil flow mechanisms during penetration of the same spudcan 

for the second test shown in Figure 6.15. For this higher strength ratio of 0.64, in 

contrast to the mechanism for the lower strength ratio (0.29) just discussed, significant 

flow around the spudcan edges is directed upwards to the surface and only the soil 

beneath the central part of the spudcan is forced downwards; this leads to marked 
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surface heave but little deformation of the layer interface until the spudcan gets close to 

it. As the strength ratio increases, the downward flow widens laterally with shallower 

extent of soil deformation in the lower layer. A much shallower bowl-shaped plug of 

soil from the upper layer is forced down into the lower layer. It can be observed that no 

clear shear planes are evident in the upper layer. Instead, failure occurred through a 

combination of general shear and ‘partial’ punching shear mode. This is consistent with 

the lack of punch-through behaviour noted in the penetration resistance profile. 

6.5.2 Depth of Soil Back-flow: Limiting Cavity Depth 

From observations of the soil flow mechanisms associated with continuous penetration 

of a spudcan foundation, a stage of penetration can be identified where the soil starts to 

flow back into the cavity above the spudcan. That onset depth was noted as the depth of 

back-flow that occurs for any given combination of layer parameters and geometry 

(subs/sut, subs/bD, t/D, kD/subs). The continual back-flow provides a seal above the 

spudcan and limits the cavity depth, as evident in Figure 6.16f. 

In order to compare with results for a single layer clay, and thus examine the effect of 

stiff-over-soft layering on the cavity depth, the depth of back-flow and the average 

cavity depth were identified from all the half-spudcan penetration tests. It was found 

that the depth of back-flow was approximately equal to the (average) limiting cavity 

depth, H. In some of the full-spudcan tests, the cavity depth above the installed spudcan 

was measured by stopping the centrifuge after completion of spudcan penetration. 

All the results are presented in Figure 6.18 with the normalised cavity depth, H/D, 

plotted against suH/HD, where suH and H are the shear strength and effective soil 

density at the back-flow depth, H (equal to sut and t for H < t and sub and b for H > t). 

The relationship developed previously for uniform soil (sut = sub = suH) in Chapter 4 

(Equation 4.4) has also been included in the figure, although the equation was slightly 

adjusted for non-homogeneous clay in Chapter 5. Clearly, most of the values for the 

two-layered case are significantly higher than the proposed design line for a single layer 

clay. The cavity depth exceeded the layer thickness (H/D > t/D) for almost all cases. 

The effect of the underlying soft layer is to make it easier to push the soil downwards 

rather than back-flow occurring in the stronger material surrounding the spudcan, thus 

delaying initiation of back-flow. An approximate expression for estimating the cavity 
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depth above spudcans penetrating two-layer clays is presented in the subsequent chapter 

incorporating results from finite element analyses. 

6.5.3 Bearing Response: General Behaviour 

The load-penetration responses from full-spudcan tests are presented in terms of 

ultimate bearing pressure, qu = P/A (where P is the penetration resistance and A is the 

largest cross-sectional area of the spudcan), normalised by the shear strength intercept 

of the lower layer at the interface (subs), as a function of normalised penetration depth, 

d/D. The bearing responses of a spudcan foundation on layered clays is affected by a 

number of factors (as is also evident in the soil flow mechanisms): (a) the strength ratio 

between lower and upper soil layers, subs/sut; (b) the thickness of the upper layer relative 

to the spudcan diameter, t/D; and (c) the strength gradient of the lower layer, denoted by 

a ‘non-homogeneity factor’, kD/subs. In the following sub-sections, the results will be 

discussed in relation to these various non-dimensional factors. 

Effect of strength ratio (subs/sut)      

In order to illustrate the effect of the strength ratio on the form of the penetration 

resistance profile, the results of various strength ratios subs/sut = 0.29, 0.31, 0.51, 0.62, 

0.64, 0.68, 0.73 and 0.75 are displayed in Figures 6.15 and 6.19. The bearing capacity 

values are from full-spudcan tests of 6 m and 3 m diameter, and corresponding 

thickness ratios and normalised lower layer strengths are t/D = 0.75, 1.25; subs/bD = 0.3, 

0.25, 0.31, 0.32  (for D = 6 m) and t/D = 1.5, 2.5; subs/bD = 0.58, 0.56, 0.58, 0.73 (for 

D = 3 m). The potential for punch-through failure exists for all cases, with the severity 

becoming greater for lower strength ratios. The increasing punch-through severity with 

lower strength ratio is caused by more marked downwards soil deformation with deeper 

extent in the lower layer and the formation of distinct shear planes, as demonstrated in 

Figure 6.16. Consequently, a substantial reduction in bearing capacity occurs forming a 

sharp peak at shallow penetration. By contrast, for higher strength ratios of subs/sut > 0.6, 

any punch-through (or reduction in penetration resistance) is much less pronounced and 

occurs only as the spudcan is close to penetrating through the top layer. 

Effect of thickness ratio (t/D) 

In order to show the effect of the relative thickness of the upper layer, normalised 

bearing capacity profiles are plotted in Figure 6.20 for a range of t/D from 0.25 to 1.25 
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(for D = 6 m) and 0.5 to 2.5 (for D = 3 m), but with similar strength ratios of subs/sut  

0.3 (subs/bD  0.3; D = 6 m) and subs/sut  0.6 (subs/bD  0.6; D = 3 m) (Event – 2, 

Table 6.2). The penetration resistance profiles for each strength ratio show a consistent 

trend as the thickness ratio, t/D, increases. 

Profiles of the expected penetration resistance for uniform clay (but with the shear 

strength of the upper layer) are shown as thin lines on Figure 6.20 (based on Chapter 4), 

the differences between the curves reflecting variations in subs/sut and subs/bD among 

the corresponding tests in the two-layer clay. In the upper layer, the bearing capacity 

values for the layered deposits lie below the response line for a single layer soil but 

increase with the crust thickness ratio. For subs/sut  0.3, the curves detach from each 

other at very shallow penetration due to the influence of the soft layer, since the 

mechanism involves punching of a plug of strong soil into the underlying weaker 

material (see Figure 6.16). For subs/sut  0.6, the curves for deeper crust thickness follow 

the response of the upper soil layer to a greater penetration before detaching and 

reducing in magnitude once the presence of the soft layer is detected. 

As the penetration continues, the curves for all cases tend towards the expected deep-

bearing resistance of the bottom layer (see Figure 6.20b). It is apparent that a 

penetration of some 1.5 diameters in the lower layer is necessary for the effect of the 

upper layer to be eliminated. 

Interestingly, the degree of bearing capacity reduction with penetration, that is the 

severity of punch-through, increases with the relative thickness of the upper layer. The 

depth of the peak in penetration resistance, prior to punch-through, also increases with 

crust thickness ratio, as indicated by the dashed line in Figure 6.20a. In assessing 

spudcan response after a punch-through, and for safe re-installation on the same 

location, Brennan et al. (2006) came to a similar conclusion that precipitate punch-

through potential decreased with decreasing thickness of the upper (cemented) layer.  

Effect of non-homogeneity factor (kD/subs)  

In the above sections, the lower layer has been considered as uniform with clay strength 

gradient k  0 (sub = subs). However, stratified seabed sediments often exhibit undrained 

strength profiles increasing more or less linearly with depth below the top crust (Lambe 

& Whitman, 1979; Quirós & Little, 2003). Intuitively, it can be expected that values of 

k greater than 0 (with sub = subs + k(z - t)) may influence the spudcan performance by 
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reducing the effect of the soft lower layer (as the average magnitude of strength at the 

scale of the spudcan diameter will be closer to that of the top layer). To investigate the 

influence of kD/subs, tests were conducted for strength gradients of k = 1.23 to 2.6 

kPa/m (see Table 6.3). Non-homogeneous layers were prepared by direct consolidation 

in centrifuge spinning (under 200g; details in Chapter 3). 

Figure 6.21 shows the normalised bearing pressures on layered deposits with lower 

layer non-homogeneity kD/subs = 1.88, 0.64, 0.75, 0.62; upper layer thickness ratio t/D = 

0.75, 1.5; strength ratio subs/sut = 0.28 to 0.6. These results are particularly chosen in 

accord to illustrate the effect on punch-through potential. In all other cases with crust 

thickness ratio t/D > 0.5 (Table 6.3), punch-through happened with significant reduction 

of bearing capacity. Once again the depth of sudden punch-through increases with crust 

thickness ratio. It may be seen that the strength non-homogeneity has greatest effect on 

the bearing capacity when t/D is small, since the failure mechanism extends deeper into 

the lower layer in that case. 

Two curves (E2UNU-II-T 5 and T 6) show catastrophic punch-through failure which 

could cause a jack-up leg to penetrate 8.6 to 9.4 m within a short period of time with 

possible toppling of the rig. The responses from similar tests for kD/subs = 0 have also 

been included in the figure. Comparing the results from E1 -II-T 5 tests in Figure 6.21a, 

the bearing capacity for kD/subs = 0 remains almost steady below d/D = 0.34, while it 

increases monotonically down to the layer interface for the higher kD/subs of 1.88 

despite the lower strength ratio. 

The bearing capacity for kD/subs > 0 is always, even for identical strength ratio and 

normalised strength e.g. in E2 -II-T 5 tests, greater than that for kD/subs = 0 owing to the 

greater ‘average’ strength of the lower layer. However, catastrophic punch-through with 

similar degree of severity is still observed for low strength ratios, subs/sut, for these low 

non-homogeneity factors, kD/subs < 1 (0.620.64). 

6.6 COMPARISON WITH SNAME APPROACH 

For assessing spudcan penetration resistance in stiff-over-soft clay, the current offshore 

design guidelines (SNAME, 2002) suggest slightly adjusted version of Brown & 

Meyerhof (1969) equation, as given in Equation 6.1. The original equation was evolved 

based on model test results conducted on a surface circular footing with very small 
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displacement prior to failure, and under 1g conditions without maintaining stress 

similitude in terms of su/d. Therefore their approach does not account for the distortion 

of the upper layer as it punches through into the lower layer. Nevertheless, Brown & 

Meyerhof’s approach has been widely employed in practice (Young et al., 1984; 

Brennan et al., 2006) mainly due to the scarcity of any more accurate solution and 

limited quantitative studies under controlled conditions. 

A comparison between the results from centrifuge tests and those acquired using the 

SNAME approach (Equation 6.1a, as no back-flow was occurred within the upper 

layers) is shown in Figure 6.22 plotting penetration responses for typical cases with t/D 

= 0.75, 1.25 and 0.75, 1.5; subs/sut = 0.29, 0.31 and 0.64, 0.75 respectively, with the 

penetration resistance normalised by the shear strength of the upper layer. For the 

relatively lower strength ratio, with subs/sut < 0.6 in Figure 6.22a, the traditional 

approach provides an unduly conservative estimate of penetration resistance regardless 

of crust layer thickness. As subs/sut increases (e.g. subs/sut > 0.6, Figure 6.22b) the 

predicted line first overestimates and then underestimates the bearing resistance for all 

thickness ratios (t/D). 

In summary, estimation of the bearing resistance based on the most widely used 

approach in industry gives poor estimates of the shape of the profile for stiff-over-soft 

clay sediments and in some cases can mislead in respect of the potential and degree of 

severity of punch-through. It is therefore important to reassess existing methods and to 

develop a more rational mechanism-based approach. 

6.7 SUMMARY AND CONCLUDING REMARKS 

The chapter has considered the performance of spudcan foundations during vertical 

deep penetration through a stronger clay layer into weaker material, with potential for 

punch-through for the supported drilling rig. A summary was provided of the proportion 

of punch-through failures in relation to other modes of failure, reported punch-through 

failures during preloading and their physical and economic consequences. Results from 

model tests undertaken at 100g in a drum centrifuge were then reported, leading to 

improved understanding of this phenomenon through visual evidence. The effect of 

normalised layer soil properties and geometry on the soil flow mechanisms, cavity 

depth and load-penetration responses have been discussed, with specific focus on the 

likelihood of spudcan punch-through and its severity. 
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Regardless of jack-up design and weather conditions, jack-up rigs have experienced 

punch-through failure around the world with potential leg buckling or toppling of the 

unit. The incidents have continued to occur at an alarming and indeed rising rate, 

involving a number of fatalities and economic consequence of US$1~10 million/event.       

From the model tests conducted, it was found that the entire bearing behaviour of 

spudcan foundations during installation in stiff-over-soft clay was affected by a number 

of factors, notably: (a) the strength ratio between lower and upper soil layers, subs/sut; 

(b) the thickness of the upper layer relative to the spudcan diameter, t/D; (c) the non-

homogeneity of the lower layer, kD/subs. 

For strength ratios subs/sut  0.6, soil flow occurred mainly through a combination of 

general shear (i.e. a classical failure mechanism with surface heave) and punching shear 

mode. In contrast, for subs/sut < 0.6, soil flow was predominantly directed vertically 

downwards, becoming more confined laterally with deeper extent of deformation into 

the lower layer as the strength ratio decreased. This full punch-through was associated 

with the formation of distinct shear planes in the top layer, and consequently a soil plug 

with the shape of an inverted truncated cone was eventually forced down into the 

underlying soft layer. The soil plug depth was typically ~80% of the initial thickness of 

the top layer. This failure mode would cause the most catastrophic failure of the 

supported jack-up unit. 

At some stage during continuous spudcan penetration, the soil started to flow back into 

the cavity above the spudcan. The resulting back-flow provided a seal above the 

penetrating spudcan and limited the cavity depth, although the latter was significantly 

greater than for a single layer clay. The limiting cavity depth plays a significant role in 

spudcan response not merely under vertical but also under horizontal and moment 

loading and extraction. 

In respect of the load-penetration responses, the potential for punch-through existed for 

all cases investigated, covering a wide range of subs/sut = 0.290.75, t/D = 0.252.5, with 

the severity being greater for lower strength ratios (subs/sut). Further, for a critical 

strength ratio, the degree of bearing pressure reduction with penetration, that is the 

severity of punch-through, increased with the relative thickness of the upper layer (t/D). 
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For low strength non-homogeneity ratios, kD/subs, for the underlying layer, the greatest 

impact on the bearing capacity was for thin crusts (low t/D). The likelihood of spudcan 

punch-through and its severity reduced marginally with increasing kD/subs. 

Comparison of the bearing resistance profiles with those predicted from the current 

method used in industry gave poor estimates of the shape of the profile for stiff-over-

soft clay sediments and in some cases current design method was shown to be 

misleading in respect of the potential and degree of severity of punch-through. It is 

therefore important to reassess existing methods and to develop a more rational 

mechanism-based approach. 
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Table 6.1 Collated reported incidents involving spudcan ‘punch-though’ during 

preloading 

Rig Name Design Incident Damage Location Weather Date 

Mr Gus 1 - Punch-through- 

tilted 9 degrees. 

Later capsized in 

hurricane Audrey 

US$2.5 

millions  

1 fatality 

Gulf of 

Mexico 

- 31 

Mar 

1957 

Penrod 52/ 

Petrel 

- Punch-through  and 

capsized moving on 

then bit by 

hurricane Betsy 

US$2.5 

millions 

Gulf of 

Mexico 

- 9 Sep 

1965 

Rig No. 52 - Leg damaged US$0.3 

millions 

Gulf of 

Mexico 

- 1966 

Rig 59 - Leg damaged US$0.2 

millions 

Off Nigeria - 1970 

Intrepid - Leg failure US$3.5 

millions 

Gulf of 

Mexico 

- 1972 

Topper III - Legs damaged US$6 

millions 

Gulf of 

Mexico 

- 1973 

Rowan 

Anchorage 

- Leg collapsed  US$3 

millions 

Off East 

Kalimantan 

- 1973 

Gemini - Punch-through/ leg 

failure whilst in-

situ 

 

US$2 

millions 

18 

fatalities 

Gulf of 

Suez 

- 1974 

George F. 

Ferris 

- Damaged US$10 

millions 

Lower Cook 

Inlet 

- 1979 

Ranger I - Leg failure US$4.8 

millions 

Gulf of 

Mexico 

- 1979 

Pool Rig 

142 

- Leg damage US$1.2 

millions 

Arabian 

Gulf 

- 1979 

Western 

Triton III 

- Punch-through US$1.2 

millions 

Gulf of 

Mexico 

- 1980 

Western 

Triton II 

- 1 leg punch-

through during 

preloading, 2 other 

legs buckled 

US$4.8 

millions 

High Island 

Area, Off 

Texas 

- 8 Jan 

1980 

Rio 

Colorado I 

- Punch-through of 

one leg 

- Argentina - 16 

July 

1981 

- - Punch-through - Brazil - - 
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- - Punch-through - Brazil - - 

High 

Island V 

- Punch-through 

while jacking up 

- Brazil - 1982 

Zapoteca - Punch-through 

while jacking up 

- Gulf of 

Mexico 

- 1982 

Hakuryu 9 - Punch-through - Bay of 

Bengal 

- 1987 

Hakuryu 7 - Punch-through - Offshore 

North 

Sumatra 

- 1986 

Keyes 30 - Bow leg punch-

through 2 m while 

preloading legs 

bent-listed. 

Constructive total 

loss 

- Gulf of 

Mexico 

- 23 

Feb 

1988 

- - Punch-through - Gulf of 

Mexico 

- - 

- - Punch-through - Gulf of 

Mexico 

- - 

West 

Omicorn 

- Punch-through, one 

leg sank 1.5 m 

- Norwegian 

North Sea 

- 1995 

- - Punch-through - Gulf of 

Mexico 

                                                                                                                                                 

- 

- 

Maersk 

Victory 

Modec 

300C-

35 

3 legs damaged 

from punch-

through 

- South 

Australia 

Fair 16 

Nov 

1996 

Harvey 

Ward 

Friede 

& 

Goldma

-n  

Mod II 

3 legs damaged 

from punch-

through 

- Indonesia Fair Jan 

1998 

Glomar 

Adriatic 3 

- Port leg punch-

through 8.53 m 

during preload 

- Gulf of 

Mexico 

- 2000 

Ensco 101 - 1 leg brace & node 

damage  

- North Sea - 2000 

Ekhabi Lev 

MSC 

CJ50 

Punch-through - Persian Gulf Fair July 

2001 

Foresight 

Driller 5 

- Serious punch-

through preloading 

1.5 m AG, 2 stern 

- Arabian 

Gulf 

- 2002 
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legs dropped 

Arabdrill 

19 

- Punch-through/ 

jack fail skidding 

out rig on arrival at 

jacket 

- Arabian 

Gulf 

- 2002 

Atwood 

Beacon 

KFELS 

B 

Punch-through, 

bow leg snapped 

off others cut off 

- Natuna Sea - Aug 

2004 

Seadrill 5 - Punch-through leg 

damage 

- India - 2006 

Ensco 107 - Punch-through 

during preloading, 

leg damage 

- Vietnam - 2006 

West 

Larissa 

 Punch-through 

when positioning at 

jacket, leg damage 

- Indonesia - 2007 
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Table 6.2 Summary of centrifuge tests conducted (uniform-over-uniform clay) 

Specimen  Test  Spudcan 

 

D (m) 

prototype 

t (m) t/D t(avg) 

kN/m
3
 

b(avg) 

kN/m
3
 

sut 

kPa 

subs 

kPa 

k 

kPa/m 

E
v
en

t 
–
 1

 (
E

1
U

U
) 

I T 1 HS 6 1.5 0.25 7.2 7 12.3 11 0.26 

T 2 FS 6 0.25 

T 3 FS 3 0.5 10.2 9.35 0.37 

II T 4 HS 6 4.5 0.75 7.35 7.15 20.3 13 0 

T 5 FS 6 0.75 

T 6 FS 3 1.5 16.6 12.5 0 

III T 7 HS 6 6 1 7.5 7.3 20 12.3 0 

T 8 FS 6 1 

T 9 FS 3 2 15 11.7 0 

IV T 10 HS 6 7.5 1.25 7.5 7.3 20 13.6 0 

T 11 FS 6 1.25 

T 12 FS 3 2.5 17.5 12.7 0 

E
v
en

t 
–
 2

 (
E

2
U

U
) 

I T 1 HS 6 1.5 0.25 8.0 7.35 26 13.7 0 

T 2 FS 6 0.25 

T 3 FS 3 0.5 18.3 13.7 0 

II T 4 HS 6 4.5 0.75 8.03 7.43 38.3 11 0 

T 5 FS 6 0.75 

T 6 FS 3 1.5 24.2 12.4 0 

III T 7 HS 6 6 1 8.11 7.5 42.7 13.5 0 

T 8 FS 6 1 

T 9 FS 3 2 26.6 13.7 0 

IV T 10 HS 6 7.5 1.25 8.13 7.75 47.3 14.7 0 

T 11 FS 6 1.25 

T 12 FS 3 2.5 27.5 17 0 

V T 13 FS 6 0 0 - 7.5 - 14 0 

T 14 FS 3 - 12.8 0 

HS – Half-Spudcan; FS – Full-Spudcan 
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Table 6.3 Summary of centrifuge tests conducted (uniform-over-non-uniform clay) 

Specimen  Test  Spudcan 

 

D (m) 

prototype 

t (m) t/D t(avg) 

kN/m
3
 

b(avg) 

kN/m
3
 

sut 

kPa 

subs 

kPa 

k 

kPa/m 

E
v
en

t 
–
 1

 (
E

1
U

N
U

) 

I T 1 HS 6 1.5 0.25 7.5 7.25 12.5 5.8 1.55 

T 2 FS 6 0.25 

T 3 FS 3 0.5 10 5.8 1.55 

II T 4 HS 6 4.5 0.75 7.5 7.25 20.5 8.3 2.6 

T 5 FS 6 0.75 

T 6 FS 3 1.5 13.4 8 2 

III T 7 FS 3 3 1 7.5 7.35 18.5 10 1.44 

IV T 8 FS 3 3.75 1.25 7.5 7.25 19.5 8 1.8 

E
v
en

t 
–
 2

 (
E

2
U

N
U

) 

I T 1 HS 6 1.5 0.25 7.85 7. 2 17.3 3.5 1.26 

T 2 FS 6 0.25 

T 3 FS 3 0.5 12.3 2.5 1.34 

II T 4 HS 6 4.5 0.75 8.1 7.5 41 11.5 1.23 

T 5 FS 6 0.75 

T 6 FS 3 1.5 27 7.5 1.54 

III T 7 FS 3 3 1 8.06 7.2 42.7 6.5 1.41 

IV T 8 FS 3 3.75 1.25 8.06 7.53 29.5 9 2.2 

HS: Half-Spudcan; FS: Full-Spudcan 
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6.1(a) Three legs damaged of Maersk Victory (after Aust, 1997; see Table 6.1) 
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(b) One leg punched through and the other two buckled of Western Triton II (after 

McClelland et al., 1981; see Table 6.1) 

 

(c) Capsized and sank, platform destroyed of Arabdrill 19 (see Table 6.1) 

Figure 6.1 Jack-up rig after punch-through failure   
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(a) Buckling of braces (after Bennet & Associates & OTD, 2005)  

 

(b) Failed/sheared chord (after Sharples, 2002) 

Figure 6.2 Punch-through consequences- failure of jack-up rig components 
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Figure 6.3 Comparison of cost impact for three types unit over 47 years (data from 

Jack et al., 2007) 
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(a) No. of accidents by type of mobile platform (data from Sharples et al., 1989) 
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(b) Percentage of accidents by type of mobile platform (data from Bertrand & 

Escoffier, 1989) 

Figure 6.4 Comparison of accident for four types of unit 
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(a) Causes of jack-up rig mishaps 
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(b) Accidents due to soils and foundations failure 

Figure 6.5 The largest single cause of mishaps is geotechnical related now 

intending to rise  
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Figure 6.6 Causes of geotechnical problems showing ‘punch-through’ occupied 

significant proportion now intending to rise   
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Figure 6.7 Case histories classified according to the causes of mishaps (data from 

MSL, 2004) 
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(a) Comparison of cost impact for different types of failure 1956-2006  
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(b) Cost impact due to punch-through failure over 1990-2006  

Figure 6.8 Jack-up economic risk changing with time (data from Jack et al., 2001, 

2007)  
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Figure 6.9 Worldwide punch-through-sensitive regions showing locations of stiff-

over-soft clay (after Osborne, 2005) 

 

 

 

Figure 6.10 Oil and gas exploration fields in the Sunda Shelf, Southeast Asia 

(source: US Geological Survey, 2008; after Leung & Chow, 2005) 
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Figure 6.11 Schematic of layered deposit in the Sunda Shelf, Southeast Asia (after 

Castleberry II & Prebaharan, 1985; Leung & Chow, 2005)  

 

 

Figure 6.12 Typical sample from the crustal zone (after Paisley & Chan, 2006) 
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Figure 6.13 Typical strength profiles with potential for punch-through (in the 

Sunda Shelf, after Paisley & Chan, 2006; Brennan et al., 2006) 
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Figure 6.14 Schematic of embedded spudcan foundation showing idealised open 

cavity 
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Figure 6.15 Typical penetration resistance profiles from full-spudcan test (t/D = 

0.75, D = 6 m; Table 6.2) 
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6.16(a) d/D = 0.07 (Stage A) 

 

 

 

 

 

 



Chapter 6: Spudcan on layered clay: potential for ‘Punch-Through’                                              

Centre for Offshore Foundation Systems (COFS) 6-39 

 

 

 

6.16(b) d/D = 0.19  
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6.16(c) d/D = 0.52 (Stage B) 
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6.16(d) d/D = 0.75 (Stage C) 
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6.16(e) d/D = 1 (after Stage D) 
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(f) d/D = 1.6 

Figure 6.16 Soil flow mechanisms of spudcan penetration in layered clay with 

subs/sut = 0.29 (subs/bD = 0.25) and t/D = 0.75 (Test E2UU-II-T 4, Table 6.2) 

(PIV figure axes in mm: model scale) 
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6.17(a) d/D = 0.34 (Stage A) 
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(b) d/D = 0.75 (Stage B) 

Figure 6.17 Soil flow mechanisms of spudcan penetration in layered clay with 

subs/sut = 0.64 (subs/bD = 0.3) and t/D = 0.75 (Test E1UU-II-T 4, Table 6.2) 

(PIV figure axes in mm: model scale) 
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Figure 6.18 Cavity depth, H, during spudcan installation in stiff-over-soft clay 

 

 

 

 



Chapter 6: Spudcan on layered clay: potential for ‘Punch-Through’                                              

Centre for Offshore Foundation Systems (COFS) 6-47 

0

0.5

1

1.5

2

2.5

3

3.5

0 5 10 15 20 25

Normalised bearing pressure, qu/subs

N
o

rm
a

li
s

e
d

 p
e

n
e

tr
a

ti
o

n
, 
d

/D
E2UU-II-T 6

subs/sut = 0.51

subs/bD = 0.56

E1UU-II-T 6

subs/sut = 0.75

subs/bD = 0.58

 

(a) t/D = 1.5 (D = 3 m) 
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6.19(b) t/D = 1.25 (D = 6 m) 
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(c) t/D = 2.5 (D = 3 m) 

Figure 6.19 Effect of strength ratio (subs/sut) on bearing response (Table 6.2) 
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(a) subs/sut  0.3 (D = 6 m) 
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(b) subs/sut  0.6 (D = 3 m) 

Figure 6.20 Effect of thickness ratio (t/D) on bearing response (Event – 2, Table 

6.2) 
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(a) t/D = 0.75 (D = 6 m) 
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(b) t/D = 1.5 (D = 3) 

Figure 6.21 Effect of non-homogeneity factor (kD/subs) on bearing response (Tables 

6.2 and 6.3) 



Chapter 6: Spudcan on layered clay: potential for ‘Punch-Through’                                              

Centre for Offshore Foundation Systems (COFS) 6-51 

0

0.25

0.5

0.75

1

1.25

1.5

1.75

0 2 4 6 8 10 12

Normalised penetration resistance, qu/sut

P
e

n
e

tr
a

ti
o

n
 o

f 
s

p
u

d
c

a
n

 b
a

s
e

, 
d

/D

t/D = 0.75

t/D = 1.25

E2UU-II-T 5

subs/sut = 0.29

E2UU-IV-T 11

subs/sut = 0.31

SNAME approach

 

(a) subs/sut < 0.6 
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(b) subs/sut > 0.6 

Figure 6.22 Comparison between centrifuge test data and SNAME approach  
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CHAPTER 7 NEW DESIGN APPROACH FOR 

SPUDCAN ON LAYERED CLAY 

 

7.1 INTRODUCTION 

This chapter reports results of large deformation finite element (LDFE) analysis 

investigating the penetration response of deep-penetrating spudcan foundations in 

stratified soil comprising a strong clay layer overlying weaker material. The chapter 

complements the previous one that presented results from centrifuge model tests of the 

same problem, with the overall aim being to investigate the potential for punch-through 

failure and its severity, and to derive an improved design method for evaluating spudcan 

penetration.  

The LDFE analyses have simulated continuous penetration of smooth and rough 

spudcan foundations from the seabed surface. A detailed parametric study has been 

undertaken, exploring the relevant range of layer thickness (relative to the spudcan 

diameter), strength ratio, normalised strength, strength non-homogeneity and spudcan 

base roughness. The results have been validated against previous published results and 

the centrifuge test data presented in the previous chapter. The results were documented 

in Hossain & Randolph (2008). Combining all results from this study, a new 

mechanism-based design approach has been developed for spudcan foundations 

penetrating stiff-over-soft seabed profiles. 

7.2 PREVIOUS NUMERICAL WORK ON LAYERED CLAY 

The problem of foundation response on stiff-over-soft clays has attracted significant 

attention through numerical analysis, mostly limited to strip footings resting on the 

surface of the soil, with the assumption that the displacement of the footing prior to 

ultimate load is very small (e.g. Button, 1953; Griffiths, 1982; Merifield et al., 1999; 

Goss & Griffiths, 2001). More recently the bearing capacity of circular foundations has 

been addressed through finite element analysis, although mostly limited to conventional 

small strain analysis of surface footings (Edwards & Potts, 2004; Merifield & Nguyen, 
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2006). The latter paper explored a range of normalised layer thickness t/D from 0.125 to 

2, and strength ratio sub/sut from 0.2 to 1, and also showed displacement vectors 

illustrating the different failure mechanisms. 

The only previous numerical analysis to consider continuous penetration from the 

surface, using LDFE analysis, is the study by Wang & Carter (2002), who considered 

plane strain and circular foundations with a smooth base. Bearing capacity factors were 

presented graphically in terms of the thickness ratio of the top layer and the shear 

strength ratio encompassing t/D = 0.5 and 1 and sub/sut = 0.1 to 1. The profiles of 

bearing capacity factor, Nc (ratio of average bearing pressure, q, to the shear strength of 

the top layer, sut) calculated from the LDFE analyses, during continuous penetration, 

were significantly different from those from the small strain finite element analyses, 

resulting in higher maximum bearing capacity factors (Ncmax) from the former method, 

as shown in Figure 7.1. A key finding was that the cumulative displacements around the 

continuously penetrating foundation play an important role in the bearing response, with 

a gradual thinning of the upper layer. Although large deformation finite element 

analyses were undertaken, so that the changing geometry with progressive penetration 

was correctly modelled, the footing was modelled as a cylindrical object with smooth 

rigid shaft and the soil weight was ignored (although this was explored for the plane 

strain geometry). As such, the results have limited applicability for a spudcan 

foundation where soil is free to flow back on top of the spudcan. 

Figure 7.1 assembles all the published maximum bearing capacity factors (Ncmax), 

reflecting clearly that the values from model tests, particularly Brown & Meyerhof‟s 

(1969) factors, are significantly lower than those from recent FE analyses.        

7.3 NUMERICAL ANALYSIS 

This research has considered a circular spudcan foundation of diameter D, penetrating 

into a two-layer deposit as illustrated schematically in Figure 6.14, where the top layer 

of clay with uniform undrained shear strength sut, effective density t, and thickness t is 

underlain by a clay layer of non-uniform undrained shear strength sub = subs + k(z - t), 

effective density b, and (nominally) infinite depth. Analyses were undertaken for 

spudcans with a 13 shallow conical underside profile (included angle of 154) and a 

76 protruding spigot of height 0.14D (see Figure 2.2). Both fully smooth and fully 

rough interfaces between the spudcan and the clay are investigated. 
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Experience from analyses on non-homogeneous clays and Wang & Carter‟s conclusion 

(as discussed above) have shown the limitations of small strain analysis of wished-in-

place foundations. Therefore, it was decided to employ the LDFE approach, which 

models the continuous load-penetration response and allows visualisation of the 

mobilised failure mechanisms. The RITSS technique coupled with AFENA has been 

implemented as described in Chapter 2. 

Practical ranges of soil properties, as reported in the literature, were summarised in the 

previous chapter. The maximum top layer undrained strength of practical interest is 

taken as sut = 200 kPa, with minimum bottom layer strength of subs = 10 kPa, and lower 

layer strength gradient k typically varying between 0 and 2 kPa/m. The effective unit 

weight of the bottom layer is typically b = 6.5 to 7.5 kN/m
3
 and that of the top layer is 

t = 7.5 to 8.5 kN/m
3
. The effective diameter of spudcans ranges from 10.5 to 14 m, 

although modern jack-up rigs now incorporate spudcans of up to 20 m in diameter. 

In this study, the values of sub and spudcan diameter were selected so that the 

normalised lower layer strength at the interface varied as subs/bD = 0.12, 0.36, 0.60, 

increasing with depth with degree of non-homogeneity (kD/subs) of 0 to 2, while values 

of sut were determined according to strength ratios subs/sut = 0.2, 0.4, 0.6 and 0.8. The 

submerged unit weight for the stiff and soft clay layers were chosen with a ratio b/t = 

0.87. The thickness of the top stiff layer was varied relative to the spudcan diameter as 

t/D = 0.5, 1.0, 1.5, 2.0. The selected parameters for this study are assembled in Table 

7.1, encompassing almost all cases of practical interest. 

7.4 RESULTS AND DISCUSSION 

Initially, the results from LDFE analyses are validated against centrifuge tests data. 

After demonstrating encouraging agreement, the results from the parametric analyses 

are presented. The critical punch-through mechanism perceived from LDFE analysis is 

depicted. The load-penetration responses are presented in the context of different 

influential factors linked directly to the governing flow patterns. 

7.4.1 Comparison between LDFE Results and Centrifuge Test Data 

A comparison is presented here between one of the model tests (Test E1UU-III-T 7, 

Table 6.2; Chapter 6) and an LDFE simulation. The test modelled a spudcan of 

prototype diameter 6 m penetrating a (nominally) uniform strength top layer, with t/D = 
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1, overlying a uniform strength bottom layer. The actual undrained shear strength 

profile, assessed in-flight from a T-bar penetrometer test, was idealised for the top layer 

as sut = 6.5 + 7.5z kPa for depth z < 1.6 m and sut = 17.86 + 0.4z kPa for z > 1.6 m, and 

for the bottom layer as sub = subs = 12.3 kPa. The average clay effective unit weights 

were 7.5 and 7.3 kN/m
3
 for the upper and lower layer respectively. 

Figure 7.2 shows the soil flow mechanisms from LDFE analysis using the above 

parameters and adopting a rough-based spudcan (Group - I, Table 7.1; note, the relative 

roughness of the spudcan base appears to have little influence as will be discussed later). 

The displacement vectors obtained from the centrifuge test using particle image 

velocimetrey (PIV) analyses are shown for comparison on the left. It can be seen that at 

shallow penetration (Figure 7.2a), the soil at the spudcan edge flows upwards to the 

surface and the soil beneath the central part of the spudcan is forced downwards to the 

lower layer, forming a cavity above the spudcan and deforming the layer interface, and 

with less surface heave compared to the case of a single layer clay (see Figures 4.4 and 

4.7). The cavity remains open completely through the top layer and back-flow of soil 

around the spudcan into the cavity is initiated at a penetration depth of about d/D = 1.08. 

Figure 7.2b shows the flow pattern just after that critical depth. A bowl shaped strong 

soil plug is carried down beneath the spudcan into the soft layer, while material from 

the stronger upper layer has started to flow back over the spudcan top. No clear shear 

surfaces are evident in the upper layer (for example, in Figure 7.2a). Instead, failure has 

occurred through a combination of general shear (at the edge of the spudcan) and partial 

punching shear, or cavity expansion mode, for this relatively higher strength ratio (0.62). 

Excellent agreement can be seen between the results from the centrifuge model test and 

LDFE analysis in terms of key features of the flow mechanisms: surface heave, cavity 

depth, layer deformation, trapped stronger material beneath the spudcan, and the failure 

pattern generated due to penetration of the spudcan foundation. The corresponding load-

penetration responses (from the corresponding full-spudcan centrifuge test) are also 

consistent, as shown in Figure 7.3, particularly after minor adjustment to allow for 

effects of partial remoulding of the soil as the spudcan penetrates (Randolph et al., 

2008). An average 15% reduction of shear strength for both soil layers is estimated from 

the investigation described in Chapter 8 (see Figure 8.8).    
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The good agreement with the model test provides confidence in the accuracy of the 

LDFE results. The results of the parametric study covering a wide range of layer soil 

properties and geometry, as assembled in Table 7.1, are now discussed. 

7.4.2 Punch-Through Failure Mechanism 

Figure 7.4 depicts the soil flow mechanisms during penetration of a spudcan in a soil 

with very low strength ratio of subs/sut = 0.2 (subs/bD = 0.36, t/D = 1; in Group - V, 

Table 7.1), showing the mechanism for the most severe punch-through failure obtained 

in the study. The flow patterns revealed at different stages of spudcan penetration are 

also entirely consistent with the centrifuge observations (see Figure 6.16; Chapter 6). 

From the start of penetration the soil deformation is directed predominantly vertically 

downwards to the lower layer, with no upward movement (see Figure 7.4a). A 

significant punch-through, or reduction in bearing capacity, occurs at d/D = 0.2 (see the 

corresponding resistance profile later in Figure 7.9b), at which stage a shear surface 

bounds a truncated cone of material in the upper layer, which is forced into the softer 

underlying layer. With further penetration (d/D = 0.57; Figure 7.4a), the vertical flow 

remains confined laterally directly beneath the spudcan, with plastic yielding extending 

deep into the lower layer. New approximately vertical shear planes (part of a cylindrical 

shear surface) are observed along with a transitional zone of shear deformation 

comprising downward and outward motion. 

When the spudcan base is at the original level of the layer interface (d/D = 1; Figure 

7.4b), an inverted truncated cone of material from the upper layer has been forced down 

into the underlying soft layer soil, with deformation extending deep into the lower layer, 

but with increasing outward flow. The initial layer interface, and to a lesser extent the 

original soil surface, are raised slightly to accommodate the foundation with the trapped 

plug (although this may be partly due to the conditions enforced in the analysis, with 

fixed base and outer boundaries). The stronger soil within the transitional shear 

deformation zone has not started to flow back over the spudcan and the cavity remains 

fully open. 

Figure 7.4b also shows the flow pattern at d/D = 1.25 after the spudcan had penetrated 

into the lower layer. Stronger material around the spudcan edges is gradually tending to 

flow back into the cavity above the spudcan. The soil plug with a hemispherical bottom 
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is now entirely within the soft layer, with the depth of the trapped strong soil plug about 

75% of the original thickness of the strong layer. 

The mechanisms in Figures 7.2 and 7.4 illustrate the effect of the relative stiffness of the 

bottom layer; the weaker the layer, the more the failure is confined within the lower 

layer (together with distinct shear planes through the upper layer) and the more severe is 

the eventual punch-through. Similar flow patterns were found for the smooth-based 

spudcan, and hence are not reiterated here, although a slightly shorter plug of strong soil 

was trapped beneath the spudcan and forced down into the lower layer.  

7.4.3 Limiting Cavity Depth: New Design Chart 

From observations of the soil flow mechanisms associated with continuous penetration 

of a spudcan foundation, a stage of penetration can be identified where the soil starts to 

flow back into the cavity above the spudcan. This is referred to as the depth of back-

flow, as is a function of the layer parameters and geometry (subs/sut, subs/bD, t/D, 

kD/subs). The subsequent back-flow provides a seal above the spudcan and limits the 

cavity depth. 

The depth of back-flow and the average cavity depth were identified from all the 

spudcan penetration analyses tabulated in Table 7.1, observing the flow mechanisms 

during continuous penetration and assessing the crater depth at deep penetration 

respectively. It was found that the depth of back-flow was approximately equal to the 

(average) limiting cavity depth, H. 

All the results are presented in Figure 7.5 with the normalised cavity depth, H/D, plotted 

against suH/HD, where suH and H are the shear strength and effective soil density at the 

back-flow depth, H (equal to sut and t for H < t and sub and b for H > t). Since 

spudcan base roughness was found to have little influence on the critical depth, the 

values for both cases are presented together. The relationship developed previously for 

uniform soil (sut = sub = suH) in Chapter 4 (Equation 4.4) has also been included in the 

figure. Values for the two-layered case where the cavity is confined to the upper layer 

(H/D < t/D: open symbols) lie close to the design line proposed for a single layer clay. 

However, where the cavity depth exceeds the layer thickness (H/D > t/D: filled 

symbols), the values are significantly higher, increasing as the strength ratio reduces for 

any thickness ratio. The presence of an underlying soft layer allows the soil beneath the 
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spudcan to be pushed downwards, rather than back-flow occurring in the stronger 

material surrounding the spudcan, thus delaying initiation of back-flow. 

All cavity depths obtained from the LDFE analyses and centrifuge tests (for H/D > t/D) 

are plotted in Figure 7.6, as a function of normalised soil parameters and layer geometry, 

(sut/bD)(t/D)/(1 + kD/subs). The values measured in the centrifuge tests are in good 

agreement with the LDFE results, and interestingly all the data show a unique trend, 

which may be expressed as 

0.5

ubsb

ut

s

kD
1/

D

t

Dγ

s
4.1

D

H




































   (7.1)         

7.4.4 Bearing Response: General Behaviour 

The load-penetration responses are presented in terms of normalised net bearing 

pressure, qnet/subs, as a function of normalised penetration depth, d/D, with qnet 

calculated as 

A

V
γ

A

P
q tnet

    (7.2) 

where P is the penetration resistance, V is the volume of the embedded spudcan 

including shaft, and A is the largest cross-sectional area of the spudcan. The bearing 

response of spudcan foundations on layered clays is affected by a number of factors (as 

is also evident in the soil flow mechanisms): (a) the strength ratio between lower and 

upper soil layers, subs/sut; (b) the thickness of the upper layer relative to the spudcan 

diameter, t/D; (c) the normalised clay strength, subs/bD; (d) the strength gradient of the 

lower layer, denoted by a „non-homogeneity factor‟, kD/subs; (e) the ratio of soil unit 

weights, b/t; and (f) the roughness of the spudcan base. The effects of the different 

ratios emerged to some extent from the centrifuge tests (Chapter 6), but are now 

evaluated from the more extensive LDFE parametric study, as summarised in Table 7.1. 

Note that in practice the ratio of soil unit weights is unlikely to vary much from unity, 

and here a constant ratio of 0.87 has been adopted for the main study. 

Analysis without soil weight 

Initially, analyses were performed for weightless soil (t = b = 0) in order to confirm 

the accuracy of the capacities computed compared with the work of Wang & Carter 
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(2002). Figure 7.7 plots the normalised net bearing pressure, qnet0/subs (where the 

subscript 0 denotes weightless soil) for a smooth-based spudcan penetrating into layered 

soils with t/D = 1 and subs/sut = 0.1, 0.2, 0.5, 0.67, 0.8 and 1 (Group - II, Table 7.1). The 

figure also includes results from LDFE analyses for a circular flat footing (Wang & 

Carter, 2002). The cavity above the advancing spudcan remained open up to full 

installation in these weightless soils, mimicking the situation for a cylindrical 

foundation with smooth vertical sides. The base apex angles are relatively similar (154 

for the spudcan and 180 for the circular flat footing), so that similar responses should 

be obtained. Indeed, both sets of results are in excellent agreement with variations 

mostly less than 5%, confirming the accuracy of the results of the present analyses. 

Although for the layered soil cases the analyses have not been taken to sufficiently deep 

penetration into the bottom layer to reach a steady state, there is a clear indication that 

the bearing curves are tending to approach that for the single layer case (subs/sut = 1 with 

su = subs). 

To examine the effect of soil self-weight (normalised as subs/bD) on the spudcan 

bearing response, further analyses were performed for the above cases assuming a unit 

weight ratio of b/t = 0.87 and normalised shear strength of subs/bD = 0.12 (Group - 

III, Table 7.1). The normalised bearing pressures are plotted in Figure 7.8. The results 

shown in Figure 7.7 may be used to estimate the response for soil with self-weight by 

including the contribution of surcharge pressure (at least while the cavity remains fully 

open), according to 

dγqq tnet0net
  for d  t (7.3a)  

and 

 tdγtγqq btnet0net   for d  t (7.3b)        

These are shown as blue lines in Figure 7.8. It can be seen that superposition of the 

contributions from the soil strength and the overburden stress gives adequate predictions 

of the net bearing pressure up to the critical depth of soil back-flow above the spudcan, 

as expected. For penetrations beyond the maximum cavity depth (d > H), the results 

based on Equations 7.3a and 7.3b gradually diverge from the true response, over-

estimating the bearing pressure. This discrepancy may be attributed to the presence of 

backfilled soil above the spudcan, which (partially) negates the increasing surcharge 
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contribution through the additional pressure applied above the spudcan. Therefore, it 

can be concluded that the results for weightless soil may be used in practice to estimate 

the bearing response making use of Equations 7.2 and 7.3, but only while a cavity 

persists above the spudcan, with the maximum cavity depth estimated using Equation 

7.1.     

Effect of strength ratio (subs/sut)     

In order to explore the effect of the strength ratio on the form of the penetration 

resistance profile, the results of various strength ratios subs/sut = 0.2, 0.4, 0.6 and 0.8, 

with subs/bD = 0.12, 0.36 and 0.60, are plotted in Figure 7.9 for a constant thickness 

ratio of t/D = 1 (in Groups IV to VI, Table 7.1). The potential for punch-through failure 

exists for all strength ratios for soil with low normalised strength (subs/bD), and for 

subs/sut  0.6 for the two higher normalised strengths, with the severity becoming greater 

for lower strength ratios. The increasing punch-through severity with lower strength 

ratios is caused by a change in the associated soil flow mechanisms from a combination 

of general shear and partial punching shear failure to full punching shear failure, as 

demonstrated in Figures 7.2 and 7.4. Consequently, for high normalised strengths and 

relatively higher strength ratios, the resistance profile rises monotonically at least up to 

some penetration depth before a gradual punch-through occurs (e.g. subs/sut = 0.6 and 

subs/bD > 0.12; Figures 7.9b and 7.9c). However, for low strength ratio of subs/sut = 0.2, 

a significant reduction in bearing capacity, i.e. severe punch-through, occurs with a 

sharp peak in bearing pressure at shallow penetration (see Figures 7.9b and 7.9c). This 

full punch-through involves the formation of a distinct cylindrical shear surface through 

the upper layer, and primarily downward soil deformation extending deep into the lower 

layer (see Figure 7.4). 

For this thickness ratio (t/D = 1), for cases of high strength ratio and low normalised 

strength (e.g. subs/sut = 0.8 and 0.6 for subs/bD = 0.12; Figure 7.9a), soil flows back into 

the cavity above the spudcan well within the top layer. The bearing response shows a 

plateau before gradual reduction, with the maximum resistance occurring just before the 

spudcan reaches the lower layer. The cases where no punch-through occurs (high 

strength ratio and high normalised strengths) show the bearing resistance increasing 

monotonically up to a plateau (though note that if the shear strength profile in the lower 

layer is indeed uniform, the constant penetration resistance occurring for d/D > 1 could 

still lead to a toppling instability). 
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For cases where the cavity depth exceeds the thickness of the upper layer, once back-

flow is initiated, a further sudden reduction of bearing pressure occurs where punch-

through has already taken place (e.g. subs/sut = 0.4 for subs/bD = 0.36; Figure 7.9b) and 

also a punch-through is triggered for monotonically rising profiles (e.g. subs/sut = 0.4 for 

subs/bD = 0.12; Figure 7.9a). The effect of strength ratio discussed above is consistent 

with observations from the centrifuge tests.  

Effect of thickness ratio (t/D) 

In order to demonstrate the effect of the relative thickness of the upper layer, bearing 

resistance profiles are plotted in Figures 7.10a to 7.10c for a range of t/D from 0.5 to 2, 

but with identical strength ratio respectively of subs/sut = 0.6 (subs/bD = 0.12; in Group - 

IV, Table 7.1), subs/sut = 0.4 (subs/bD = 0.36; in Group - V, Table 7.1) and subs/sut = 0.2 

(subs/bD = 0.60; in Group - VI, Table 7.1). The penetration resistance profiles for each 

strength ratio and corresponding normalised strength show a consistent trend as the 

thickness ratio, t/D, increases. 

The responses on layered deposits are bracketed by those for a single layer clay with a 

shear strength equal either to that in the top (sut) or bottom (sub) layer, as shown in 

Figure 7.10a. In the upper layer, the difference in bearing capacity values for the layered 

deposits compared to the response for a single layer clay with shear strength sut 

increases as the crust thickness ratio decreases. For t/D = 0.5, the curve departs early 

from that corresponding to the upper soil conditions, as the influence of the soft layer 

occurs almost from the start of penetration. For thicker crusts with t/D  1, the curves 

follow the response for the upper soil layer to a certain penetration before diverging as 

the soft layer is detected. The proximity to the layer interface before the curves diverge 

decreases with decreasing strength ratio. For instance, for subs/sut = 0.6 (subs/bD = 0.12; 

Figure 7.10a), the curves diverge at approximately 0.5D above the interface, but that 

distance has increased to at least 1D for subs/sut = 0.4 (subs/bD = 0.36; Figure 7.10b). 

This trend is also exacerbated by the increasing normalised shear strength, subs/bD, in 

Figures 7.10a, 7.10b and 7.10c. 

Figure 7.10 also includes another set of illustrations for high strength ratio and high 

normalised strength (subs/sut = 0.8, subs/bD = 0.36; in Group - V, Table 7.1), where no 

reduction in bearing capacity was evident for thickness ratio of unity, as discussed 

previously. However, Figure 7.10d shows that punch-through may still be triggered 
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within the upper layer for thicker crust layers of t/D > 1, as the spudcan is about to 

penetrate into the lower layer; soil back-flow occurs well within the top layer for such 

cases. 

At large penetrations, the bearing resistance curves for all cases tend to approach the 

steady ultimate resistance corresponding to the bottom layer, although the approach is 

quite gradual (particularly for low strength ratios), because of the plug of stronger soil 

carried down with the spudcan. 

Interestingly, the degree of bearing capacity reduction with penetration, that is the 

severity of punch-through, increases with the relative thickness of the upper layer. The 

depth of the peak in penetration resistance, prior to punch-through, also increases with 

crust thickness ratio, as indicated by the dashed line in Figure 7.10c. In assessing 

spudcan response after a punch-through, and for safe re-installation on the same 

location, Brennan et al. (2006) came to a similar conclusion that the potential for severe 

punch-through decreased with decreasing thickness of the upper (cemented) layer. 

These effects are also similar to those found in the centrifuge tests. 

Effect of normalised strength (subs/bD)  

The effect of the normalised shear strength (subs/bD) on the bearing response is evident 

from Figure 7.9, for example comparing responses for a given strength ratio in Figures 

7.9a and 7.9b. Figure 7.11 focuses specifically on this issue with the bearing responses 

for subs/bD = 0.12 to 0.60 are compared directly for four different strength ratios (all 

for t/D = 1; in Groups IV to VI, Table 7.1). Lower normalised strength leads to higher 

bearing capacity, qnet/subs because of the higher contribution from the overburden stress 

(prior to back-flow). When the strength ratio subs/sut  0.6 (Figures 7.11a and 7.11b), the 

profiles rises monotonically without exhibiting any tendency of softening at least up to 

the layer interface except for the lowest normalised strength of subs/bD = 0.12; the 

potential for punch-through failure is therefore mild. For those cases, any reduction in 

bearing resistance is delayed until after soil back-flow has been initiated in the top layer. 

However, the reverse trend is true for lower strength ratios with subs/sut < 0.6 as is clear 

from Figures 7.11c and 7.11d. The maximum bearing resistance tends to occur at 

relatively shallow depths (except for the lowest normalised strength), and the degree of 

reduction in resistance increases as the normalised strength increases.   
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Effect of strength non-homogeneity (kD/subs)  

In the above sections, the lower layer has been considered as uniform with clay strength 

gradient k = 0 (sub = subs). From the centrifuge test results of Chapter 6, it was found that 

positive strength gradients in the lower layer (with sub = subs + k(z - t)) have a 

measurable influence on the spudcan bearing behaviour. To explore this influence of 

strength non-homogeneity kD/subs comprehensively, analyses have been undertaken for 

a clay with subs/bD = 0.36 but varying kD/subs between 0.4 and 2, including normally 

consolidated profiles where the strength profile in the lower layer is sub = kz, for 

thickness ratio of t/D = 0.5 to 2 (see Group - VII, Table 7.1). Four values of subs/sut = 0.2, 

0.4, 0.6 and 0.8 were examined for each combination of t/D and kD/subs. 

Figures 7.12a to 7.12d show the bearing resistances on layered deposits with thickness 

ratio t/D = 0.5, 1 and 2 and strength ratio subs/sut = 0.2 and 0.4. This range of parameters 

was chosen deliberately to illustrate the effect of the lower layer strength gradient on 

punch-through potential. In all other cases with higher strength ratio of subs/sut  0.6, as 

displayed typically in Figure 7.13, bearing resistance profile was found to rise 

monotonically, with no reduction, regardless of thickness ratio t/D and kD/subs ( 0.4). 

It may be seen from Figure 7.12 that the strength non-homogeneity has greatest effect 

on the bearing capacity when t/D is small, since the failure mechanism then extends 

deeper into the lower layer. Consequently, the curves diverge early from that for kD/subs 

= 0, as the influence of the increasing lower layer strength occurs almost from the start 

of penetration (Figures 7.12a and 7.12c). For thicker crusts, depending on the strength 

ratio, the curves follow the response for kD/subs = 0 to a greater penetration prior to 

diverging once the effect of increasing strength is detected (Figures 7.12b and 7.12d). 

The bearing resistance profiles for kD/subs  0.4 also diverge from each other to an 

extent that depends on t/D and subs/sut. 

The bearing capacity for kD/subs  0.4 is always greater than that for kD/subs = 0 owing 

to the greater „average‟ strength of the lower layer. The likelihood of punch-through is 

exhibited only for subs/sut  0.4. Even so, the severity of punch-through reduces 

substantially as kD/subs increases. It is evident from Figure 7.12 that while severe 

punch-through happens for kD/subs = 0, very mild or even no reduction in bearing 

resistance may occur as kD/subs approaches 1. The explanation for the effect of kD/subs 

is indicated in Figure 7.14 by the entirely different soil flow patterns for cases where all 
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other parameters are identical but with different non-homogeneity factors (kD/subs) of 0 

and 0.6.  

Effect of spudcan base smoothness 

The results of all penetration analyses presented so far were obtained considering a fully 

rough spudcan base. Analyses have also been performed considering a fully smooth 

soil-spudcan interface to examine the effect of spudcan base smoothness on the 

resulting penetration resistance. In a single layer clay with strength increasing with 

depth, layers of softer material were always present around the advancing spudcan, 

which reduced the effect of base roughness and resulted in similar responses for rough 

and smooth-based spudcans (see Chapter 5). By contrast, penetration into stiff-over-soft 

clay generates the reverse situation, with stronger material trapped beneath the 

advancing spudcan. The trapped material, and delay in localised flow of soil around the 

spudcan, leads to little relative shearing between spudcan and soil. The shape and size 

of trapped material were very similar for both smooth and rough cases. Consequently, in 

all analyses performed, the effect of spudcan base smoothness on the bearing response 

was found to be minimal. Figures 7.3, 7.9b and 7.10c show a few bearing resistance 

profiles for smooth-based spudcans, as examples, along with corresponding profiles for 

a rough base. Only small reductions in the bearing pressure (< 5%) were computed 

throughout full penetration. Similar findings with negligible effect on the calculated 

bearing capacity were reported by Griffiths (1982), Merifield et al. (1999), and 

Merifield & Nguyen (2006). 

From this extensive study, guidelines are summarised in Tables 7.2 and 7.3 for 

preliminary assessment of the likelihood of spudcan punch-through in any given 

situation. Although results are given for both smooth and rough conditions for the 

spudcan base, it is suggested that the smooth-based conditions are more relevant, given 

that soft soil may be carried down with the spudcan and also material at the spudcan-

soil interface will be remoulded as the spudcan penetrates. 

7.5 COMPARISON WITH SNAME APPROACH 

Current offshore design guidelines for assessing spudcan penetration response (SNAME, 

2002) recommend a bearing capacity factor calculated following Brown & Meyerhof 

(1969), but adjusted for embedment depth by applying a constant depth factor, 
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following the semi-empirical approach of Skempton (1951), as noted in the previous 

chapter (see Equation 6.1). However, Brown & Meyerhof‟s approach was developed on 

the basis of model tests conducted on a surface circular footing with very small 

displacement prior to failure, and under 1g conditions without maintaining stress 

similitude in terms of su/d. Therefore their approach does not account for the distortion 

of the upper layer as it punches through into the lower layer. 

The profile of bearing resistance estimated using the SNAME approach provides unduly 

conservative estimates of the post-peak penetration resistance regardless of the 

normalised soil properties and layer geometry, as demonstrated in the previous chapter 

and more obviously in Figure 7.15. This indicates an urgent need for reassessment of 

the SNAME approach and evolving a more rational approach. Combining all results 

from this study, a new mechanism-based design approach has been developed and is 

described below. 

7.6 EVOLUTION OF A NEW DESIGN APPROACH 

In order to develop a solution for spudcan penetration in stiff-over-soft clay with 

potential for punch-through, three stages have been marked as shown schematically on 

Figure 7.16: 

 (a) Stage 1: the depth of triggering punch-through in the upper layer, 

 (b) Stage 2: the depth of establishing soft clay behaviour in the lower layer, and  

 (c) An intermediate Stage 1-2: the depth of soil back-flow into the formed 

cavity above the advancing spudcan. This point may appear at any 

penetration depth depending on layer soil properties and geometry (see 

Figures 7.5 and 7.6). 

7.6.1 Design Approach for up to Stage 1 

Penetration responses from all analyses (Table 7.1) are normalised by the top layer 

strength, sut, with the ultimate aim of establishing the coordinates of the peak response 

referred to as {(qu/sut)p,(d/D)p}, as illustrated in Figure 7.17. The (qu/sut)p values for 

smooth and rough spudcans are plotted against normalised parameter (bt/sut) in Figure 

7.18. A line of best fit may be fitted through the values as 
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where the factors f1 = 2.52 (rough) or 2.34 (smooth), f2 = 7.81 (rough) or 7.59 (smooth), 

and with a cut off value for qu/sut of 13.1 (rough) or 12 (smooth) for uniform clay (see 

Figure 4.17). Similarly, the values for (d/D)p vs (subs/sut)(t/D) are plotted in Figure 7.19 

and can be approximated by the following expression  
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  (7.5)      

with f3 = 1.03 (rough) or 1.17 (smooth), and f4 = 0.95 (rough) or 1.19 (smooth). Having 

established the expressions for estimating the co-ordinates for the peak point, it should 

be noted that the above results are for uniform lower layer strength (kD/subs = 0). For 

positive strength gradients in the lower layer with kD/subs > 0, the values for the 

coefficients (f1 to f4) are given in Figure 7.20. 

Alternatively, the values for the whole range of kD/subs can be plotted against layered 

soil properties and geometries, providing straightforward relationships of (see Figures 

7.21 and 7.22)  
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where f5 = 2.63 (rough) or 2.48 (smooth), and f6 = 8.17 (rough) or 8.03 (smooth) with a 

cut off value for qu/sut of 13.1 (rough) or 12 (smooth) for uniform clay (see Figure 4.17) 

and  
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  (7.7)  

with f7 = 0.42 (rough) or 0.39 (smooth), and f8 = 1.08 (rough) or 1.27 (smooth). 

Once the position of peak penetration resistance (Stage 1) has been located, general 

load-penetration responses up to that depth may be obtained by normalising by the peak 

coordinates at punch-through. Interestingly, on uniform-over-uniform clay, curves for 

different normalised strength, subs/bD, and on uniform-over-non-uniform clay, curves 

for different non-homogeneity factor, kD/subs, are similar for any set of t/D and subs/sut. 
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Figures 7.23 and 7.24 illustrate representative results (for subs/D or kD/subs) for smooth 

and rough spudcan bases based on t/D and subs/sut. 

The shape of the normalised response varies with subs/sut, and this is illustrated in Figure 

7.25 for a typical case (t/D = 1.5), showing increased brittleness as the strength ratio 

reduces.  

It should be pointed out that in order to evaluate footing penetration response in this 

region, from the start of penetration to Stage 1, prevalent methods in the literature 

generally assume response based on a deep layer (with strength sut) assuming general 

shear failure (e.g. Young et al., 1984; Castleberry II & Prebaharan, 1985; Craig & 

Higham, 1985; Mitchell, 2005; Brennan et al., 2006). However, the revealed soil flow 

mechanisms (such as in Figure 7.4) and resulting bearing capacity profiles (such as 

those in Figures 7.9 and 7.10) provide evidence that the underlying soft layer influences 

spudcan performance well before the punch-through point with the penetration 

resistance being lower than that for a deep layer of the upper clay.        

7.6.2 Design Approach for Stage 1 to Stage 2 

Based on the mechanisms at and after triggering punch-through, a punching shear 

model has been established as delineated in Figure 7.26. The shape of the plug of strong 

soil carried down with the advancing spudcan is simply assumed as cylindrical with 

vertical slip planes. A dummy spudcan is placed at an average depth of the bowl shaped 

plug bottom, in contrast with the traditional approach of placing the foundation on the 

layer interface (Meyerhof & Hanna, 1978; SNAME, 2002). The soil plug in the lower 

layer is surrounded by a combination of strong and soft soils. Five forces need to be 

considered: 

 (a) Applied preload including self weight of the leg and spudcan: qu = F/A; 

 (b) Weight of the soil plug per unit area: t Hplug, where Hplug is the depth of the 

strong soil plug; 

 (c) Bearing capacity of the lower layer: Nc,deepsub0, where sub0 is the shear 

strength at the dummy spudcan base level in the lower layer. Observing 

cavity expansion type flow mechanism at the plug bottom, Nc,deep values are 

chosen from that for an embedded cone (as reproduced in Figure 7.27) 
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assuming displacement measured from the layer interface (Hplug,b in Figure 

7.26); 

 (d) Shear resistance along the surface area of the plug: Aplug,surface Hplug su / Aplug. 

For the part of the plug in the upper layer, Hplug,t, su is taken as sut, and for 

the rest in the lower layer, Hplug,b, su is taken as suavg – an average of sut and 

sub; 

 (e) Surcharge pressure:  t t + b Hplug,b; 

(Although not shown in the model, the weight of backfilled soil above the spudcan has 

also to be accounted for.) 

The penetration resistance during punching shear can be calculated from equilibrium of 

all the forces acting, to give for a spudcan of diameter D        

 
bplug,btub0deepc,

plug

uavgbplug,uttplug,

plugtu H γ tγs N
A

s Hs H D π
H γq 


  (7.8) 

Assuming plug diameter D = D and rearranging Equation 7.8 
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  (7.9) 

The only unknown terms in this approach are plug depths, Hplug, Hplug,t and Hplug,b. These 

depths were picked at successive penetration depths from all the spudcan penetration 

analyses tabulated in Table 7.1, observing the flow mechanisms during continuous 

penetration. All plug depths beneath smooth and rough based spudcans, Hplug, 

normalised by the upper layer thickness (t), are plotted in Figure 7.28, as a function of 

normalised penetration depth, d/D. Interestingly, for each strength ratio (subs/sut), all the 

data for a range of normalised strength and spudcan base roughness show a unique trend 

which may be expressed as  

 d/D-

9

plug 10e 
t

H
f

f   (7.10)  

with the values of coefficients  f9 and  f10 given in Table 7.4 and Figure 7.29. For 

uniform-over-non-uniform clay with kD/subs  0.4, similar trends are shown in Figure 

7.30 for a range of non-homogeneity factor kD/subs. These can be approximated by the 

same expression (Equation 7.10) with f9 = 1.11 (subs/sut = 0.2) or 1.18 (subs/sut = 0.4), and 
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f10 = -0.68 (subs/sut = 0.2) or -1.1 (subs/sut = 0.4). By knowing the crust thickness ratio 

(t/D) and spudcan diameter, the total plug depth, Hplug, for any spudcan penetration can 

easily be split into two parts as, Hplug,t (= D (t/D – d/D)) and Hplug,b (= Hplug – Hplug,t). 

The evaluation of qu at successive depths following the approach in Equation 7.9 is 

continued up to the depth where it merges with the response for the lower layer soil 

alone (Stage 2). From the results of the centrifuge tests and LDFE analyses, it is evident 

that a penetration of 1.5D to 2D after Stage 1 is necessary to attain Stage 2, with a 

smooth transition occurring (see Figures 6.20 and 7.10a). 

Finally, soil back-flow may be initiated in the upper or lower layer based on layer soil 

properties and geometry (see Figures 7.5 and 7.6). The consequent effect will be 

augmentation of the applied preload and hence a reduction, either gradual (if in upper 

layer) or sharp (if in lower layer), will occur in the bearing capacity profile, as seen in 

Figures 7.9 to 7.11. The influence can easily be incorporated in the proposed approach 

by subtracting a term related to the backfilled soil weight, accounting for appropriate 

spudcan buoyancy. 

7.7 SUMMARY DESIGN PROCEDURE 

A suggested procedure for estimating the penetration resistance profile for spudcan 

foundations is outlined here. The procedure is based on an assumed uniform shear 

strength profile for the upper strong layer and uniform to linearly increasing profile for 

the lower soft layer.  

 1. Determine representative values of the soil parameters t, sut, subs, k and 

effective self-weight, t and b, and hence evaluate the non-dimensional 

ratios subs/sut, t/D, subs/bD and kD/subs. 

 2. Following the guidelines provided in Tables 7.2 and 7.3, assess the 

likelihood of punch-through in the given situation and if a possibility exists, 

follow the steps below.  

 3. Calculate the peak point coordinates at punch-through (Stage 1), ((qu/sut)p, 

(d/D)p), from Equations 7.4 and 7.5 and Figure 7.20, or making use of 

Equations 7.6 and 7.7. 
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 4. Knowing sut and the peak point coordinates, develop the qu (and hence force, 

V0 = Aqu where A is the cross-sectional area of the spudcan) vs d/D profile 

up to Stage 1 using appropriate normalised curve from Figures 7.23 to 7.24 

based on spudcan base roughness and layer soil properties and geometry.  

 5. Evaluate the qu vs d/D profile from Stage 1 to Stage 2 adopting the proposed 

punching shear model in Equation 7.9 picking the plug depth for each 

penetration depth from Figures 7.28 and 7.30, or making use of Equation 

7.10 and Table 7.4 based on layer soil properties and geometry. 

 6. Meanwhile, estimate cavity depth or the depth of soil back-flow from Figure 

7.5 or using Equation 7.1 and if it falls within these stages (Stage 1-2), 

subtract the backfilled soil weight from the right hand side of Equation 7.9, 

accounting for appropriate spudcan buoyancy. 

 7. Make a smooth transition to the response for the lower layer soil alone (at 

Stage 2) which can be evaluated employing the suggested procedure in 

Chapters 4 and 5.  

Careful consideration should also be given to an appropriate choice of shear strength. 

Considering the relatively low penetration rates of spudcans in the field, the shear 

strength should be that corresponding to very low strain rates (equivalent to a typical 

laboratory test), and representative of the average shear strength measured in triaxial 

compression, triaxial extension and simple shear. Shear strengths deduced from field 

tests, for example using cone, T-bar or ball penetrometers, should be corrected for rate 

effects when used for estimation of spudcan penetration. Allowance for softening 

should also be included, as discussed by Erbrich (2005). 

7.8 SUMMARY AND CONCLUDING REMARKS 

This chapter has reported results of large deformation finite element (LDFE) analyses 

investigating the potential for punch-through of spudcan foundations during deep 

penetration through a stronger clay layer into weaker material. The LDFE analyses were 

undertaken with the spudcan foundation penetrated continuously from the seabed 

surface. The resulting soil flow mechanisms and profiles of penetration resistance were 

validated against corresponding results from centrifuge model tests and other relevant 

published data. The effects of a wide range of normalised soil properties and layer 
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geometry on the soil flow mechanisms, cavity depth and bearing resistance profiles 

were investigated, with specific focus on the likelihood of spudcan punch-through and 

its severity. 

Overall, excellent agreement was obtained between the results from LDFE analyses and 

centrifuge tests in terms of soil flow features and load-penetration responses. The 

bearing capacity values for weightless soil were also shown to be consistent with results 

from Wang & Carter (2002).        

The penetration resistance of spudcan foundations in stiff-over-soft clay is a complex 

function of a number of dimensionless factors: (a) the strength ratio between lower and 

upper soil layers, subs/sut; (b) the thickness of the upper layer relative to the spudcan 

diameter, t/D; (c) the normalised clay strength, subs/bD; (d) the strength gradient of the 

lower layer, denoted by a „non-homogeneity factor‟, kD/subs; (e) the ratio of soil unit 

weights, b/t; and (f) the relative roughness of the spudcan base. The parametric study 

covered a practical range of these parameters. 

The soil self weight, quantified in terms of the normalised shear strength, subs/bD,  

plays a significant role on the evolution of soil flow patterns with spudcan penetration, 

and in particularly on the transition depth for soil back-flow into the cavity above the 

advancing spudcan. Results for weightless soil may be applied in practice, by 

augmenting the bearing resistance by the appropriate surcharge contribution (Equation 

7.3), but only for penetrations down to the maximum cavity depth (d  H). The depth of 

back-flow was substantially greater than for a single layer clay, increasing as the 

strength ratio reduced for a given layer thickness ratio. A convenient expression was 

proposed to estimate the cavity depth above spudcans penetrating in stiff-over-soft clay. 

For subs/sut  0.6, soil flow occurred mainly through a combination of general shear (i.e. 

classical failure mechanism with surface heave) and partial punching shear modes. In 

contrast, for subs/sut < 0.6, soil flow was predominantly directed vertically downwards, 

becoming more confined laterally, and with deeper extent of plastic yielding into the 

lower layer, as the strength ratio decreased. Severe punch-through was associated with 

purely vertically downward flow beneath the spudcan in the upper layer and 

consequently a soil plug with the shape of an inverted truncated cone eventually forced 

down into the underlying soft layer. This failure mode would cause the most 

catastrophic failure of the supported jack-up unit. 
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The potential for punch-through was found for all cases where the strength ratio subs/sut 

 0.6, with the severity being greater for lower strength ratio. Further, for a critical 

strength ratio, the degree of bearing pressure reduction with penetration, that is the 

severity of punch-through, increased with increasing relative thickness of the upper 

layer (t/D). 

Punch-through was still found to occur for higher strength ratios, subs/sut  0.6, for 

moderately thick crust layers (t/D  1) regardless of normalised shear strength, subs/bD, 

where soil back-flow occurred well within the upper layer. In those cases, reduction of 

bearing resistance occurred very gradually after initiation of soil back-flow, at the point 

where the spudcan was close to penetrating through the top layer. By contrast, for 

higher normalised strength of subs/bD  0.36, severe punch-through was triggered for 

strength ratios subs/sut < 0.6, at relatively shallow penetration well before the layer 

interface and regardless of the relative crust thickness, with the severity increasing with 

increasing normalised strength. For these cases, soil back-flow was delayed until the 

spudcan was within the lower layer. 

Positive strength gradients in the underlying layer, expressed in terms of the non-

homogeneity ratio kD/subs, had the greatest impact on the bearing resistance for thin 

crusts (low t/D). The potential for punch-through was restricted to subs/sut  0.4, and 

even then the severity of punch-through reduced markedly with increasing kD/subs. 

While severe punch-through occurred for kD/subs = 0, very mild or even no reduction in 

bearing resistance was found as kD/subs approached 1. 

The relative roughness of the spudcan base was found to have little influence on the 

penetration response, mainly because of the plug of strong clay carried down with the 

spudcan, which limited the amount of shearing at the spudcan-soil interface. 

The design approach recommended in the industry guidelines (SNAME, 2002) provided 

very poor estimate of the penetration resistance profile, with significant underestimation 

of bearing capacity and inaccurate identification of the likelihood and severity of punch-

through. This underlines an urgent need to reassess the SNAME approach and to 

evolving a more rational calculation approach. 

Encouraging agreement found between the results from LDFE analyses and centrifuge 

tests has allowed a systematic design approach to be proposed for practical application. 
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Table 7.1 Summary of LDFE analyses performed 

Analysis subs/bD subs/sut kD/subs  t/D b/t  Spudcan 

base 

Notes 

Group - 

I 

0.28 0.62 0 1 0.97 Rough and 

smooth 

Comparison 

with centrifuge 

test results 

Group - 

II 

 0.1, 0.2, 

0.5, 

0.67, 0.8 

and 1 

0 1 Weightless  

 

Smooth Comparison 

with Wang & 

Carter‟s (2002) 

results  

Group - 

III 

0.12 0.1, 0.2, 

0.5, 

0.67, 0.8 

and 1 

0 1 0.87 Smooth Investigation of 

the effect of soil 

self-weight 

Group - 

IV 

0.12 

 

0.2, 0.4, 

0.6, 0.8 

and 1 

0 

 

0, 0.5, 

1, 1.5, 

2 and 

 

0.87 Rough and 

smooth 

Parametric 

study for 

uniform-over-

uniform clays 

Group - 

V 

0.36 

 

0.2, 0.4, 

0.6 and 

0.8  

0 

 

0.5, 1, 

1.5 

and 2  

0.87 Rough and 

smooth 

Group - 

VI 

0.60 0.2, 0.4, 

0.6 and 

0.8 

0 

 

0.5, 1, 

1.5 

and 2 

0.87 Rough and 

smooth 

Group - 

VII 

0.36 0.2, 0.4, 

0.6 and 

0.8 

0.4, 0.5, 

0.6, 

0.67, 

0.7, 0.8, 

1 and 2 

0.5, 1, 

1.5 

and 2 

0.87 Rough and 

smooth 

Exploration of 

the effect of 

lower layer 

strength non-

homogeneity 
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Table 7.2 Guidelines for the likelihood of punch-through (kD/subs = 0) 

subs/bD subs/sut Rough 

t/D 

Smooth 

t/D 

0.12 0.8 12 1.52 

0.6 12 12 

0.4 12 12 

0.2 12
1
 12

1
 

0.36 0.8 1.52 12 

0.6 1.52 1.52 

0.4 0.52 0.52 

0.2 0.52 0.52 

0.60 0.8 1.52 1.52
1 

0.6 1.52 1.52 

0.4 0.52 0.52 

0.2 0.52 0.52 

  
1
 Assumed, as this case was not investigated 

 

Table 7.3 Guidelines for the likelihood of punch-through (kD/subs > 0) 

subs/bD subs/sut t/D Rough 

kD/subs 

Smooth 

kD/subs 

0.36 0.4 0.5 00.8 01 

1 00.5 01 

1.5 00.67 00.7 

2 00.6 00.6 

0.2 0.5 02 02 

1 01 01 

1.5 00.8 00.8 

2 00.8 00.8 
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Table 7.4 Values of coefficients f9 and f10 for Equation 7.10 

kD/subs subs/sut f9 f10 

0 0.2 1.04 -0.46 

0.4 1.09 -0.63 

0.6 1.10 -0.82 

0.8 1.15 -1.06 

 0.4 0.2 1.11 -0.68 

0.4 1.18 -1.10 
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Figure 7.1 Bearing capacity factors of circular foundations presented in literature 
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(a) d/D = 0.38 

LDFECentrifuge test LDFECentrifuge test LDFECentrifuge test
 

(b) d/D = 1.15 

Figure 7.2 Comparison of soil flow mechanisms between centrifuge test and LDFE 

analysis (subs/sut = 0.62, subs/bD = 0.28, t/D = 1; Group - I, Table 7.1) 
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Figure 7.3 Comparison of load-penetration response between centrifuge test and 

LDFE analysis (subs/sut = 0.62, subs/bD = 0.28, t/D = 1; Group - I, Table 7.1) 
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(b) d/D  t/D 

Figure 7.4 Critical punch-through mechanism for spudcan penetration in stiff-

over-soft clay (subs/sut = 0.2, subs/bD = 0.36, t/D = 1; in Group - V, Table 7.1) 
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Figure 7.5 Cavity depth, H, during spudcan installation in stiff-over-soft clay  
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Figure 7.6 New design chart for estimating cavity depth after spudcan installation 

in stiff-over-soft clay 
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Figure 7.7 Bearing pressure for smooth-based circular foundations in weightless 

soil (t/D = 1; Group - II, Table 7.1) 
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Figure 7.8 Comparison between the results for soil with self-weight and predictions 

from Equations 7.3a and 7.3b (subs/bD = 0.12, t/D = 1, smooth; Group - III, 

Table 7.1) 
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(a) subs/bD = 0.12 (rough; in Group - IV) 
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7.9(b) subs/bD = 0.36 (in Group - V) 



Chapter 7: New design approach for spudcan on layered clay                                               

Centre for Offshore Foundation Systems (COFS) 7-34 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 5 10 15 20 25 30 35

Normalised bearing pressure, qnet/subs
N

o
rm

a
li
s

e
d

 p
e

n
e

tr
a

ti
o

n
, 
d

/D

subs/sut = 0.2subs/sut = 0.8 0.40.6

Depth of 

back-flow

 

(c) subs/bD = 0.60 (rough; in Group - VI) 

Figure 7.9 Effect of strength ratio (subs/sut) on bearing response (t/D = 1; Table 7.1) 
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7.10(a) subs/sut = 0.6 (subs/bD = 0.12, rough; in Group - IV) 
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(b) subs/sut = 0.4 (subs/bD = 0.36, rough; in Group - V) 
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7.10(c) subs/sut = 0.2 (subs/bD = 0.60; in Group - VI) 
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(d) subs/sut = 0.8 (subs/bD = 0.36, rough; in Group - V) 

Figure 7.10 Effect of thickness ratio (t/D) on bearing response (Table 7.1) 
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7.11(a) subs/sut = 0.8 
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(b) subs/sut = 0.6 
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7.11(c) subs/sut = 0.4 
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Figure 7.11 Effect of normalised strength (subs/bD) on bearing response (t/D = 1, 

rough; in Groups IV to VI, Table 7.1) 
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7.12(a) subs/sut = 0.4 (t/D = 0.5) 
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(b) subs/sut = 0.4 (t/D = 1) 
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7.12(c) subs/sut = 0.2 (t/D = 0.5) 
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(d) subs/sut = 0.2 (t/D = 2) 

Figure 7.12 Effect of non-homogeneity factor (kD/subs) on bearing response with 

potential for punch-through (subs/bD = 0.36, rough; Group - VII, Table 7.1) 
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(b) subs/sut = 0.6 (t/D = 0.5) 
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Figure 7.13 Effect of non-homogeneity factor (kD/subs) on bearing response with 

unlikely punch-through (subs/bD = 0.36, rough; Group - VII, Table 7.1) 
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Figure 7.14 Effect of non-homogeneity factor (kD/subs) on soil flow patterns (t/D = 

1, subs/bD = 0.36, rough; in Group - VII, Table 7.1) 
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(a) subs/sut = 0.2 
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(b) subs/sut = 0.6 

Figure 7.15 Comparison between LDFE results and SNAME approach (subs/bD = 

0.36, kD/subs = 0, rough; in Group - V, Table 7.1)  
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Figure 7.16 Schematic presentation of critical stages during a typical spudcan 

penetration in stiff-over-soft clay 
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Figure 7.17 Typical load-penetration response showing the peak coordinates 

((qu/sut)p, (d/D)p) at punch-through 
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(a) Rough-based spudcan 
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(b) Smooth-based spudcan 

Figure 7.18 (qu/sut)p values on uniform-over-uniform deposit (kD/subs = 0) 
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(a) Rough-based spudcan 
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(b) Smooth-based spudcan 

Figure 7.19 (d/D)p values on uniform-over-uniform deposit (kD/subs = 0) 
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(a) f1 and f2 for Equation 7.4 
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(b) f3 and f4 for Equation 7.5 

Figure 7.20 Values of coefficients f1 to f4 for different kD/subs 
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(a) Rough-based spudcan 
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(b) Smooth-based spudcan 

Figure 7.21 (qu/sut)p values on layered deposits 
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(a) Rough-based spudcan 
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(b) Smooth-based spudcan 

Figure 7.22 (d/D)p values on layered deposits 
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Figure 7.23 Normalised penetration resistance profiles up to Stage 1 of triggering 

punch-through (kD/subs = 0) 
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Figure 7.24 Normalised penetration resistance profiles up to Stage 1 of triggering 

punch-through (kD/subs > 0) 
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Figure 7.25 Normalised penetration resistance profiles for a typical case (t/D = 

1.5), showing the effect of strength ratio 
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Figure 7.26 Proposed punch-through model based on observed failure mechanism 

(after Stage 1) 
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Figure 7.27 Bearing capacity factor for an embedded cone (data: Lu et al., 2004) 
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7.28(b) subs/sut = 0.4 
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(d) subs/sut = 0.8 

Figure 7.28 Strong soil plug depth, Hplug, beneath the advancing spudcan (kD/subs = 

0) 
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Figure 7.29 Values of coefficients f9 and f10 for Equation 7.10 (kD/subs = 0) 
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Figure 7.30 Strong soil plug depth, Hplug, beneath the advancing spudcan (kD/subs  

0.4) 
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CHAPTER 8 EFFECT OF STRAIN RATE AND 

STRAIN SOFTENING 

 

8.1 INTRODUCTION 

Accurate prediction of spudcan penetration during preloading is important in order to 

ensure the safety of the structure and avoid unexpected leg penetrations that could 

damage either the structure itself or adjacent platforms. Field experience has shown that 

penetration depths are often significantly under-predicted, and a recent study 

emphasised the need to allow for effects of strain rate and strain softening on the 

penetration resistance (Erbrich, 2005). 

In previous chapters, mechanism-based design approaches have been proposed based on 

the results from large deformation finite element analyses, with the soil modelled as 

rate-independent, elastic-perfectly plastic material. It has been pointed out, however, 

that centrifuge model tests gave bearing capacity factors during deep penetration that 

were consistently 10 to 15% lower, supporting the observation of Erbrich (2005) that 

gradual remoulding of the soil as it flows around the spudcan lowers the resistance. 

This chapter provides a first step towards quantifying the effects of (a) strain rate, and (b) 

strain softening, on the penetration resistance of spudcan foundations, and the depth to 

which an open cavity will form above the spudcan. The study has explored both non-

homogeneous and layered strength profiles, and draws on the framework developed to 

interpret results from full-flow penetrometer testing (Einav & Randolph, 2005; Zhou & 

Randolph, 2007, 2009). Large deformation finite element (LDFE) analysis is used to 

perform a parametric study, and hence to develop quantitative adjustment factors for the 

cavity depth and penetration resistance. The results were documented in Hossain & 

Randolph (2009).      

8.2 RATE EFFECTS AND STRAIN SOFTENING 

Casagrande & Shannon (1949) and Casagrande & Wilson (1951) were among the first 

to investigate the effect of strain rate on measured shear strength. From that point 
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onwards, this subject has been the focal point of numerous investigations (e.g. Graham 

et al., 1983; Nakase & Kamei, 1986; Lefebvre & LeBoeuf, 1987; Awoleye et al., 1991; 

Valle et al., 1998; Zhu & Yin, 2000; Biscontin & Pestana, 2001; Lunne et al., 2006; 

Yafrate & DeJong, 2006, 2007; DeGroot et al., 2007; Lunne & Andersen, 2007; Low et 

al., 2008). There is a general agreement that shear strength of clays is highly strain-rate 

dependent, with the strength typically increasing by 5 to 20% for each order of 

magnitude increase in shear strain rate. In laboratory triaxial tests where the imposed 

strain rate is low, this value lies around 10%/log cycle, and appears similar for both 

intact and remoulded conditions (Lefebvre & LeBoeuf, 1987; Kulhawy & Mayne, 1990; 

Zhu & Yin, 2000; Koumoto & Houlsby, 2001; Lunne et al., 2006).  

In situ soil characterisation tests such as field vane and full-flow penetrometers involve 

strain rates three to five orders of magnitude higher than standard laboratory tests, and 

typically give higher rates of strength (i.e. torque or penetration resistance) increase of 

about 10 to 20% for every ten fold increase in rotation or penetration rate (Biscontin & 

Pestana, 2001; Chung et al., 2006; Yafrate & DeJong, 2006, 2007; DeGroot et al., 2007; 

Low et al., 2008; Lehane et al., 2009). A consistent observation from these studies was 

that the axisymmetric (ball) penetrometer showed rate effects that were 60 to 70% of 

those for the cylindrical (T-bar) penetrometer. It should be emphasised that the above 

results refer to fully undrained conditions; as the penetration rate decreases, the 

resistance will eventually start to increase again due to partial consolidation. This can be 

an important consideration for the interpretation of penetrometer tests and their 

application to spudcan resistance, particularly in intermediate soils (Erbrich, 2005), but 

partial consolidation is not considered further in this research. 

Clays also exhibit strain softening, however, with gradual loss of shear strength when 

subjected to large shear strains. Typical sensitivity values for marine clays when fully 

remoulded range from 2 to 5 (Kvalstad et al., 2001; Andersen & Jostad, 2004; Randolph, 

2004), although the degree of strength loss will be much less for the limited strains 

associated with laboratory testing (typically < 30%) or even those involved in flow 

around a penetrating object.  

Recent theoretical studies have considered the combined effects of strain rate and strain 

softening on the response of T-bar and ball penetrometers (Einav & Randolph, 2005; 

Randolph & Andersen, 2006; Zhou & Randolph, 2007, 2009). These studies quantified 

average strain rates, which are approximately 0.35v/D for the cylindrical geometry and 
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0.7v/D for the ball, where v and D are respectively the penetration rate and diameter; 

and also average cumulative shear strain for soil passing through the failure mechanism, 

which is between 300 and 400%. These average values are deduced from the net effect 

on the penetration resistance, as determined by numerical analysis, although the actual 

strain rates and cumulative shear strain undergone by a soil element depend on the 

proximity of the element to the centre-line of the advancing object. 

Experimental evidence for the degree of softening to be anticipated during a single pass 

of a penetrometer (or spudcan) is provided by the ratio of extraction to penetration 

resistance for full-flow penetrometers. Typically, the extraction resistance ranges 

between 50 and 80% of the penetration resistance (Yafrate & DeJong, 2006; Randolph 

et al., 2007), although lower ratios are measured in highly sensitive soils. It has been 

argued that the extraction resistance reflects a cumulative level of shear strain that is 

three times greater than that relevant for initial penetration, but also that the penetration 

resistance relative to the ideal value for a non-softening soil may be estimated as the 

square root of the extraction to penetration resistance ratio (Randolph et al., 2007). The 

latter argument suggests that the penetration resistance in marine clays may be expected 

to lie in the range 70 to 90% of the ideal value for a non-softening material.  

In this dissertation, a number of centrifuge model tests of spudcan penetration and 

extraction have been conducted in single layer and double layer clays (Chapters 5 and 6). 

Figures 8.1 and 8.2 show typical results providing visual evidence of soil disturbance 

and extraction resistances that are some 65 and 50% of initial penetration resistances. 

This is consistent with the extraction to penetration resistance ratios quoted above.          

The most detailed assessment of rate and softening effects on spudcan penetration 

resistance is that by  Erbrich (2005), based on a case study of an 18 m diameter spudcan 

in Bass Strait. A number of factors were considered, including partial consolidation and 

strain rate effects relative to T-bar penetrometer tests undertaken at the site. However, 

since the spudcan resistance was considered in relation to the T-bar penetration 

resistance (rather than in terms of the intact shear strength profile), softening did not 

have to be quantified explicitly. Rate effects were based on an assumed spudcan 

penetration rate of 2 m/hour. In general, for spudcan diameters of 10 to 20 m and 

penetration rates of 1 to 3 m/hour, the normalised penetration rate (penetration rate 

divided by diameter, v/D) ranges from 0.05 to 0.3 diameters per hour, compared with 

0.5 diameters per second for a field T-bar. Assuming an average shear strain rate of 



Chapter 8: Effect of strain rate and strain softening                                               

Centre for Offshore Foundation Systems (COFS) 8-4 

0.7v/D (as quoted above for the axisymmetric ball penetrometer), the average shear 

strain rate for spudcan penetration ranges from 3.5 to 21%/hour, which is similar to 

typical laboratory shearing rates.  

8.3 INCORPORATION OF COMBINED EFFECTS OF  STRAIN RATE 

AND STRAIN SOFTENING  

Following the proposed model of Einav & Randolph (2005) and Zhou & Randolph 

(2007), the Tresca soil model, described in Chapter 2, was extended in order to take the 

combined effects of rate dependency and gradual softening into account. The undrained 

shear strength at individual Gauss points was modified immediately prior to remeshing, 

according to the average rate of maximum shear strain in the previous increments and 

the current accumulated absolute plastic shear strain, according to 

 
   ui
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 (8.1) 

The first bracketed term augments the strength according to the maximum strain rate,  , 

relative to a reference value, ref , which may vary from 1 to 4%/h for triaxial tests and 

up to 20%/h for direct simple shear tests (Erbrich, 2005; Lunne et al., 2006), following a 

logarithmic law with rate parameter  taken in the range 0.05 to 0.2. The maximum 

shear strain rate,  , was deduced by dividing the computed maximum shear strain (1 

- 3) over a series of small strain analyses (S increments between remeshing steps) by 

the notional time period, St. The time period for each increment, t, is the ratio of 

normalised spudcan penetration rate in the LDFE analysis (/D) to the typical field 

penetration rate (v/D).          

The second part of Equation 8.1 models the degradation of strength according to an 

exponential function of cumulative shear strain, , from the intact condition to a fully 

remoulded ratio, rem (the inverse of the sensitivity). Typical sensitivity values range 

from 2 to 5 for marine clays and 2 to 2.8 for reconstituted kaolin clay used widely in 

centrifuge tests (Kvalstad et al., 2001; Andersen & Jostad, 2004; Randolph, 2004; Chen, 

2005). The relative ductility is controlled by the parameter, 95, which represents the 

cumulative shear strain required for 95% remoulding. Typical values of 95 have been 
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estimated as around 10 to 25 (i.e., 1,000% to 2,500% shear strain) by matching 

degradation curves from cyclic penetration and extraction tests on T-bar and ball 

penetrometers (Randolph, 2004).  

The range of parameters analysed is summarised in Tables 8.1 and 8.2 for non-

homogeneous and stiff-over-soft clays respectively, encompassing a wide range of cases 

of practical interest, with the values in the last four rows of Table 8.1 chosen for specific 

comparisons to be discussed later. The base-case parameters, in terms of normalised 

spudcan penetration rate and soil sensitivity were taken as refD/v   = 11.1, 9.26 (for 

example, an 18 m diameter spudcan penetrating at ~2 m/hour, with a reference shear 

strain rate of ref  = 1 %/hour = 2.8  10
-6

 s
-1

); sensitivity of 4 (hence rem = 0.25). For 

consistency, the spudcan-soil interface friction ratio (base roughness) was taken as  = 

rem. For single layer clay, non-homogeneity factor was kD/sumi = 3 and for layered clay, 

normalised factors were subsi/suti = 0.4, subsi/bD = 0.36, t/D = 1, kD/subsi = 0 and 0.6. 

A particular difficulty, though, is that enhanced shear strength owing to high shear 

strain rate reverts any Gauss point at yield to elastic conditions (as the stress state will 

now fall inside the Tresca failure criterion), leading a sharp reduction in strain rate 

during the following increment, and hence oscillation of the shear strength. This 

problem of abrupt changes in shear strength was damped by adopting a strength value 

midway between the old and (calculated) new values.    

Conversely, the reduction of strength owing to strain softening leads the stress state for 

Gauss point at yield outside the Tresca failure criterion. The stress state was converged 

back to the yield surface after updating the shear strength. The treatment was provided 

following the procedure proposed by Potts & Gens (1985), as noted in Chapter 2.   

The soil-spudcan interface was modelled as partially rough, using a nodal joint 

approach and in most cases taking the limiting interface shear as the remoulded shear 

strength of the adjacent soil. The interface was also assigned infinitely large tensile 

strength, eliminating any gapping as the spudcan penetrates the soil.  
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8.4 EFFECTS EVALUATION AND DISCUSSION ON SINGLE LAYER 

CLAY 

Details of soil flow mechanisms and bearing capacity associated with the progress of 

spudcan penetration in ideal rate-independent, elastic-perfectly plastic clay have been 

documented in Chapter 5. Results in the following sections will focus mainly on the 

effect of parameters pertinent to strain-rate and strain-softening effects in order to 

develop quantitative design charts in relation to the results for ideal soils.    

8.4.1 Effect on Soil Flow Mechanisms: Limiting Cavity Depth 

Similar flow mechanisms and cavity formation to those described in Chapter 5 also 

occur for spudcan penetration in rate-dependent, strength-softened soil. Figures 8.3a to 

8.3c illustrate the patterns at a penetration depth of one diameter (d/D = 1) in a soil with 

sumi/D = 0.083, kD/sumi = 3 (hence k/ = 0.25) and spudcan base roughness factor  = 

0.25; Figure 8.3a is for the ideal rate independent, non-softening soil, while Figures 

8.3b to 8.3c are for a rate parameter,  = 0.1 and strain-softening parameter, 95 = 20 

and 10 respectively (both for sensitivity, St = 4 thus rem =, and non-dimensional 

reference velocity refD/v  = 11.11). In these three cases the surface heave is 0.22D, 

0.2D and 0.18D respectively; the (average) limiting cavity depths are 0.27D, 0.23D 

and 0.19D; and the distortion zones extend laterally by 1.5D, 1.42D and 1.32D. 

Therefore, the limiting cavity depth above the advancing spudcan (identical to the depth 

of initiation of soil back-flow) reduces due to softening of the soil.  

The continual back-flow provides a seal above the spudcan and limits the cavity depth, 

as evident in Figure 8.3. In order to develop a design chart for estimating this cavity 

depth above the advancing spudcan, the depth of back-flow and the average cavity 

depth were identified from all the spudcan penetration analyses tabulated in Table 8.1, 

observing the flow mechanisms during continuous penetration and assessing the crater 

depth at deep penetration respectively. It was found that the depth of back-flow was 

approximately equal to the (average) limiting cavity depth, H. 

Results for soil with kD/sumi = 3 are presented in Figure 8.4a with the normalised cavity 

depth, H/D, plotted against rate parameter  for different 95. The results show 

increasing cavity depth with increasing rate parameter, , which is consistent with the 

tendency for H to increase with increasing normalised strength, su/D (see Chapter 5). 
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Values for strain-softening clay lie parallel to, but well below, the line for non-softening 

clay, again reflecting the reduction in average strength ratio within the failure 

mechanism, which encourages initiation of back-flow.  

A convenient expression for estimating the normalised cavity depth, H/D, in softening 

clay is expressed as 

    
ideal

/ξ3ξ

remremc
D

H
eδ1δμR1

D

H
95c 
















 
 (8.2) 

where (H/D)ideal is the value of (H/D) obtained for an ideal rate-independent, non-

softening ‘Tresca’ clay (see Chapter 5) and c represents the average shear strain 

undergone by the soil as it flows past the spudcan. This expression is compared with 

results from LDFE analyses in Figure 8.4a for δrem = 0.25 (a sensitivity of 4) and 

refD/v   = 11.11. Although there is some cross-coupling between the effects of strain 

rate and softening, the multiplicative factors given in Equation 8.2 appear sufficiently 

accurate taking Rc = 0.95 and ξc = 2.4. 

The limiting cavity depth reduces with increasing soil strength non-homogeneity, 

kD/sumi, as shown in Figure 8.4b. However, the net influence of  for different 95 is 

almost identical, that is, all values are in similar proportion to the line for non-softening 

but rate-dependent soil. 

8.4.2 Effect on Penetration Resistance 

Although the penetration resistance at shallow depth (prior to back-flow) is a function 

of the overburden stress in addition to the shear strength of the clay, the load-

penetration responses are considered here in terms of the net bearing pressure, qnet, and 

deep bearing capacity factor, Ncd (see Chapter 5). The values qnet and Ncd are calculated 

respectively as  

A

V
γ

A

P
qnet

  (8.3) 

u0i

net
cd

s

q
N   (8.4) 

where P is the penetration resistance, V is the volume of the embedded spudcan 

including shaft, A is the largest cross-sectional area of the spudcan, and su0i is the intact 
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shear strength at the spudcan base level measured at the reference strain rate. Strain rate 

dependence and strength degradation effects are therefore implicit in this definition of 

bearing capacity factor.  

The deep bearing response of spudcan foundations is affected by a number of factors, 

primarily: (a) the strain-rate parameter, ; (b) the strain-softening parameter, 95; (c) the 

remoulded ratio, rem, and the roughness of spudcan base, ; (d) non-dimensional 

reference velocity, refD/v  , at which the prescribed strength (sui) was assessed; and 

(e) the clay strength non-homogeneity, kD/sumi. In addition, the computational 

parameters adopted in the LDFE analyses will also affect the computed results. The 

results are discussed below in relation to these various factors, starting with the 

computational aspects. In all the response curves, the spudcan penetration is plotted 

relative to the depth of the lowest maximum diameter of the spudcan below the original 

ground surface. 

Effect of LDFE analysis parameters 

The computational parameters to be considered include rigidity index, E/sui; minimum 

element size, hmin/D; increment size, /D; and remeshing interval, S. Investigations were 

carried out in order to explore their effects on the spudcan load-penetration response, 

although only a brief summary is provided here. 

Overall, the stiffness ratio, E/sui, was found to have little influence on the spudcan 

penetration resistance, especially given the much larger effects due to strength 

degradation and strain rate dependency. Similar conclusions were drawn by Einav & 

Randolph (2005) and Zhou & Randolph (2007) for deep penetration of T-bar and ball 

penetrometers, and so the stiffness ratio has been maintained at 500. 

In the LDFE approach, in order to minimise the out-of-balance force carried forward 

into the next incremental computation, a fine mesh and small displacement increments 

are necessary to ensure accurate results. In this study, after a series of test analyses, the 

minimum element (hmin) size was set as 0.016D and the displacement increment size, , 

was chosen as 8.33  10
-5

D.  

The effect of the remeshing frequency (i.e. the number, S, of small-strain increments 

between remeshing stages) on the spudcan penetration responses was examined by 

varying S between 25 and 100. The results are shown in Figure 8.5 for an ideal and a 
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rate-dependent, strain-softening soil with  = 0.05, 95 = 10,  = rem = 0.25 (kD/sumi = 

3). It can be seen that the resistance curve is relatively unaffected for the ideal soil, but 

shows a greater divergence for rate-dependent and softening soil, with the resistance at 

any depth increasing by 9 to 14% for values of S of 75 and 100. Consequently, it was 

decided to adopt S = 50 for the parametric analyses, which gives maximum 

displacements between remeshing of S/hmin < 25%. 

Effect of rate parameter,           

The rate parameter, , was varied between 0 and 0.2, and the effect on the bearing 

resistance factor, Ncd, is shown in Figure 8.6 for ductility parameters of 95 = 10 and 20. 

The result for the ideal non-softening soil (with  = 0.25) is also included for 

comparison. For the ideal soil, Ncd rises monotonically with penetration depth and 

reaches a limiting value of about 11.3 at d/D  1.5. By contrast, for rate-dependent and 

softened clay, the bearing capacity factor rises sharply to a local maximum at a very 

shallow penetration depth of d/D  0.1 - 0.15, followed by a slight decrease before 

increasing again and then stabilising at the limiting value, Ncdu, at a penetration of about 

2D.           

Although there is some cross-coupling between the effects of strain rate and strain 

softening, almost all curves lie below that for ideal soil, confirming significant influence 

of softening which is most pronounced for low rate dependency. As expected, the 

limiting bearing capacity factor increases with increasing rate parameter. For instance, 

for 95 = 20 and a depth ratio of unity (d/D = 1) (see Figure 8.6b) the lowest bearing 

capacity factor Ncd = 8.5 for  = 0, which is about 24% lower than that for ideal soil, 

and the gap gradually reduces by 5% with a rate parameter of 0.05. 

Effect of strain-softening parameter, 95 

In order to show the effect of soil ductility, bearing response factors are plotted in 

Figures 8.7a to 8.7c for a range of 95 from 10 to 25, for rate parameters of  = 0, 0.1, 

0.2 respectively. Once again, the result for ideal soil (with  = 0.25) is included for 

comparison.  

It may be observed that the abruptness of softening has a very significant effect on the 

resistance factor, which reduces with decreasing strain-softening parameter, 95 
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(increasing brittleness). For instance, for  = 0.1 and a penetration ratio of 2 (d/D = 2) in 

Figure 8.7b, the reduction of deep bearing capacity factor Ncd  2 (i.e. 20%) as 95 

reduces from 20 to 10. 

Combined effects of strain rate, strain softening and soil sensitivity  

From the parametric study encompassing a range of relevant values of  = 0 to 0.2, 95 

= 10 to 25 and rem = 0.2 to 0.5 (see Table 8.1), an approximate expression for the 

spudcan limiting bearing capacity factor, Ncdu, accounting for the combined effects of 

strain rate and strain softening may be written as 

     idealcdu,
/ξ3ξ

remrembcdu Ne δ1δμR1N 95b
  (8.5)      

where Ncdu,ideal is the value of Ncdu obtained for an ideal rate-independent, non-softening 

Tresca model (see Chapter 5). By comparing this expression with results from the finite 

element analysis, as shown in Figure 8.8 for δrem = 0.25 (sensitivity of 4), values for the 

parameters Rb and b may be estimated as Rb ~ 1.47 and ξb ~ 2.4. 

The value of b represents an average cumulative shear strain (of 240%) experienced by 

soil particles as they traverse the flow mechanism around the spudcan, and the values in 

Figures 8.4 and 8.8 are consistent. The gradient Rb reflects the higher average shear 

strain rate in the flow mechanism compared with the reference value. The gradient in 

Figure 8.4 is lower (Rc ~ 0.95), since the cavity depth varies approximately according to 

the normalised shear strength to a power of 0.55 (see Chapter 5). Note that the ratio of 

the gradients is not exactly 0.55:1, since the concept of an ‘average’ shear strain rate 

over-simplifies the actual situation where a wide range of shear strain rate exists within 

the mechanism.   

In LDFE analysis results presented so far, the soil sensitivity (St = 4), soil strength non-

homogeneity (kD/sumi = 3) and non-dimensional reference velocity ( refD/v   = 11.11) 

were all kept constant. The rate coefficient, Rb, of 1.47 is applicable to the normalised 

reference velocity 11.1. While maximum spudcan penetration rates in the field are 

expected to be 1 to 3 m/hour (Erbrich, 2005), lower velocities will occur as the spudcan 

reaches its maximum penetration. Also reference shear strain rates may be higher, with 

rates for simple shear tests as high as 5 to 20%/hour (Lunne & Andersen, 2007). An 

equivalent resistance factor for other normalised velocities may be obtained by 
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adjusting the rate dependent term accordingly by the logarithm of the ratio of 

normalised velocities. Such adjustment would lead to zero gradient for refD/v  = 0.4, 

and indeed analyses conducted for refD/v  = 0.6 gave negligible dependence on the 

rate parameter , as shown in Figure 8.9. 

Effect of soil sensitivity, St 

Typical sensitivity values for marine clays may range from 2 to 5 (Kvalstad et al., 2001; 

Andersen & Jostad, 2004; Randolph, 2004), whereas the sensitivity of reconstituted 

kaolin clay (as used widely in centrifuge tests) is 2 to 2.8 (Chen, 2005). The effect of 

soil sensitivity, and hence remoulded strength ratio, rem, and spudcan base roughness, , 

was explored, varying  rem =  from 0.2 to 0.5. The results are plotted in Figure 8.10. It 

is apparent that for a ductile soil with higher rate dependency, 95 = 20 and  = 0.1 in 

Figure 8.10a, the effect of the soil sensitivity is small. However, as the soil becomes 

more brittle the influence becomes more marked, particularly for low rate dependency. 

For example, in Figure 8.10b with 95 = 10 and  = 0.05 ( refD/v   = 11.11, kD/sumi = 3), 

the average deep limiting bearing capacity factors, Ncdu, for rem =  = 0.2, 0.4, and 0.5 

are respectively 1.6% lower, and 14.6% and 18.3% higher compared to that for rem =  

= 0.25.    

Effect of soil strength non-homogeneity, kD/sumi 

Jack-up rigs frequently operate on essentially normally consolidated clay deposits, 

where the strength non-homogeneity factor may be as high as 10 to 20 (Gemeinhardt & 

Focht, 1970; Randolph, 2004; Menzies & Roper, 2008). The effect of strength 

heterogeneity on the limiting cavity depth above the advancing spudcan has already 

been discussed. In order to examine the corresponding effect on the penetration 

resistance in rate dependent and strain-softening clay, analyses were undertaken for a 

non-homogeneity factor of kD/sumi = 12 (sumi/D = 0.028, k/ = 0.33). Typical results 

are plotted in Figure 8.11 together with those for kD/sumi = 3. Just as for ideal soils (see 

Chapter 5), the degree of strength non-homogeneity only affects the penetration 

resistance at shallow penetrations. Once the spudcan is deep enough for the full flow-

round mechanism to govern, the curves for any given set of rate and softening 

parameters merge together regardless of the degree of non-homogeneity, kD/sumi, with 

similar limiting values of Ncdu. In detail, Ncdu values appear marginally higher for higher 
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kD/sumi and in the worst case the difference may be as high as 2%, but this difference is 

small relative to other effects. 

8.4.3 Solution of Practical Problems 

A ‘typical’ case of practical interest, based on reported case histories in the Gulf of 

Mexico, has been considered by the ISO subcommittee responsible for the geotechnical 

aspects of the forthcoming international standard for jack-up rigs, ISO 19905-1 

(technically this is Panel 4 of committee ISO/TC 67/SC 7/WG 7). The objective was to 

compare load-penetration curves obtained using the tabulated Nc factors of Houlsby & 

Martin (2003), Skempton’s (1951) equation, and the SNAME (2002) approach. The 

strength profile for soft clay was 6 + 2z kPa, and the spudcan diameter was taken as 18 

m with fully rough interface, hence kD/sumi = 2  18 / 6 = 6.  

The vertical bearing capacity available to the jack-up leg, V0, was calculated neglecting 

the buoyancy of the spudcan and assuming ‘full backflow’ as according to 

uc0 s A NV   (8.6) 

with no additional terms. Houlsby & Martin (2003) tabulated theoretical lower bound 

values of Nc for conical based foundations as a function of cone base roughness , cone 

included angle , strength non-homogeneity factor kD/sumi and embedment ratio d/D. 

The Nc values were picked by extrapolation for kD/sumi = 6 assuming a spudcan 

included angle of  = 150. The su in Equation 8.6 was taken as su0i = sumi + kd, the 

strength at the actual spudcan base level. For a cylindrical circular foundation in 

homogeneous clay (kD/sumi = 0), Skempton (1951) and Brinch Hansen (1970) proposed 

relationships for Nc in Equation 8.6 as 6 + 1.2d/D and 6.14 + 2.456 tan
-1

(d/D) (as 

adjusted by Dean, 2008) respectively. For the considered case with kD/sumi > 0, su was 

then adjusted following averaging approaches suggested by Young et al. (1984) as su0i = 

sumi + k(d + 0.25D) and Gemeinhardt & Focht (1970) as su0i = sumi + k(d + 0.5D) from 

their practical experience. The computed results are plotted in Figure 8.12.  

In this study, LDFE analyses have been carried out for the above case for a spudcan 

with the same included angle  = 154 as for the other analyses reported here. The 

analyses were performed for a simple elastic-perfectly plastic response, assigning 

spudcan base roughness  = 0 and 1; and also with strain-softening and rate effects 

being taken into account. In the latter analysis, typical values for the various parameters 
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were adopted as follows:  = 0.1, 95 = 15, rem =   = 0.25, and refD/v  = 2 (relevant 

to shear strain rate of simple shear test). The vertical bearing capacity, V0, was 

calculated, following the SNAME approach, by adjusting the raw penetration force, P, 

obtained from the FE analysis, subtracting the appropriate surcharge contribution 

including buoyancy of the spudcan according to 

   VHd0,MaxdA γPV0   (8.7)    

The different approach compared to Equation 8.6 is necessary in order to account for 

the actual soil flow mechanism, removing any a priori assumption such as ‘full 

backflow’ or ‘fully open’. In this study, a cavity (of finite depth) remained open initially 

above the advancing spudcan, and the actual cavity depths are indicated on Figure 8.12.  

Load-penetration curves from all analyses for kD/sumi = 6 and sumi/D = 0.055 are 

incorporated in Figure 8.12. The effect of spudcan base roughness () on the bearing 

response was found to be minimal owing to the presence of softer soil being dragged 

down with the spudcan during continuous penetration into non-homogeneous clay (see 

Chapter 5). For rate-independent, perfectly plastic soil, the LDFE results lie above the 

Skempton (as adjusted by Gemeinhardt & Focht) curve after a penetration depth of d  

1D; at shallower depth, where kD/su0i is high, the Young et al. depth correction fits 

better. Taking strain-softening and strain-rate effects into account, the curve diverges 

gradually with the progress of penetration, and eventually matches closely with the 

Houlsby & Martin curve. Current offshore design guidelines SNAME (2002) initially 

recommended Brinch Hansen’s (1970) factor (modified by Dean, 2008) adjusting for 

strength non-homogeneity following Young et al., and later on alternatively suggested 

the lower bound solution of Houlsby & Martin (2003). While the former approach lies 

in between the LDFE curves with and without rate effects and softening, the latter gives 

better prediction of the penetration resistance with these effects accounted for. It should 

be emphasised that these results are for a set of typical values of the parameters. The 

penetration responses may vary by as much as 10 to 15% for other combinations of the 

parameters. The approaches commonly used in practice to estimate spudcan penetration 

appear reasonable even if the apparent accuracy is achieved through compensating 

errors. 

Menzies & Roper (2008) reported 13 case histories in the Gulf of Mexico. Comparing 

different design approaches they commented that penetration predictions based on the 
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approach suggested in Chapter 5 provided upper bound estimates, while the Houlsby & 

Martin (2003) bearing capacity factors provided lower bound estimates. Interestingly, a 

20% reduction of the bearing capacity values from this study were found to give 

excellent prediction of penetration depths for all cases. The 20% reduction is consistent 

with the results of this study; for example Figure 8.8 indicates a reduction in Ncdu from 

11.3 to 9.1, for a soil with sensitivity of 4, taking  ~ 0.1, 95 = 15 and refD/v   = 2, as 

used in Figure 8.12. Higher penetration rates, as will occur at the initial preloading 

stages, will yield slightly lower reductions, as can be seen from reported penetration 

profiles (Menzies & Roper, 2008).  

LDFE analyses were also undertaken for two of the reported case histories (Site 7 and 

Site 8, Menzies & Roper, 2008) with and without taking strain-softening and rate 

dependency into account. The strength profile for Case 1 was 5.7 + 1.2z kPa and for 

Case 2 was 8.6 + 1z kPa, and an identical spudcan foundation was used for both cases 

with D = 12 m. The analyses were performed for ideal soils assigning spudcan base 

roughness  = 0 and 1; and softening clays prescribing values for the various 

parameters as follows:  = 0.1, 95 = 15, rem =   = 0.35 (reflecting St = 2 to 3.5); and 

refD/v  = 11.11 and 2. The profiles of vertical bearing capacity, V0 (following 

Equation 8.7) are illustrated in Figure 8.13. As predicted, accounting for strain-

softening and strain-rate effects the results show a reduction of about 15% to 20% 

compared to ideal soils, depending on the reference normalised velocity refD/v  , and 

predict the reported penetration profiles excellently, providing confidence that the 

results of this study can be used in practice. This confirms the need to take full account 

of rate and softening effects in order to achieve accurate prediction of spudcan 

penetration, as suggested by Erbrich (2005).  

8.5 EFFECTS EVALUATION AND DISCUSSION ON DOUBLE LAYER 

CLAY 

A similar investigation has been carried out for spudcan foundation penetrating in 

stratified stiff-over-soft clays. As for ideal (rate independent, non-softening) soils 

considered in Chapter 7, two configurations of layered strength profiles were explored: 

uniform-over-uniform clay (kD/subsi = 0) and uniform-over-non-uniform clay (kD/subsi = 

0.6). Parametric LDFE analyses have been undertaken assigning typical values for layer 
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soil properties and geometry and for the parameters relevant to strain rate and strain 

softening, as summarised in Table 8.2, with the overall aim being to investigate the 

potential for punch-through failure, and its severity. The outcomes are discussed below 

focusing chiefly on the likelihood of spudcan punch-through and its severity.  

8.5.1 Effect on Soil Flow Mechanisms 

Similar flow mechanisms and cavity formation to those described in Chapter 7 also 

occur for spudcan penetration in rate-dependent, strength-softened soil. Figures 8.14 

and 8.15 show the mechanisms immediately after the point of triggering critical punch-

through and hence peak in penetration resistance profiles (see later Figures 8.18 and 

8.20) for layered deposits with strength ratio subsi/suti = 0.4, t/D = 1, kD/subsi = 0 and 

spudcan base roughness factor  = 0.25; Figure 8.14a is for the deposit with ideal rate 

independent, non-softening soils, while Figures 8.14b to 8.14c are for a rate parameter, 

 = 0.1 and strain-softening parameter, 95 = 20 and 10 respectively and Figures 8.15a 

to 8.15c are for a strain-softening parameter, 95 = 20 and rate parameter,  = 0.05, 0.1 

and 0.2 respectively (all for sensitivity, St = 4 thus rem =, and non-dimensional 

reference velocity refD/v  = 9.26). These illustrations are to show the effect of the 

degree of softening and rate dependency on the severity of punch-through. On this 

critical deposit, punch-through occurred for all cases but was triggered at much 

shallower depth for rate-dependent and softened clays.  

From Figures 8.14b and 8.14c, for a rate parameter  = 0.1 the depth of unstable punch-

through and the extent of plastic yielding into the lower layer increase with increasing 

soil brittleness, rendering a possibility of more severe punch-through failure for 95 = 10. 

By comparing the patterns in Figures 8.15a to 8.15c for a softening parameter 95 = 20, 

as the rate dependency increases, although punch-through is triggered at similar 

penetration depths, vertically upwards flow to the surface becomes limited and 

downwards flow becomes confined laterally with deeper extent of plastic yielding into 

the lower layer.                

In order to explore the effect of rate dependency and softening on the overall soil flow 

mechanisms and the depth of initiation of back-flow, the soil failure patterns for 

spudcans about to penetrate into the lower layer (d/D = t/D = 1) are depicted in Figures 

8.16 and 8.17 for layered soils with strength ratio subsi/suti = 0.4, kD/subsi = 0 and 0.6 

respectively and spudcan base roughness factor  = 0.25. Figures 8.16a and 8.17a are 
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for ideal rate independent, non-softening soils, while Figures 8.16b, 8.17b to 8.16c, 

8.17c are for a rate parameter,  = 0.1 and strain-softening parameter, 95 = 20 and 10 

respectively (both for sensitivity, St = 4 thus rem =, and non-dimensional reference 

velocity refD/v  = 9.26). On uniform-over-uniform clay in Figure 8.16, the soil 

deformation is directed predominantly vertically downwards with the extent of 

deformation into the lower layer wider and deeper for softened sediments and the soil 

gradually tending to flow back into the cavity above the spudcan for highly brittle soil 

(95 = 10). 

By contrast, on layered deposits with positive strength gradient (kD/subsi = 0.6, Figure 

8.17), soil flows in a rotational mode around the spudcan. Soil flows back into the 

cavity above the spudcan earlier for strain softening clays with lower ductility, again 

reflecting the reduction in average strength ratio within the failure mechanism, which 

favours initiation of back-flow.    

8.5.2 Effect on Penetration Resistance: Potential for Punch-Through  

The load-penetration responses are presented in terms of net bearing pressure, qnet 

(following Equation 8.3), normalised by the shear strength intercept of the lower layer 

at the interface (subsi), as a function of normalised penetration depth, d/D. In the 

following sub-sections, the results are discussed in relation to strain-rate and strain-

softening parameters focusing mainly on the likelihood of spudcan punch-through and 

its severity.  

Effect of rate parameter,           

The rate parameter, , was varied between 0.05 and 0.2, and the effect on the 

normalised bearing pressure is shown in Figures 8.18 and 8.19 for ductility parameters 

of 95 = 10 and 20 and respectively for uniform-over-uniform (kD/subsi = 0) and 

uniform-over-non-uniform (kD/subsi = 0.6) clays. The result for the ideal non-softening 

soil (with  = 0.25) is also included for comparison.  

For uniform-over-uniform clay in Figure 8.18, a peak in penetration resistance followed 

by some reduction, resulting in a potential punch-through situation, occurred for all 

cases investigated, with the severity of the reduction in resistance higher for rate-

dependent, softening clays and being greater the higher the rate dependency. This is due 

to the fact that punch-through involves the formation of a distinct cylindrical shear 
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surface through the upper layer, and primarily downward soil deformation extending 

deep into the lower layer, with more laterally confined and deeper extension for brittle 

soils (see Figure 8.15). The punch-through is triggered at a penetration of d/D ~ 0.41 in 

ideal soil while it is initiated at a much shallow penetration of d/D ~ 0.12 to 0.24 for 

rate-dependent, softening clays. The cavity above the penetrating spudcan remained 

open completely through the top layer, allowing a further reduction of bearing pressure 

once soil back-flow was initiated within the lower layer (see Figure 8.18). 

For uniform-over-non-uniform clay in Figure 8.19, with kD/subsi = 0.6, accounting for 

strain softening has encouraged initiation of back-flow well within the upper layer, as 

shown in Figure 8.17 and marked on Figure 8.19, leading to a change in the form of 

bearing pressure profiles compared to that for ideal soil. For spudcan penetration in a 

layered deposit of ideal soils with the same strength profile, no punch-through was 

indicated; rather the resistance curve increased monotonically at least up to the layer 

boundary. By contrast, moderate punch-through occurred in similar profiles of strain-

softening soils regardless of the rate parameter, .  

Effect of strain-softening parameter, 95 

In order to show the effect of soil ductility, bearing responses are plotted in Figures 

8.20a, 8.21a to 8.20b, 8.21b for softening parameters of 95 = 10 and 20, for rate 

parameters of  = 0.1 and 0.2 respectively. Figures 8.20 and 8.21 are respectively for 

lower layer strength non-homogeneity of kD/subsi = 0 and 0.6. Once again, the result for 

ideal soil (with  = 0.25) is included for comparison.  

It may be observed that the abruptness of softening has a very significant effect on the 

likelihood of spudcan punch-through and its severity. The degree of bearing capacity 

reduction with penetration, that is the severity of punch-through, increases with the 

reduction of strain-softening parameter, 95 (increasing brittleness), as can be seen in 

Figure 8.20 on layered deposit with kD/subsi = 0. This is owing to the deeper extent of 

soil deformation into the lower layer. On uniform-over-non-uniform clays with kD/subsi 

= 0.6, the potential for punch-through increases with decreasing ductility which 

favoured soil back-flow well within the upper layer (see Figure 8.21). 

Further investigation is required, varying the layer soil properties and geometry, to 

develop quantitative adjustment factors for the cavity depth and the peak bearing 

capacity factor at punch-through. 
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8.6 SUMMARY AND CONCLUDING REMARKS 

This chapter has reported results of continuous penetration analyses investigating the 

effects of strain-rate dependent shear strength and gradual remoulding, during deep 

penetration of spudcans in non-homogeneous and layered clays. The analysis was 

carried out using a large deformation finite element (LDFE) approach, modifying the 

basic elastic-perfectly plastic Tresca soil model to allow strain softening, and 

incorporating strain-rate dependency. A parametric study was undertaken, covering a 

wide practical range of strain-rate, strain-softening and remoulded soil parameters, to 

quantify the effects on the soil flow mechanisms, cavity depth and penetration 

resistance, with particular focus on comparing the results with those for ideal elastic-

perfectly plastic soil. 

Overall, the effect of strain softening on spudcan response was found to dominate. 

Although the effects of softening were partly compensated for by an increase in 

penetration resistance due to strain-rate dependency, the strain rates involved are quite 

small, resulting in correspondingly small strain-rate effects. 

In rate-dependent and strain-softening non-homogeneous clay, effects of spudcan 

penetration into the intact soil domain were concentrated more locally around the 

foundation, with soil back-flow triggered earlier compared to non-softening soil. The 

mudline heave, the limiting cavity depth above the advancing spudcan (approximately 

equivalent to the depth of initiation of soil back-flow) and the lateral extension of the 

distortion zone were all smaller than the corresponding values for non-softening soil, 

with the differences increasing with increasing brittleness of the soil. A convenient 

expression was developed to estimate the limiting cavity depth.   

In almost all the cases investigated here, the curves of spudcan penetration resistance for 

rate-dependent and strain-softening clays lay below those for ideal soil. Profiles of 

bearing capacity factor, Ncd, were obtained by normalising the penetration resistance by 

the intact reference shear strength at the depth of the spudcan base. The resulting 

profiles showed rather different trends from that for ideal soil, rising sharply to a peak at 

very shallow penetration depths (d/D = 0.1 to 0.15) followed by dropping gradually to 

stabilise at the ultimate limiting values, rather than rising monotonically with 

penetration depth to the limiting factor. A design chart, with results fitted by a simple 

expression, was proposed reflecting the cross-coupling effect of strain-rate (), 
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remoulded strength ratio (rem and hence interface friction ratio ) and strain-softening 

(95) parameters on the deep limiting capacity factor, Ncdu for an ideal soil. 

The degree of soil strength non-homogeneity, kD/sumi, only affected the response for 

shallow penetration depths (d/D  0.5), with the effect diminishing to less than 2% 

once penetration reverted to a full flow-round mechanism.  

In example analyses for a case of practical interest, the LDFE results were found to 

bracket the results following commonly used approaches, with the load-penetration 

profiles for an ideal soil agreeing well with the Skempton (as adjusted by Gemeinhardt 

& Focht) curve, while taking strain-softening and strain-rate effects into account 

reduced the resistance profile to match more closely with the Houlsby & Martin 

solution. However, these conclusions would change for other combinations of 

parameters and also, to a small degree, for different values of kD/sumi and sumi/D. In 

analyses for two case histories, accounting for strain-softening and strain-rate effects led 

a reduction of bearing capacity of about 15% to 20% compared to ideal soils, and 

predicted reported penetration profiles excellently. This confirms the need to take full 

account of rate and softening effects in order to achieve accurate prediction of spudcan 

penetration. 

On layered stiff-over-soft deposits, soil back-flow into the cavity above the spudcan 

occurred earlier in strain softening, rate dependent soils compared to ideal soils. Critical 

punch-through occurred at much shallow penetration depths with more laterally 

confined and deeper extent of plastic yielding into the lower layer for greater rate 

dependency and softening.       

Accounting for strain softening and rate dependency was shown to have significant 

influence on the likelihood of spudcan punch-through and its severity. While either no 

punch-through or very minor reduction in penetration resistance occurred for ideal (non-

softening) soils, mild to more catastrophic punch-through was shown to be triggered in 

deposits of rate-dependent, softening clays. The degree of bearing capacity reduction 

with penetration, that is the severity of punch-through, increased with increasing rate 

dependency and brittleness. Further investigation is required, varying the layer soil 

properties and geometry, to develop quantitative adjustment factors for the cavity depth 

and the peak bearing capacity factor at punch-through. 
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Table 8.1 Summary of selected parameters for LDFE analysis on single layer clay 

kD/sumi sumi/D  
refv/D   95  = rem Notes 

3 0.083 11.11 0, 0.05, 

0.1, 0.15 

and 0.2 

10, 15, 20 

and 25 

0.25 Effect of  and 

95   

3 0.083 11.11 0.05, 0.1 

and 0.2 

10 and 20 0.2, 0.25, 

0.4 and 0.5 
Effect of  and 

rem 

3 0.083 4.02 and 

0.60 

0.05, 0.1 

and 0.2 

10 and 20 0.25 Effect of  

refD/v   

3 

12 

0.083 

0.028 

11.11 0, 0.05, 

0.1, 0.15 

and 0.2 

-  = 0.25 

rem = 1 

Analyses 

without strain-

softening 

12 0.028 11.11 0, 0.05, 

0.1, 0.15 

and 0.2 

10 and 20 0.25 Effect of  

kD/sumi 

3          

12 

0.083 

0.028 

- - -  = 0.25 Analyses on 

ideal soil 

6 0.055 2 0.1 15 0.25 Case of ISO 

interest 
6 0.055 - - -  = 0 and 1 

2.53 

1.4 

0.08 

0.12 

2 and 

11.11 

0.1 15 0.35 Case histories 

(Menzies & 

Roper, 2008) 
2.53 

1.4 

0.08 

0.12 

- - -  = 0 and 1 
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Table 8.2 Summary of selected parameters for LDFE analysis on layered clay 

subsi/bD subsi/suti t/D kD/subsi b/t 
refv/D   95  = 

rem 

Notes 

0.36 0.4 1 0 0.87 9.26 0.05, 

0.1 

and 

0.2 

10 

and 

20 

0.25 Effect of 

 and 

95   

0.36 0.4 1 0.6 0.87 9.26 0.05, 

0.1 

and 

0.2 

10 

and 

20 

0.25 Effect of 

kD/subsi 

0.36 0.4  1 0 and 

0.6 

0.87 - - -  = 

0.25 

Analyses 

on ideal 

soil 

 

 

 

 

 

 

 

 

 

 



Chapter 8: Effect of strain rate and strain softening                                               

Centre for Offshore Foundation Systems (COFS) 8-26 

  

(a) Soil disturbance during spudcan penetration and extraction 
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(b) Penetration-extraction response profile showing effect of soil disturbance 

Figure 8.1 Typical results from centrifuge tests on non-homogeneous clay  
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(b) Penetration-extraction response profile showing effect of soil disturbance 

Figure 8.2 Typical results from centrifuge tests on stiff-over-soft clay  
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(a)  = 0, rem = 1 (b)  = 0.1, rem = 0.25, 95 = 20 (c)  = 0.1, rem = 0.25, 95 = 10(a)  = 0, rem = 1 (b)  = 0.1, rem = 0.25, 95 = 20 (c)  = 0.1, rem = 0.25, 95 = 10  

Figure 8.3 Effect of strain rate and strain softening on soil flow mechanisms (d/D = 

1; kD/sumi = 3)  
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(a) kD/sumi = 3  
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(b) Effect of soil strength non-homogeneity (kD/sumi) 

Figure 8.4 Combined effect of strain-rate parameter,  and strain-softening 

parameter, 95 on limiting cavity depth, H/D 
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(a) Bearing pressure, qnet 
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(b) Bearing capacity factor, Ncd 

Figure 8.5 Effect of remeshing frequency, S on the penetration response 
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(b) 95 = 20 

Figure 8.6 Effect of strain-rate parameter,  on the penetration response 
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Figure 8.7 Effect of strain-softening parameter, 95 on the penetration response 



Chapter 8: Effect of strain rate and strain softening                                               

Centre for Offshore Foundation Systems (COFS) 8-36 

0

2

4

6

8

10

12

14

16

0 0.05 0.1 0.15 0.2 0.25

Rate parameter, 

L
im

it
in

g
 b

e
a

ri
n

g
 c

a
p

a
c

it
y

 f
a

c
to

r,
 N

c
d

u

95 = 10

95 = 25

95 = 15

No strain-softening 

normalised gradient = 1.47

95 = 20

    = 2.4
bξ

Solid lines are from 

Equation 8.5

kD/sumi = 3

 =  rem = 0.25

v/D      = 11.11refξ

 

Figure 8.8 Combined effect of strain rate parameter,  and softening parameter, 

95 on ultimate deep bearing capacity factor, Ncdu  
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Figure 8.9 Effect of normalised reference velocity, refD/v  on the penetration 

response 
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(b) 95 = 10,  = 0.05 

Figure 8.10 Effect of remoulded strength ratio, rem and spudcan base roughness,  

on the penetration response 
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Figure 8.11 Effect of clay strength non-homogeneity, kD/sumi on the penetration 

response 
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Figure 8.12 Load-penetration curves for a case of ISO interest (kD/sumi = 6, sumi/D 

= 0.055) 
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(a) Case history 1 (kD/sumi = 2.53, sumi/D = 0.08) 
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Figure 8.13 Reported penetration profiles and LDFE analyses for two case 

histories (Site 7 and Site 8, Menzies & Roper, 2008) 



Chapter 8: Effect of strain rate and strain softening                                               

Centre for Offshore Foundation Systems (COFS) 8-42 
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Figure 8.14 Effect of strain softening on critical punch-through mechanism (t/D = 

1, subsi/suti = 0.4; kD/subsi = 0) 

 

(a) 95 = 20, rem = 0.25,  = 0.05 (b) 95 = 20, rem = 0.25,  = 0.1 (c) 95 = 20, rem = 0.25,  = 0.2(a) 95 = 20, rem = 0.25,  = 0.05 (b) 95 = 20, rem = 0.25,  = 0.1 (c) 95 = 20, rem = 0.25,  = 0.2  

Figure 8.15 Effect of strain-rate parameter,  on critical punch-through 

mechanism (d/D = 0.23, t/D = 1, subsi/suti = 0.4; kD/subsi = 0) 



Chapter 8: Effect of strain rate and strain softening                                               

Centre for Offshore Foundation Systems (COFS) 8-43 

(a)  = 0, rem = 1 (b)  = 0.1, rem = 0.25, 95 = 20 (c)  = 0.1, rem = 0.25, 95 = 10(a)  = 0, rem = 1 (b)  = 0.1, rem = 0.25, 95 = 20 (c)  = 0.1, rem = 0.25, 95 = 10(a)  = 0, rem = 1 (b)  = 0.1, rem = 0.25, 95 = 20 (c)  = 0.1, rem = 0.25, 95 = 10  

Figure 8.16 Effect of strain rate and strain softening on soil flow mechanisms (d/D 

= 1, t/D = 1, subsi/suti = 0.4; kD/subsi = 0) 

 

(a)  = 0, rem = 1 (b)  = 0.1, rem = 0.25, 95 = 20 (c)  = 0.1, rem = 0.25, 95 = 10(a)  = 0, rem = 1 (b)  = 0.1, rem = 0.25, 95 = 20 (c)  = 0.1, rem = 0.25, 95 = 10  

Figure 8.17 Effect of strain rate and strain softening on soil flow mechanisms (d/D 

= 1, t/D = 1, subsi/suti = 0.4; kD/subsi = 0.6) 
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Figure 8.18 Effect of strain-rate parameter,  on the penetration response 

(uniform-over-uniform) 



Chapter 8: Effect of strain rate and strain softening                                               

Centre for Offshore Foundation Systems (COFS) 8-45 

0

0.25

0.5

0.75

1

1.25

1.5

1.75

0 4 8 12 16 20 24 28

Normalised bearing pressure, qnet/subsi

N
o

rm
a

li
s

e
d

 p
e

n
e

tr
a

ti
o

n
, 
d

/D

Softening

 = 0.1, 0.2

Ideal soil

subsi/suti = 0.4; t/D = 1 

kD/subsi = 0.6

 = rem = 0.25

v/D      = 9.26

95= 10
refξ

Depth of 

back-flow

 

(a) 95 = 10 

0

0.25

0.5

0.75

1

1.25

1.5

1.75

0 4 8 12 16 20 24 28

Normalised bearing pressure, qnet/subsi

N
o

rm
a

li
s

e
d

 p
e

n
e

tr
a

ti
o

n
, 
d

/D

Softening

 = 0.1, 0.2

Ideal soil

subsi/suti = 0.4; t/D = 1 

kD/subsi = 0.6

 = rem = 0.25

v/D      = 9.26

95= 20
refξ

Depth of 

back-flow

 

(b) 95 = 20 

Figure 8.19 Effect of strain-rate parameter,  on the penetration response 

(uniform-over-non-uniform) 
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Figure 8.20 Effect of strain-softening parameter, 95 on the penetration response 

(uniform-over-uniform) 
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CHAPTER 9 SUMMARY AND CONCLUDING 

REMARKS 

 

9.1 INTRODUCTION 

This dissertation has proposed new design approaches for assessing spudcan penetration 

at full preload in non-homogeneous clay, with strength increasing linearly with depth, 

and stratified ‘stiff-over-soft’ clay, with uniform-over-uniform and uniform-over-non-

uniform strength profiles, replacing the approaches suggested in SNAME (2002) with 

more rational methods linked directly to the mechanisms of soil failure. Finite element 

analyses were undertaken for a wide range of sediment profiles and spudcan size, with 

conventional small strain analyses of pre-embedded spudcans and more pertinent large 

deformation analyses of spudcans penetrating continuously from the seabed surface. 

The large deformation finite element (LDFE) analyses were also carried out in soil 

where the simple elastic-perfectly plastic Tresca soil model was modified to allow strain 

softening, and incorporate strain-rate dependency of the shear strength. A parametric 

study was undertaken, covering a wide practical range of strain-rate, strain-softening 

and remoulded soil parameters, to quantify the effects on the soil flow mechanisms, 

cavity depth and penetration resistance, with particular focus on comparing the results 

with those for ideal elastic-perfectly plastic soil.  

Particular attention was paid to the effect of softer soil trapped and dragged down by the 

advancing spudcan, spudcan penetration depth, spudcan base roughness and soil 

strength non-homogeneity. On stratified deposits, the effects of a wide range of 

normalised soil properties and layer geometry on the soil flow mechanisms, cavity 

depth and bearing resistance profiles were investigated, with specific focus on the 

likelihood of spudcan punch-through and its severity. The results where validated 

against centrifuge test data, where half-spudcan tests were conducted against a 

transparent window, allowing the soil flow to be viewed directly and quantified through 

PIV analysis, and full spudcan tests were conducted within the body of the soil sample 

to measure the penetration resistance. 



Chapter 9: Summary and concluding remarks                                               

Centre for Offshore Foundation Systems (COFS) 9-2 

Key findings from this research are summarised below.     

9.2 SPUDCAN PENETRATION IN SINGLE LAYER CLAY 

The soil flow patterns observed from centrifuge model tests and continuous penetration 

LDFE analyses revealed three distinct mechanisms of soil flow around the advancing 

spudcan: (a) outward and upward flow leading to surface heave and formation of a 

cavity above the spudcan; (b) gradual flow back into the cavity; and (c) fully localised 

flow around the embedded spudcan with the cavity unchanging. Softer material was 

trapped beneath the spudcan and being carried down and flowing around onto its upper 

surface. 

The lateral extent of the soil distortion zone was 1.7 to 1.8D at shallow penetration, 

narrowing to 1.35 to 1.45D at deep penetration. 

When soil started to flow back onto the top of the spudcan, the existing open cavity 

remained stable with no further change in depth. No evidence of cavity ‘wall collapse’, 

as would be indicated by inward and downward soil movements into the open cavity, 

was observed in either the model tests or the numerical analysis. From FE analyses with 

an initial open cavity above a pre-embedded spudcan, it was found that the soil back-

flow was caused by the spudcan penetration (flow failure), rather than instability of the 

cavity wall (wall failure). This contrasts with recommendations for estimating the point 

of back-flow onto spudcans in the current design guidelines (SNAME, 2002), which are 

based on collapse conditions for an open cavity. The wall failure criterion was shown 

overestimate the stable cavity depth by up to 5 times compared with the criterion for 

flow failure. 

The onset of back-flow above the spudcan may also be taken as the (average) stable 

cavity depth after deep penetration of the spudcan, and was a function of soil strength at 

the mudline (sum), strength gradient (k), soil unit weight (), and foundation diameter 

(D), expressed in terms of dimensionless groups sum/D and k/. Conditions for back-

flow, and the limiting cavity depth, H, may be expressed simply as a relationship 

between H/D and the non-homogeneity ratio suH/D or (sum/D)
(1-k/)

 (see Equations 5.2 

and 5.3). These relationships appear extremely robust over the wide range of soil 

strengths and foundation diameters explored. The importance of the condition for back-

flow expressed here extends beyond merely estimating the penetration resistance. Since 
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back-flow provides a seal over the top of the spudcan, the above relationship also 

provides quantitative guidance on conditions where transient suctions may be 

sustainable beneath the spudcan, with a consequential increase in uplift resistance and 

moment capacity at low vertical loads. 

The penetration resistances have been presented in terms of profiles of bearing capacity 

factors in both graphical and equation form to facilitate their use for practical design 

problems. They were basically divided into two categories based on the cavity situation 

above the spudcan: (a) fully open cavity (d  H): shallow bearing capacity factor, Nc 

and (b) embedded spudcans (d > H): deep bearing capacity factor, Ncd. 

For shallow foundations with penetration less than the limiting cavity depth H, results 

from small strain and large deformation analyses were very consistent, and results with 

and without soil weight were also similar regardless of soil strength non-homogeneity, 

kD/sum. Therefore, bearing capacity factors for weightless soil (Nc0k) can be used in 

practice, accounting for the non-homogeneity ratio, kD/su0, embedment ratio, d/D, and 

spudcan base roughness. The results from this study were nicely bracketed by 

previously published closed form plasticity solutions with gradually closer agreement to 

the lower bound values. 

For deep foundations with penetration in excess of H, the Nc value for deep penetration 

(Ncd) rapidly approached an ultimate value (Ncdu). The results from SSFE and LDFE 

analyses deviated, with the latter gradually merging together regardless of strength non-

homogeneity (kD/sum) and spudcan base roughness. 

Encouraging agreement was found between the results from LDFE analyses and 

centrifuge tests, allowing a systematic design approach to be proposed for practical 

application. It was shown that the suggested approach predicted the penetration depth 

reasonably accurately for three reported case histories, confirming the robustness of the 

proposed approach, while methods currently suggested in the SNAME guidelines 

tended to overestimate the measured penetration depth. 

9.3 SPUDCAN PENETRATION IN DOUBLE LAYER CLAY 

It was found that the entire bearing behaviour of spudcan foundations during installation 

in stiff-over-soft clay was affected by a number of factors, notably: (a) the strength ratio 

between lower and upper soil layers, subs/sut; (b) the thickness of the upper layer relative 
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to the spudcan diameter, t/D; (c) the normalised clay strength, subs/bD; (d) the strength 

gradient of the lower layer, denoted by a ‘non-homogeneity factor’, kD/subs; (e) the ratio 

of soil unit weights, b/t; and (f) the relative roughness of the spudcan base. The 

parametric study covered a practical range of these parameters. 

Overall, excellent agreement was obtained between the results from LDFE analyses and 

centrifuge tests in terms of soil flow features and load-penetration responses. The 

bearing capacity values for weightless soil were also shown to be consistent with results 

from Wang & Carter (2002). 

The soil self weight, quantified in terms of the normalised shear strength, subs/bD,  

plays a significant role on the evolution of soil flow patterns with spudcan penetration, 

and in particularly on the transition depth for soil back-flow into the cavity above the 

advancing spudcan. Results for weightless soil may be applied in practice, by 

augmenting the bearing resistance by the appropriate surcharge contribution (Equation 

7.3), but only for penetrations down to the maximum cavity depth (d  H).  

At some stage during continuous spudcan penetration, the soil started to flow back into 

the cavity above the spudcan. The resulting back-flow provided a seal above the 

penetrating spudcan and limited the cavity depth, although the latter was substantially 

greater than for a single layer clay, increasing as the strength ratio reduced for a given 

layer thickness ratio. A convenient expression was proposed to estimate the cavity depth 

above spudcans penetrating in stiff-over-soft clay. The limiting cavity depth plays a 

significant role in spudcan response not merely under vertical but also under horizontal 

and moment loading and extraction. 

For subs/sut  0.6, soil flow occurred mainly through a combination of general shear 

(i.e. classical failure mechanism with surface heave) and partial punching shear modes. 

In contrast, for subs/sut < 0.6, soil flow was predominantly directed vertically 

downwards, becoming more confined laterally, and with deeper extent of plastic 

yielding into the lower layer, as the strength ratio decreased. Severe punch-through was 

associated with purely vertically downward flow beneath the spudcan in the upper layer 

and consequently a soil plug with the shape of an inverted truncated cone eventually 

forced down into the underlying soft layer. This failure mode would cause the most 

catastrophic failure of the supported jack-up unit. 

In respect of the load-penetration responses, the potential for punch-through was found 
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for all cases where the strength ratio subs/sut  0.6, with the severity being greater for 

lower strength ratios (subs/sut). Further, for a critical strength ratio, the degree of bearing 

pressure reduction with penetration, that is the severity of punch-through, increased 

with increasing relative thickness of the upper layer (t/D). 

Punch-through was still found to occur for higher strength ratios, subs/sut  0.6, for 

moderately thick crust layers (t/D  1) regardless of normalised shear strength, subs/bD, 

where soil back-flow occurred well within the upper layer. In those cases, reduction of 

bearing resistance occurred very gradually after initiation of soil back-flow, at the point 

where the spudcan was close to penetrating through the top layer. By contrast, for 

higher normalised strength of subs/bD  0.36, severe punch-through was triggered for 

strength ratios subs/sut < 0.6, at relatively shallow penetration well before the layer 

interface and regardless of the relative crust thickness, with the severity increasing with 

increasing normalised strength. For these cases, soil back-flow was delayed until the 

spudcan was within the lower layer. 

Positive strength gradients in the underlying layer, expressed in terms of the non-

homogeneity ratio kD/subs, had the greatest impact on the bearing resistance for thin 

crusts (low t/D). The potential for punch-through was restricted to subs/sut  0.4, and 

even then the severity of punch-through reduced markedly with increasing kD/subs. 

While severe punch-through occurred for kD/subs = 0, very mild or even no reduction in 

bearing resistance was found as kD/subs approached 1. 

The relative roughness of the spudcan base was found to have little influence on the 

penetration response, mainly because of the plug of strong clay carried down with the 

spudcan, which limited the amount of shearing at the spudcan-soil interface. 

The design approach recommended in the industry guidelines (SNAME, 2002) provided 

very poor estimate of the penetration resistance profile, with significant underestimation 

of bearing capacity and inaccurate identification of the likelihood and severity of punch-

through. This underlines an urgent need to reassess the SNAME approach and to evolve 

a more rational calculation approach.  

Encouraging agreement found between the results from LDFE analyses and centrifuge 

tests has allowed a systematic design approach to be proposed for practical application.  
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9.4 EFFECT OF STRAIN RATE AND STRAIN SOFTENING 

Overall, the effect of strain softening on spudcan response was found to be important in 

respect of the limiting cavity depth and the penetration resistance. Although the effects 

of softening were partly compensated for by an increase in penetration resistance due to 

strain-rate dependency, the strain rates involved are quite small, resulting in 

correspondingly small strain-rate effects. 

In rate-dependent and strain-softening non-homogeneous clay, effects of spudcan 

penetration into the intact soil domain were concentrated more locally around the 

foundation, with soil back-flow triggered earlier compared to non-softening soil. The 

mudline heave, the limiting cavity depth above the advancing spudcan (approximately 

equivalent to the depth of initiation of soil back-flow) and the lateral extension of the 

distortion zone were all smaller than the corresponding values for non-softening soil, 

with the differences increasing with increasing brittleness of the soil. A convenient 

expression was developed to estimate the limiting cavity depth.   

In almost all the cases investigated here, the curves of spudcan penetration resistance for 

rate-dependent and strain-softening clays lay below those for ideal soil. Profiles of 

bearing capacity factor, Ncd, were obtained by normalising the penetration resistance by 

the intact reference shear strength at the depth of the spudcan base. The resulting 

profiles showed rather different trends from that for ideal soil, rising sharply to a peak at 

very shallow penetration depths (d/D = 0.1 to 0.15) followed by dropping gradually to 

stabilise at the ultimate limiting values, rather than rising monotonically with 

penetration depth to the limiting factor. A design chart, with results fitted by a simple 

expression, was proposed reflecting the cross-coupling effect of strain-rate (), 

remoulded strength ratio (rem and hence interface friction ratio ) and strain-softening 

(95) parameters on the deep limiting capacity factor, Ncdu for an ideal soil. 

The degree of soil strength non-homogeneity, kD/sumi, only affected the response for 

shallow penetration depths (d/D  0.5), with the effect diminishing to less than 2% 

once penetration reverted to a full flow-round mechanism.  

In example analyses for a case of practical interest, the LDFE results were found to 

bracket the results following commonly used approaches, with the load-penetration 

profiles for an ideal soil agreeing well with the Skempton (as adjusted by Gemeinhardt 

& Focht) curve, while taking strain-softening and strain-rate effects into account 
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reduced the resistance profile to match more closely with the Houlsby & Martin 

solution. However, these conclusions would change for other combinations of 

parameters and also, to a small degree, for different values of kD/sumi and sumi/D. In 

analyses for two case histories, accounting for strain-softening and strain-rate effects led 

a reduction of bearing capacity of about 15% to 20% compared to ideal soils, and 

predicted reported penetration profiles excellently. This confirms the need to take full 

account of rate and softening effects in order to achieve accurate prediction of spudcan 

penetration. 

On layered stiff-over-soft deposits, soil back-flow into the cavity above the spudcan 

occurred earlier in strain softening, rate dependent soils compared to ideal soils. Critical 

punch-through occurred at much shallow penetration depths with more laterally 

confined and deeper extent of plastic yielding into the lower layer for greater rate 

dependency and softening. 

Accounting for strain softening and rate dependency was shown to have significant 

influence on the likelihood of spudcan punch-through and its severity. While either no 

punch-through or very minor reduction in penetration resistance occurred for ideal (non-

softening) soils, mild to more catastrophic punch-through was shown to be triggered in 

deposits of rate-dependent, softening clays. The degree of bearing capacity reduction 

with penetration, that is the severity of punch-through, increased with increasing rate 

dependency and brittleness.       

9.5 RECOMMENDATIONS FOR FUTURE RESEARCH 

9.5.1 Effect of Strain Rate and Strain Softening on Layered Clay 

For single layer clay, parametric analyses were undertaken encompassing almost all 

cases of practical interest. Key results have been presented in the form of design charts, 

fitted by simple expressions to estimate the limiting cavity depth above the advancing 

spudcan and the limiting bearing capacity factor at depth. In order to develop similar 

design charts to estimate the limiting cavity depth and the peak bearing capacity factor 

at punch-through on stiff-over-soft clay, further investigation is required, varying the 

layer soil properties and geometry. 
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9.5.2 Spudcan Penetration in Sand-over-Clay and Multi-Layered Soils 

From this study, new design approaches were proposed for assessing spudcan 

penetration in two main configurations of clay deposits: (a) single layers with uniform 

and increasing strength profiles and (b) double layers (stiff-over-soft) with uniform-

over-uniform and uniform-over-non-uniform strength profiles. There are many offshore 

areas where the soil is stratified, perhaps with interbedded layers of soft clay and stiff 

clay or clay and sand, or with a sand layer overlaying clay. For all clay cases, the 

proposed approaches can be used with a smooth transition at the crossing points of 

predicted response profiles. The framework of the current research can be extended to 

investigate spudcan penetration in multi-layered soil with interbedded sand layers. In 

relation to a case history of an 18 m diameter spudcan penetrating multi-layered 

sediment in the North Sea, Kellezi & Stromann (2003) emphasized the necessity to 

undertake continuous penetration analysis for layered deposits of free draining and less 

permeable soils instead of trying to predict penetration resistance by combining 

different approaches for sand, clay and sand-over-clay. 

9.5.3 Spudcan with K-Lattice Leg 

In this dissertation, robust expressions were proposed to estimate the cavity depth 

(approximately equivalent to the depth of initiation of soil back-flow) above spudcans 

penetrating in clays. The spudcan was modelled with a single central shaft instead of 

accounting for the leg trusses that extend from the tops of the spudcan to the jack-up rig 

hull. Menzies & Roper (2008), based on field experience, and Springman & Schofield 

(1998), based on centrifuge tests employing a spudcan with lattice leg, have commented 

that the leg truss members may provide support for the soil above the top of the spudcan 

and slow the cavity backfill process. Experimental work should be extended by 

conducting tests using leg trusses to evaluate whether there is any significant effect. 
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