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ABSTRACT 

 

Jackup installation in multi-layered seabed stratigraphies may pose significant risk of 

punch-through failure. Punch-through failure typically occurs when a strong layer such 

as sand or stiff clay overlies a relatively softer layer, such as soft clay. Over the last two 

decades punch-through investigations were mainly concerned with double layer sand 

overlying clay stratigraphies. Offshore investigations show that multiple layers of 

varying strength soil, typically where a sand layer is interbedded in a bed of a single 

clay layer, occurs frequently. These conditions have previously caused fatalities due to 

rapid punch-through of a jackup leg. An improved understanding of punch-through 

failure in a multi-layer stratigraphy and identification of the governing mechanisms of 

punch-through are therefore important. The fundamental outcome of this research is the 

development of a universal analytical model for routine punch-through assessment in a 

three layer clay-sand-clay stratigraphy as well as two layer sand overlying clay 

stratigraphy, with scope for generalisation to additional layers. To achieve this, 

extensive half-model - with particle image velocimetry (PIV) based observation of the 

soil flow mechanisms - and full-model drum centrifuge experiments were performed 

alongside complimentary large deformation finite element (LDFE) analyses.    

 

Punch through modelling involving multiple soil layers in a centrifuge is challenging as 

tests are conducted in strongboxes of finite and limited dimensions. As the proximity of 

the strongbox walls (side and bottom) will affect the penetration resistance of the 

foundation, a comprehensive set of LDFE analyses were undertaken in clay, sand and 

sand overlying clay with design charts developed guiding the minimum boundary 

distance required to avoid any boundary effects. It is shown that the bottom wall 

boundary effects are enhanced in sand on clay compared to single layer clay due to 

entrapment of a sand plug under the foundation. This enhancement depends on the size 

and shape of the entrapped sand plug. The side wall boundary effect is a function of 

both boundary roughness condition (rough or smooth) and the normalised sand 

thickness (normalised against the foundation diameter). The greater the normalised sand 

thickness, the larger is the strongbox width requirement. Overall this parametric study 

showed that some prior work has overlooked the increased boundary distances required 

when stiff layers and punch-through are modelled, which has potentially led to 

misleading results. Improved criteria were then adopted throughout the present study. 

 

Observing the entire punch through event, i.e., the measurement of the peak bearing 

capacity close to the sand layer and the underlying clay bearing capacity, at which the 

foundation stabilises into the underlying clay layer, is not straightforward in a centrifuge 

experiment. It requires detailed planning in terms of soil geometry, soil properties and 

foundation size. For consistent observance of punch-through, with reliable results that 

span the relevant range of responses, a methodical approach involving prediction of and 

reflection on the likely outcomes was adopted in the experimental planning, a process 

termed as ‘step zero’.  
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Following findings from the LDFE simulation and the ‘step zero’ approach, extensive 

centrifuge testing was executed in a clay-sand-clay stratigraphy utilising model 

foundations of prototype size 6-16 m over a wide range of normalised sand and clay 

layer thickness, and soil properties. High quality digital images were captured in flight 

and later analysed utilising the PIV technique. The PIV observations identified key soil 

flow mechanisms on the basis of which a stress-dependent model is developed 

furthering previous punch-through models. The centrifuge data bank is utilised to verify 

the newly developed model. 

 

It is shown that the developed model provides a rational approach for predicting the full 

bearing capacity response in a clay-sand-clay stratigraphy. It performs significantly 

better in predicting the risk of punch-through when compared with the current models 

used in industry practice based on punching-shear and load-spread. These models are 

rather conservative, in that the load at which punch-through will occur is generally 

under-predicted. However, the models also sometimes fail to predict punch-through in 

conditions where it will occur. This makes them both over-conservative but with low 

reliability. The model developed is universal in the sense that it can be applied to both 

clay-sand-clay and sand on clay stratigraphies (assuming that sand shearing is always 

under a drained state and clay shearing is always under an undrained state) by simply 

setting the top clay height as zero, and it is consistently accurate and reliable when 

compared with the large database of model tests. 
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CHAPTER 1.   INTRODUCTION 

1.1 RIG STRUCTURES 

Extraction of oil and gas offshore relies on different types of rig structures (both mobile 

and fixed), which host the entire drilling equipment and crew. Several types of rig 

structures are currently in use offshore. The choice of a particular type depends on the 

costs of deployment, operational water depth and expected environmental conditions. 

Figure 1-1 shows several of the most used rig types. 

A platform may operate at shallow water depths of 150-200 m. Modern jackup rigs can 

operate up to a water depth of around 150 m. In medium to ultra-deep water depths, 

semi-submersible and drill ships are deployed which are of floating type and require 

anchors for stability.  

Cahuzac et al. (1989) noted that, among the various types of rigs used offshore the 

jackup is the most common offshore drilling unit. They also noted that, jackup’s are 

now being deployed in adverse climatic conditions due to improved capabilities, 

working in harsher environments previously reserved for semi-submersibles and drill 

ships. Today, jackup’s have been operating in all major offshore production basins. 

They are particularly concentrated in the Middle East, Southeast Asia, Gulf of Mexico 

and the North Sea region (more info at www.infield.com).  

  Jackup rig  1.1.1.

A jackup typically consists of a triangular floating platform with three or four 

retractable truss legs (Figure 1-2).  Figure 1-3 shows a schematic of the installation 

process for a jackup. The installation process for a jackup is discussed in more detail 

later. The jackup has the following major advantages over other rig structures as 

described in Cahuzac et al. (1989): 

 Jackup’s are relatively inexpensive to build and operate, therefore they 

command a lower daily rate. 

 Lower logistical expenses contributing in cost savings. 

http://www.infield.com/
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 Requires a comparatively small number of crew members for its operation. 

 Can be self-propelled or need less powerful boats to move them into location or 

from site to site. 

 Jackup’s usually do not require anchoring. 

 Lower maintenance costs. 

 Drilling operations are straightforward as jackup’s do not move with ocean swell 

once fixed in location. 

 Platforms are usually self-elevating, hence they can be transported easily. 

Therefore, the same jackup can be redeployed several times.  

 A large number of global companies are involved in jackup construction, 

development & deployment. Therefore troubleshooting and expert technical 

advice is readily available. 

Due to the above advantages, since its inception in 1954, jackup’s have become the first 

choice for drilling in shallow water depth conditions (up to 150 m), where industrial 

research and development often pushes the structure to its limit, dealing with harsh 

environmental conditions. 

Figure 1-4 shows the number of contracted rigs as of September 2014. The number of 

contracted jackup’s clearly stands out, and is greater than 350. 

Installing a jackup rig 

Transportation: As noted, the legs of a jackup are retractable. Hence, when not 

deployed the jackup can float and be transported to a drilling location (hence the name 

mobile offshore drilling unit (MODU)). While some jackup’s may have self-propulsion 

units, the majority of them are manoeuvred via tug boats or submersible barges for rapid 

transit.  

Leg penetration & preloading: Once located on site, the jackup legs are allowed to 

penetrate into the seabed under the self-weight of the unit while the hull is slowly 

elevated above the water creating an air gap of around 1.5 m or less.  To ensure 

adequate safety from additional loading from a storm event, prior to commencement of 

drilling, the legs are further proof loaded with a preload of 50-100% higher than that 
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typically anticipated. This preloading operation is carried out by pumping seawater into 

the hull as water ballast to increase its weight. After all the legs have ceased penetration 

under the preload, the preload is typically held for another 2-4 hr (Young et al., 1984). 

The preload is then dumped and the rig is jacked up to an air gap of around 12-15 m 

depending on the design wave height during the full planned operational period (Figure 

1-3). Preloading operation may take longer in layered stratigraphy (Dutt & Ingram, 

1984) due to propensity of punch-through that will be discussed shortly. 

In soft clay the leg may penetrate to a depth of two to three diameters (D) of the 

foundation (i.e. spudcan) until sufficient bearing resistance is encountered to establish 

vertical equilibrium (Endley et al., 1981). In sand, the penetration depth (d) is much 

lower due to the higher bearing resistance offered by sand. 

Typical jack-up loads are in the range of 18-49 MN (Mega Newton) with bearing 

pressure varying over 190-335 kPa (Young et al., 1984). However loads can be as great 

as 102 MN with bearing pressures as high as 575-960 kPa resulting in increased 

penetration depth of the legs, therefore improving stability (Young et al., 1984).  

 Spudcan foundation 1.1.2.

When a jackup rig is supported by independent legs (i.e. each leg may move 

independently with respect to the others), the truss legs are supported on a quasi-circular 

or sometimes polygonal foundation commonly referred to as a spudcan (Figure 1-3, 

Figure 1-5). Spudcans typically have a conical underpart with a protruding spigot. There 

are some advantages of the conical bottom side with a sharp tipped spigot. The spigot 

increases the positional accuracy of the leg when deployed at a drilling location by 

stopping sliding. In addition, once the operational period ends, the conical underside 

eases the retrieval of the legs from the seabed (Cahuzac et al., 1989). 

Figure 1-5 shows the different shape and size of spudcan foundations used from mid-

1950 to early 1980. Post 1980 jackup’s have relatively large diameters (D) that can be 

greater than 20 m.  
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1.2 PUNCH-THROUGH FAILURE 

The preloading operation discussed previously is carried out in calm weather conditions 

where the wave and current loadings from the sea are minimal. Hence, the preloading 

operation under water ballast is essentially a vertical penetration problem, though 

vertical, horizontal and moment capacity need to be checked for the overall integrity of 

the jackup rigs during operation (ISO, 2012).   

Punch-through failure (i.e. rapid penetration of spudcan foundation) typically occurs 

when spudcan penetrates into a seabed with layered soils: where a stronger layer such as 

sand or stiff clay overlies a relatively softer layer such as soft clay. During a punch-

through event, the foundation penetrates into the seabed rapidly in an uncontrolled 

manner, often causing severe leg damage and in extremis toppling of the platform.  

Figure 1-6 shows photographs of the Maersk Victory punch-through incident at the Gulf 

of Saint Vincent offshore South Australia, on November 16, 1996. Severe leg damage 

of all three legs was reported with a punch-through depth of ~10 m. 

The South Australia Department of Mines and Energy Resources (MESA) concluded 

after thorough investigation that, punch-through occurred due to failure in assessing the 

geotechnical data of the underlying sediments adequately, with particular reference to 

the load bearing capacity. The full report can be found at www.pir.sa.gov.au.  

Dier et al. (2004) conducted a comprehensive investigation of jackup failures over a 

span of 1957-2002. Their data are plotted in Figure 1-7. It can be seen that among other 

types of foundation failures, punch-through is dominant, accounting for as much as 53% 

of the total number of incidents.  

Teh (2007) showed that, over the 10 year period (1996-2005), 16 punch-through 

incidents took place, out numbering failures due to extraction, scour and spudcan 

footprint interaction. Such punch-through incidences not only cause significant financial 

loss, but also poses risk to the safety of personnel. For example the punch-through 

failure incident at the Gulf of Suez (GoS) in 1974, 18 fatalities were reported (Dier et 

al., 2004). This was due to the seabed strata at GoS poses potential risk to punch-

http://www.pir.sa.gov.au/
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through failure due to the presence of interbedded sand in a bed of soft clay (Dutt & 

Ingram, 1984).  

1.3 PREVALENCE OF MULTI-LAYER STRATIGRAPHIES WITH 

INTERBEDDED SAND 

Typical multi-layer stratified deposits with interbedded sand are present in many 

regions around the globe where jackup’s operate. Such sites include but are not limited 

to Gulf of Suez (GoS), Southeast Asia, Gulf of Mexico (GoM) and offshore South 

America (Figure 1-8). The depth of these layers is often within the jackup penetration 

zone and therefore has the potential for punch-through failure. For example, Baglioni et 

al. (1982) reported a punch-through depth of 5.8 m (measured from the top of sand) 

while installing jackup in the clay-sand-clay strata of Figure 1-8d offshore South 

America.  

Typical spudcan penetration profiles in single clay layer, sand overlying clay and clay-

sand-clay stratigraphies are depicted in Figure 1-9. In general, single layer of clay or 

sand is not susceptible to punch-through as bearing resistance increases with penetration 

depth. In contrast, installing jackup’s on double layer sand over clay and triple layer 

clay-sand-clay stratigraphies is prone to punch-through failure. This is because after 

peak resistance is mobilised in the sand layer, the bearing resistance reduces due to the 

weaker underlying clay layer.   

1.4 SCOPE OF CURRENT  RESEARCH 

Jackup rigs are used widely in medium water depth offshore. The independent legs of 

the jackup rigs are supported by spudcan foundations. However, there has been very 

limited research into the spudcan penetration in multi-layer soil stratigraphies with 

interbedded sand layer, though it has been shown that this type of soil stratigraphy 

possesses high risk of punch-through failure. Only recently the work by Hossain (2014) 

was published highlighting some of the design aspect that needs to be addressed for 

spudcan foundations.  However, no design methodology was given. Due to the lack of 

systematic study in this aspect, there is limited guidance in the current industrial 

guidelines of SNAME (2008) and ISO (2012) on punch-through assessment of spudcan 



Jackup Foundation Punch-Through                           Centre for Offshore Foundation Systems  

in Clay with Interbedded Sand                                                              The University of Western Australia 

1-6 

 

on multi-layer soil stratigraphies. Moreover, despite a large amount of physical 

modelling of offshore foundations was performed in the centrifuge, the strongbox 

boundary effects on large offshore foundations have not been addressed in literature. 

This thesis attempts to address these issues. The objectives of the current research are 

outlined below: 

 

1. Identify boundary effects in model centrifuge testing by large deformation finite 

element (LDFE) analysis. 

2. Develop a methodical framework for planning and executing centrifuge tests in 

the laboratory based on the boundary effects and testing aims. 

3. Perform centrifuge tests of full-spudcan penetration on clay-sand-clay soils to 

measure the foundation penetration responses.  

4. Perform centrifuge tests of half-spudcan penetration on clay-sand-clay soils to 

observe the soil flow mechanisms throughout the penetration depth using 

Particle Image Velocimetry (PIV) technique. 

5. Develop analytical models that predict complete penetration profiles of spudcan 

in clay-sand-clay soils, based on the centrifuge test data on spudcan penetration 

profiles and soil flow mechanism observations.  

6. Provide guidelines for routine punch-through failure assessment of spudcan 

foundations on clay-sand-clay soils based on the analytical models developed.  

1.5 ORIENTATION OF THE THESIS 

The thesis contains nine chapters. The chapter preview is listed below, 

Chapter 2 provides a literature review on vertical bearing capacity assessment in single 

and layered stratigraphy.  

Chapter 3 reports a boundary effect study in model centrifuge test, performed using 

Large Deformation Finite Element (LDFE) analyses incorporating the RITSS 

(Remeshing and Interpolation with Small Strain) technique. The effect of the bottom 

boundary is explored first followed by the lateral boundary. 
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Chapter 4 summarises the extensive centrifuge visualising experiments conducted for 

spudcan and flat circular foundation in clay-sand-clay. The ‘step zero’ approach is 

discussed in detail followed by a description of the experimental procedure and 

methodology of PIV analyses. Faster processing techniques and algorithms are 

discussed. 

Chapter 5 reveals the soil flow mechanisms in clay-sand-clay.  

Chapter 6 describes the sample preparation procedure with additional centrifuge test 

results on clay-sand-clay. 

Chapter 7 reports a new analytical model for predicting peak bearing capacity (qpeak) in 

clay-sand-clay.    

Chapter 8 details a novel  procedure for predicting the full penetration resistance profile 

in clay-sand-clay. 

Chapter 9 summarises the main findings of the research and recommends key areas of 

further study. 
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Figure 1-1 Illustration of different rig types (modified after Purwana, 2006) 
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Figure 1-2 Jackup operation in the Arabian Gulf (courtesy of Noblecorp, www.noblecorp.com) 

 

Figure 1-3 Schematic diagram of a typical three legged jackup and its operation (after Teh, 2007) 
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Figure 1-4   Jackup deployment comparison  among other rig types (data as of September 2014, 

source www.rigzone.com) 

 

Figure 1-5 Evolution of spudcan foundation (after McClelland et al., 1981) 
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Figure 1-6 Maersk Victory punch-through, offshore South Australia (photographs taken on 

November 22, 1996: Mines and Energy Resources South Australia (MESA)) 

 

Figure 1-7 Breakdown of jackup failure statistics (after Dier et al., 2004) (best viewed in colour) 
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Figure 1-8 Examples of multi-layer stratigraphy with interbedded sand a) Gulf of Suez, b) Offshore 

Southeast Asia , c) Gulf of Mexico & d) Offshore South America  (after Baglioni et al., 1982; Dutt & 

Ingram, 1984 and Teh et al., 2009)  
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Figure 1-9 Punch-through susceptibility in single and multi-layer stratigraphies with interbedded 

sand 
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CHAPTER 2.    LITERATURE REVIEW  

2.1 INTRODUCTION 

The chapter provides a brief review of research on the vertical bearing capacity of a 

foundation on single, double and multi-layer stratified soils. The classical solution of 

bearing capacity in single layer soil is discussed first followed by double-layered 

stratigraphy. Some advancement in multi-layer stratigraphies are discussed followed by 

the current industrial approach in dealing with three layer stratified deposits.   

2.2 CLASSICAL SOLUTION FOR VERTICAL BEARING 

CAPACITY 

 Strip footing 2.2.1.

The solution of a strip footing in single layer homogeneous soil is due to Prandtl (1921) 

based on plastic failure theory. Prandtl (1921) presented his work on metal punches into 

a softer material.  Terzaghi (1943) extended the work to calculate the surface bearing 

capacity of a strip footing resting on homogeneous soil. The general bearing failure 

mechanism is adopted (Figure 2-1). It is assumed that at incipient failure the soil mass is 

in a plastic state of equilibrium. In addition, separate contributions of the undrained 

strength su, operative friction φ' and weight γ' can be superimposed. Accordingly the 

limit equilibrium calculation revealed the following equation estimating the peak 

bearing resistance, qpeak.  

peak c o q γ

1
q =cN +q N + Bγ'N

2
 

 

(2-1) 

The first term represents the strength contribution due to cohesion c (for majority of the 

thesis the undrained shear strength of clay is written as su because the clay layer is 

assumed to be shearing in an undrained manner), the second term account for the 

surcharge at the base of the foundation and the third caters for the effective weight of 

the soil. Nc, Nq & Nγ are termed bearing capacity factors.  
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It has been shown by Prandtl (1921) that Nc has an exact value of 5.14 (π+2) when φ' is 

0. Nc and Nq are related to φ' as, 

c qN =(N -1)cot φ'  

 

(2-2) 

Where Nq is given by Reissner (1924) as, 

πtanφ' 2

q

φ'
N =e tan 45+

2

 
 
 

 

 

(2-3) 

The above equation was proved to be an exact plasticity solution (lower bound and 

upper bound coincide) by Shield (1954).  

Lee (2009) mentioned that a formal solution for Nγ could not be established due to 

difficulties in incorporating the effective in-situ stresses in the analysis. Several 

investigators therefore provide several expressions for Nγ as a function of φ' with often 

spurious solution (Ukritchon et al., 2004). Diaz-Segura (2013) tabulated 60 different 

expressions of Nγ. It was found that the variation between these approaches might be as 

high as 267%. Meyerhof (1963) expressed Nγ as, 

 γ qN = N -1 tan(1.4φ')  

 

(2-4) 

 A slightly different expression was suggested by Hansen (1970) as, 

 γ qN =1.5 N -1 tanφ'  

 

(2-5) 

Lee (2009) compared the solution of Nγ over a range of φ' of 15
o
-40

o
 for four different 

researchers (Figure 2-2). It is seen that the solution of Vesic (1973) always give higher 

estimates specially when φ' > 30
o
. The Hansen (1970) solution agree well with Martin 

(2005) but slightly underestimate Nγ when φ' > ~37
o
.   

 Circular footing 2.2.2.

Traditionally the solution for strip foundation is extended for foundations of lower 

aspect ratios (rectangular, square or circular) and deep embedment with use of shape 

and depth factors respectively. Where the shape factors accounts for the geometry of the 

foundation, the depth factors cater for additional shear strength mobilised along the 
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failure surface above the base of the foundation when embedded deep into the ground. 

The general bearing capacity equation presented in Equation 2-1 is extended as, 

peak c c c c o q q q q γ γ γ γ

1
q =cN (s d i )+q N (s d i )+ B γ'N (s d i )

2
 

 

(2-6) 

Where, s, d, & i with subscript c, q and γ represent the shape, depth and inclination 

factors for cohesion, surcharge and soil weight respectively. For a circular foundation, B 

is replaced by D where D is the diameter of the foundation. For purely vertical loading 

the inclination factors ic, iq & iγ are unity. Several recommendations exist on values of 

the shape and depth factors (see for example Skempton, 1951; Meyerhof, 1963; Hansen, 

1970 and  Vesic, 1973 etc.) The shape and depth factors are also well documented in the 

literature (see for instance Arora, 1987; Das, 1998; Lee, 2009 and Lyamin et al., 2007 

etc.). 

 Limitations of the classical approach in bearing capacity assessment 2.2.3.

Tani & Craig (1995) showed that neither the shape factor nor the depth factor is 

constant as assumed in the classical bearing capacity equation of a single layer soil. 

Lyamin et al. (2007) showed that the shape factor (sγ) also depends on the depth, in 

contrast to the classical approach where shape factors are recommended as function of 

footing geometry (width and length) only. Randolph et al. (2004) highlighted that no 

simple relationship exists for shape factors. Large deformation finite element studies 

and corresponding centrifuge tests have conclusively proved that the flow regime from 

shallow to deep penetration for a circular spudcan is continually evolving, and not 

necessarily follow the general bearing capacity mechanism assumed (Hossain et al., 

2005). Lee (2009) suggest that the application of shape and depth factors in practise 

should be discouraged, rather rigorous solutions should be developed where both 

embedment and geometry of the foundation is considered for. 

Hjiaj et al. (2005) discuss that the Terzaghi’s assumption of superposition is 

questionable as soil behaviour in the plastic range is non-linear. Moreover, it is an 

inherent assumption in soil plasticity theory that the sand obeys an associate flow rule 

where friction angle (φ') is equal to the dilation angle (ψ) (Chen, 1975). However real 

sands are non-associative with often ψ < φ' (Bolton, 1986).     
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With respect to some of the limitations described, significant research has been carried 

out using both experimental and numerical techniques. A brief review of these is 

discussed in the remaining part of the chapter. 

2.3 VERTICAL BEARING CAPACITY IN SINGLE LAYER CLAY 

SOIL 

 Bearing capacity in clay and the effect of strength non-homogeneity 2.3.1.

Skempton (1951) indicated the following equation for qclay for strip and circular 

footings, 

clay c u cq =N s + γ 'd  

 

(2-7) 

Where, Nc is the bearing capacity factor and for circular foundation is given as, 

c

d
N =6 (1+0.2 ) 9

D
  

 

(2-8) 

Hence the shallow bearing capacity factor when d = 0 is calculated as 6. The upped 

bound ensures that the deep bearing capacity (d/D ≥ 2.5) does not exceed 9.  For clay 

with strength increasing with depth, Skempton (1951) suggest that if the shear strength 

at depth of 2/3 of D beneath the foundation level is within ±50% of the average strength 

in that depth, then the average strength may be used in Equation 2-7.  The Skempton 

(1951) bearing capacity factor is the most popular and primarily recommended by the 

offshore industrial guidelines (ISO, 2012).  

A plasticity based solution for clay with strength increasing with depth was given by 

Davis & Booker (1973) for strip footing. The solutions are statically and kinematically 

admissible, and thus represent exact solutions. They have shown that the surface 

bearing capacity factor (qclay/sum) increases with the non-dimensional strength gradient 

or strength non-homogeneity ρB/sum, where B is the footing width, sum is the mud line 

strength and ρ is the clay strength gradient. The following equation was proposed to 

estimate the average bearing pressure, 
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 clay um

ρB
q =F π+2 s +

4

 
 
 

 

 

(2-9) 

F is a correction factor depending on the roughness of the footing (see Figure 2-3, 

subscript R is used for rough and S for smooth). It is seen that for the limiting cases 

when sum or ρ is zero, F is unity. Hence, roughness has no effect when the mud line 

strength is zero (sum=0) and for uniform strength clay (ρ=0). For intermediate cases, a 

rough strip footing may increase the resistance by a maximum of 16% compared to the 

smooth. 

Using the method of characteristics, Tani & Craig (1995) reported lower bound bearing 

capacity factors for both strip and circular foundation (Figure 2-4). It is seen 

immediately that the bearing capacity increases with strength non-homogeneity (ρB/sum 

or ρD/sum). Excellent agreement exists between previously reported studies of Davis & 

Booker (1973) and Houlsby & Wroth (1983). It is emphasized that the effect of strength 

non-homogeneity is more pronounced for larger foundations over smaller foundations 

(Figure 2-4). Offshore foundations are often greater in size, thus the effect of strength 

non-homogeneity in enhancing bearing resistance needs to be considered. 

Houlsby & Wroth (1983) pointed out that the shape factor (sc) is not constant and 

strongly depends on ρ (B or D)/sum. Similar findings were reported by Tani & Craig 

(1995). They showed that for a uniform strength clay (ρ=0) sc is equal to 1.23 for a 

rough footing, which is very close to 1.2 traditionally adopted in the general bearing 

capacity theory (Figure 2-5).The bearing capacity was found to be larger for circular 

footing over strip footing as long as ρ (B or D)/sum < 3. The opposite is true for ρ (B or 

D)/sum ≥ 3. The upper bound solution of Kusakabe et al. (1986) is compared, being 

higher than the stress characteristics solution (Figure 2-5). The upper bound solution of 

Ugai (1986) for square footing lies close to the characteristic solution. The limit 

equilibrium solution of Nakase (1981) grossly overestimates the sc values.  

Tani & Craig (1995) also showed that the depth factor (dc) depends on strength non-

homogeneity ρ (B or D)/sum, increasing with increasing ρ (B or D)/sum (Figure 2-6). 

It is traditionally recognised that the bearing capacity increases with penetration depth 

(d) of the foundation. The increase in bearing resistance is classically catered for by 
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multiplying a depth factor to the surface bearing capacity factor (see Equation 2-8 above 

of Skempton, 1951) in which the term within the parenthesis represent the depth factor). 

This depth factor is generally thought to incorporate the strength contribution of the soil 

shearing above the foundation base level.  

For clay with strength increasing with depth, Tani & Craig (1995) demonstrated that the 

increase in resistance is mainly due to the increase in strength at the foundation base 

level. The soil above the foundation base level plays negligible role in contributing 

resistance. Their study was limited to a pre-embedment depth (Df) of 0.3D. Effect of 

very large penetration could not be explored.  

Hu & Randolph (1998) by their LDFE/RITSS analyses pointed out that the resistance 

can also be affected due to softer clay entrapment under the foundation as it penetrates 

into clay with strength increasing with depth. This soft clay entrapment is more 

pronounced for a strip foundation over a circular foundation (Figure 2-7). The effect of 

this is to reduce the bearing capacity as the surrounding soil is of lower strength to that 

of in situ soil at the same depth. Their LDFE solutions are nicely bracketed by the lower 

bound stress characteristics solution and extended upper bound solution (extended to 

allow for soil adjacent to the embedded foundation, see Hu et al., 1999 for details) of 

Kusakabe et al. (1986) (Figure 2-8).  

Gourvenec & Randolph (2003) investigated the shallow vertical bearing capacity for 

strip and circular foundations in clay using commercially available finite element 

program ABAQUS (HKS, 1998). The circular foundation results utilised full three-

dimensional mesh, whereas two-dimensional mesh was used for strip footing. 

Comparisons were made against established exact plasticity solutions. The bearing 

capacity factor in uniform strength clay was reported as 5.20 and 5.91 for strip and 

circular foundation respectively. The effect of strength non-homogeneity was 

investigated by varying ρ (B or D)/sum within 0-10. It was found that the numerical 

analysis of strip foundations (two-dimensional mesh) systematically over predicted their 

bearing capacities comparing with the plasticity solutions, whereas the bearing 

capacities of circular foundations (three-dimensional mesh) were under predicted. This 

disparity was explained by the fact that, under vertical loading greater element 
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distortion takes place under a three dimensional mesh (due to out of plane kinematics) 

compared to two-dimensional mesh (in plane kinematics). Table 2-1 shows their results 

for shallow vertical bearing capacity factors in clay.  

Gourvenec & Mana (2011) presented FE results for vertical bearing capacity factors in 

clay. Effect of embedment depth (up to 1D) and strength non-homogeneity was 

considered. They showed that the bearing capacity factor Nc for a circular foundation 

may be estimated from a simple linear expression as, 

c c,α=0

d
N =N +C α

D
 

 

(2-10) 

Where, Nc,α=0 is the bearing capacity factor for a rough based but smooth-sided 

foundation. Tables and figures were provided to estimate Nc,α=0. α is the footing surface 

roughness. C is a constant depending on the strength non homogeneity (ρD/sum) given 

as, 

z

lim

um

ρD
C=C +xexp y

s

  
  
   

 

 

(2-11) 

Where, Clim is the asymptotic value of the constant C and is a constant for a given 

foundation geometry. They showed that beyond ρD/sum > ~20,  C approaches Clim. The 

value of Clim for a circular foundation is 2.67 with x, y and z being constant of 1.76, -

0.2, 1.4 respectively from curve fitting. The expressions provided are also applicable to 

strip footing in which diameter D is replaced by footing width B. The value of Clim for 

strip footing is 1.66 with x, y & z being 0.6, -0.5 & 0.5 respectively. 

Craig & Chua (1990) suggested the following expression for estimating bearing 

capacity for spudcan in clay, 

clay u c uq =7.4s + γ 'd+0.57s  

 

(2-12) 

Where, the first term represents the shallow soil resistance (Nc (strip) taken as 5.7 

multiplied by the shape factor sc of 1.3), the second term is the effective surcharge and 

the final term is the shear resistance generated on the sides of the footing. The 

performance of the above is depicted in Figure 2-9 against two centrifuge test data of 

Craig & Chua (1990) showing reasonable agreement.  
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An early attempt was made by Craig & Chua (1990) to visualise the soil failure pattern 

underneath a circular foundation by physical experiments. This was done by installing 

spaghetti markers within the soil bed. Figure 2-10 shows the extent of soil failure 

mechanism, which reaches 1.5D below the centre of the foundation. 

A more comprehensive study on circular footing bearing capacity with a conical base in 

clay has been provided by Houlsby & Martin (2003). The method of characteristics 

were utilised and lower bound bearing capacity factors (Nco) were presented for a wide 

range of parameters (Figure 2-11 & Figure 2-12). As listed below, the study 

investigated the effects of four different parameters on Nco, 

i. Foundation surface roughness coefficient, α = 0.0, 0.2, 0.4, 0.6, 0.8 & 1.0; 

ii. Foundation cone apex angle, β = 30, 60, 90, 120, 150 &180; 

iii. Normalised clay shear strength, ρD/sum= 0.0, 1.0, 2.0, 3.0, 4.0, & 5.0; where ρ is 

the clay strength gradient, D is the foundation diameter & sum is the mud line 

strength,  and 

iv. Normalised penetration depth, d/D = 0.0, 0.1, 0.25, 0.5, 1.0 & 2.5.  

The resistance in clay can be estimated as, 

clay co uo cq =N s +γ' d  

 

(2-13) 

Where, suo is shear strength at the foundation base level, γ'c is the effective unit weight 

of clay & d is the penetration depth (refer to Figure 2-11 ). To facilitate spreadsheet 

calculations the following equations were proposed which fits within 5% of the actual 

calculated values. 
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c0 c0α

uo

α 1 ρD
N =N + 1+

β β s
tan( ) 6tan( )

2 2

 
 
 
 
 

 

 

(2-14) 

2

c0α c00 1 2 3

d
N =N 1+(a α+a α ) 1-a

D+d

  
  
  

 

 

(2-15) 

The first term in Equation 2-14 refers to the contribution of normal stresses on the cone 

face and the second term accounts for the shear stresses.  Ncoα is expressed empirically 

by introducing another parameter Ncoo. Ncoo is defined in Equation 2-16, where Equation 

2-17 and 2-18 gives N1 & N2 respectively. No in Equation 2-17 is equal to 5.69 

representing the bearing capacity factor of a smooth flat footing at the surface of a 

uniform strength soil.  The other parameters were defined earlier. The five equations 

referred make use of nine empirical constants (a1-a9) defined in Table 2-2. 

As noted in the introduction of the thesis, to facilitate sliding resistance of the jack-up 

rig in case of a storm event, spudcan foundations typically have a protruding spigot with 

typically higher included angle compared with the shallow base angle. Hence, to apply 

the above method it is necessary to derive an equivalent cone angle. This can simply be 

achieved by equating the volume of an equivalent cone to the volume of the penetrating 

spudcan (Martin, 1994). Figure 2-13 shows the whole procedure at different spudcan 

positions. Noting that if the load reference point is taken at the bottom widest part of the 

spudcan the equivalent cone angle is calculated once only. 

As shown in Figure 2-11 the analysis assumes a smooth vertical wall up to the whole 

penetration depth studied (d/D of 2.5). Hence, no soil backflow was allowed. However, 

c00 1 2

uo

ρD
N =N +N

s
 

 

(2-16) 

 

6a 2

2 4 5 7

1 d
N =a +a +a

tan β/2 D

   
   

   
 

 

                                    (2-18) 

9a

1 0 8

β d
N =N 1-a cos 1+

2 D

    
    
    

 

 

 

 

  (2-17) 
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centrifuge tests in uniform clay suggest back flow is a routine phenomenon especially in 

soft clays (Hossain et al., 2005). 

Hossain et al. (2005) presented centrifuge visualisation tests and LDFE analyses on 

spudcan penetration in single layer uniform clay.  The key mechanisms observed are,  

i. Soil surface heave and  open cavity formation with vertical walls ( Initial stage) 

ii. Cavity wall collapse and soil back flow into the cavity ( Intermediate stage) 

iii. Complete localised flow around the spudcan ( Deep stable stage) 

Figure 2-14 shows the soil flow mechanisms observed from PIV analyses on the 

centrifuge test data. The following expression was provided to estimate the depth of 

stable cavity (onset of back flow), 

 

0.55

cav uH s
=

D γ'D

 
 
 

 

 

                                                   (2-19) 

 

Where Hcav is the stable cavity depth, su is the uniform undrained clay strength, γ׳ is the 

effective unit weight and D is the spudcan diameter. This expression was later extended 

to include clays with strength increasing with depth as follows,  

ρ
1-

γ'
0.55cav umH s

=S -0.25S; where S=
D γ'D

 
 
  

 
 

 

 

(2-20) 

sum is the mud line shear strength and ρ is the clay strength gradient. The equation is 

valid over a normalised mud-line strength (sum/γ'D) of 0 (uniform clay) to 

0.014~0.25(clay strength increasing with depth), and normalised strength gradient 

ρD/sum of 1~20 and ∞ (NC clay with zero mud line strength). Note that, Equation 2-20 

reduces to Equation 2-19 when ρ becomes zero and sum = su. The equation is accurate 

within 0.05D compared to the LDFE studies and agrees well with the centrifuge data 

(Hossain & Randolph, 2009b).  

 

For shallow penetration prior to any backflow (d ≤ Hcav) the resistance in clay can be 

estimated as, 
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b
u c uo

V
q =N s +γ'

A
 

 

(2-21) 

Where, Nc is the bearing capacity factor, suo is the shear strength at the spudcan base 

level, Vb is the volume of embedded spudcan excluding shaft and A is the spudcan 

largest cross sectional area. The values of Nc are tabulated over d/D of 0~3 for both 

smooth and rough base spudcans (Hossain & Randolph, 2009b). 

For deep penetration (d > Hcav) in clay the resistance can be estimated as, 

u cd uo

V
q =N s +γ'

A
 

 

(2-22) 

Where Ncd is the deep bearing capacity factor and V is the volume of embedded 

spudcan including shaft. For uniform strength soil (ρ = 0) the following expressions 

were provided for Ncd, 

0.11

cav
cd

d-H
N =13.6Max 0.05, 13.1;rough base

D

  
  

  
 

 

(2-24) 

 

For clay with strength increasing with depth (ρ ≠ 0) the following expression was 

provided, 

The lower Ncd values ( by about 6% for smooth base and 14% for rough base) for ρ ≠ 0 

cases were attributed to the softer material near soil surface being trapped beneath the 

spudcan during its penetration (Hossain & Randolph, 2009b). In addition, the LDFE 

analyses revealed that at deep embedment (d/D ≥ 2) the resistance was independent of 

base roughness. This is because greater amount of softer clay entraps beneath the rough 

foundation, which offsets the resistance gained due to roughness (Hossain & Randolph, 

2009b). It is noted that a transition zone exists when the penetration depth (d) is greater 

than the depth of cavity (Hcav) but not quite deep enough to produce complete localised 

flow around the spudcan (Menzies & Roper, 2008). 

0.11

cav
cd

d-H
N =12.9Max 0.05, 12;smooth base

D

  
  

  
 

 

(2-23) 

cd

d
N 10 1+0.065 11.3

D

 
  

 
 

 

(2-25) 
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Menzies & Roper (2008) evaluated four different methods of bearing capacity 

assessments in clay against 13 different sites of the Gulf of Mexico. It was found that 

the Houlsby & Martin (2003) provided a lower bound and the method of Hossain et al. 

(2006) provided an upper bound to the measured field resistance. The method of 

Skempton (1951) & Hansen (1970) gave good average estimates of the load, however 

may over predict or under predict the resistance depending on soil conditions, spudcan 

type and depth of penetration. Hossain & Randolph (2009a) commented that the over-

prediction (by ~20 %) of Hossain et al. (2006) vanishes if strain softening is taken into 

account. 

     

 Effect of strain rate, strain softening and consolidation 2.3.2.

Dayal & Allen (1975) provided evidence of increase in cohesive strength of clay (su) 

due to higher strain rates (higher velocity of probe). This observation of strength 

increase due to shearing is evident in vane shear tests, cone penetration testing and 

laboratory triaxial tests (Biscontin & Pestana, 2001).  Biscontin & Pestana (2001) 

observed a clay strength (su) increase of up to 45-60% at a vane peripheral speed of 

about 1500 mm/min compared to a standardised reference speed of 3.4 mm/min.   

Based on these experimental evidences Einav & Randolph (2005) noted that the peak 

strength in clay can increase by 5-20% of per log cycle increase in shearing rate. The 

following expression was suggested to model this increase, 

max

u

u-ref
ref

γ
s

1+μlog
s γ

 
 
 
 
 
 

  

 

(2-26) 

Where µ is the rate of strength increase per log cycle and su-ref is the reference strength 

measured at a reference strain of
ref

γ . µ is suggested to be within the range of 5-20% 

(Dayal & Allen, 1975; Biscontin & Pestana, 2001). Typical reference strain rate (
ref

γ ) 

for triaxial tests are 1% per hour, and in simple shear 20% per hour (Hossain & 

Randolph, 2009a). Hence, the equation can be used to deduce the shear strength su at 
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any other maximum strain rate
max

γ . Einav & Randolph (2005) warned that the equation 

may lead to negative values of shear strength if strain rates 
max

γ  are smaller than
ref

γ .   

It is well known that shear strength (su) of clay reduces due to remoulding, which has 

been observed in cyclic penetration tests using a T-bar or ball penetrometer in clay. At a 

constant strain rate, in each passage of the penetrometer the strength is gradually 

degraded (Zhou, 2008; Lee 2009; Hodder et al., 2010).   

Einav & Randolph (2005) presented a simplified model to model the strength 

degradation due to remoulding or disturbance of clay. At any stage, the current shear 

strength was assumed to depend upon the accumulated absolute shear strain, ξ. Taking ξ 

as a state variable, an isotropic strength reduction model was presented as below, 

95e-3ξ/ξ

us ui rem remδ(ξ)=s /s =δ +(1-δ )  

 

Where 

(2-27) 

Where sus and sui are the softened strength and initial strength respectively. δrem is the 

fully remoulded strength ratio, and ξ95 is the cumulative shear strain required to cause 

95% reduction in strength from peak to the remoulded state. ξ95 can be typically 

estimated as around 10–25 (i.e., 1,000–2,500% shear strain) by matching degradation 

curves from cyclic penetration and extraction tests on T-bar and ball penetrometers 

(Hossain & Randolph 2009a). δrem may be taken as the inverse of soil sensitivity, St 

(Einav & Randolph, 2005). Typical sensitivity values for marine clays lie between 2-5 

and that for reconstituted Kaolin widely used in centrifuge testing lie between 2-2.8 

(Hossain & Randolph, 2009a).  

As the effect of strain rate and softening is a coupled process, for practical applications 

it is necessary to combine them.  Following works of Einav & Randolph (2005), Zhou 

& Randolph (2007) showed that both the effects can be modelled multiplicatively as 

follows, 
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95

max ref

e-3ξ/ξu
rem rem

u-ref
ref

max γ , γ

s
= 1+μlog δ +(1-δ )

s γ

   
   
   
     

   
  
  

    

  

 

 

(2-28) 

 

The first term augments the strength due to strain rate and the latter models the 

degradation due to remoulding. The terms of the equation have been defined earlier. 

Note that, the issue of negativity of shear strength has been dealt with by using the 

maximum value of the reference rate and the rate at which su is sought.  

Using the Einav & Randolph (2005) model, Hossain & Randolph (2009a) showed that 

penetration resistance and the cavity depth above the spudcan are reduced relative to 

those for ideal clay without softening. Extended expressions of bearing capacity factor 

and cavity depth were also provided.  

It is to be recognised that the loss of strength due to remoulding can be regained due to 

reconsolidation (White & Hodder, 2010).  White & Hodder (2010) presented a model 

within a critical state framework to capture the strength loss due to remoulding and 

subsequent gain due to reconsolidation. Cyclic T-bar tests were performed in the 

centrifuge at the same location and at a constant speed of 1mm/sec (model scale). 3.5 

hour of consolidation time was allowed after each episode of 20 cycles. The results 

showed that the remoulded strength measured at the end of 20 cycles increased up to a 

factor of 2 after 60 cycles. Figure 2-15 shows the performance of their model against 

experimental observations.   

Barbosa-Cruz (2007) showed that the strength of clay is also affected due to partial 

consolidation beneath the foundation. Using a Biot-type Mohr-Coulomb soil model (no 

strain softening) within the RITSS framework, the spudcan deep bearing capacity factor 

Nc was found to increase progressively with consolidation up to ~50% for full 

consolidation.   
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2.4 VERTICAL BEARING CAPACITY IN SINGLE LAYER OF 

SAND 

Cassidy & Houlsby (2002) studied the bearing capacity for conical foundations in sand 

using the method of characteristics. The dimensionless bearing capacity factor Nγ was 

tabulated. Effect of the conical apex angle (30
o
-180

o
), foundation roughness (smooth-

rough) and operative friction angle φ' of 5
o
-50

o
 were investigated. Nγ increases with 

friction angle and cone roughness. The effect of roughness is more pronounced for 

sharper cones (smaller cone angles) and higher friction angles. It was suggested that the 

cone has a more complex effect on Nγ. Generally, higher the cone angle lower is the 

bearing capacity factor Nγ. This is because smaller cone angles (i.e. sharper tip) 

mobilise the strength of deeper material at a higher stress level. However, it was 

observed that for higher friction angles an opposite trend exists. This was explained by 

the fact that high stress gradients can be sustained through the fan zone at the edge of 

the cone, which is larger for higher cone angles.    

The consequence of these opposing effects is, for a particular operative friction angle 

and roughness, with increasing cone angle, Nγ first decreases to a minimum at some 

intermediate cone angle and then starts to increase further with increasing cone angle. 

The corresponding cone angle at minimum Nγ depends on the sand operative friction 

angle and foundation roughness (see Figure 2-16).  

Teh (2007) performed PIV (Particle Image Velocimetry) centrifuge experiments to 

visualise the failure mechanisms for spudcan foundation. The digital image analysed 

revealed that the mechanism considerably differs from the conventional Prandtl-

Terzaghi failure mood (Figure 2-17).  The spudcan foundation was relatively smooth 

(α=0.2-0.4) while the sand was dense with relative density ID of 95%. It was suggested 

that the conical underside of the spudcan prevents forming of the central triangular 

zone. The mechanism is of a bowl shape with hemispherical cavity expansion with no 

extension of shear plane to the surface. For circular flat foundation O'Loughlin et al. 

(2003) showed that the failure mechanism closely resembles the Prandtl-Terzaghi 

mood.  
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Teh (2007) suggested that the bearing capacity factors Nq and Nγ are affected by the 

stress level dependency of the friction angle, pre yield compression, pre-shear 

mechanism of the spudcan tip and progressive failure. A new design approach was 

suggested by combining the bearing capacity theory and modified Bolton (1986) 

strength-dilitancy relationships.  

Cerato & Lutenegger (2007) conducted model tests with circular and square foundation 

in two compacted sands investigating Nγ. It was found Nγ decreases with increasing 

footing size and increases with increasing relative density (ID). Such scale effect of 

foundation in sand has broader acceptance and has been observed by other researchers 

(see for instance De Beer, 1963; Hettler & Gudehus, 1988; Okamura et al., 1997; Ueno 

et al., 2001; Zhu et al., 2001).  

It is commonly acknowledged that scale effects are mainly associated with the stress 

level dependency of the friction angle (Hettler & Gudehus, 1988; Ueno et al., 2001; 

White et al., 2008). Hettler & Gudehus (1988) argue that the progressive failure does 

not play a significant role in explaining scale effect at peak as the shear band 

development observed from X-ray techniques affect load-displacement behaviour only 

after peak. Therefore to calculate peak force, analysis based on the stress level 

dependency of the friction angle is sufficient. 

White et al. (2008) suggest that the Nγ value is significantly lower for a conical spudcan 

compared to a flat footing. The fundamental reason for this is that the conical underpart 

induces pre-shearing which leads to a form of progressive failure and subsequently a 

lower operative friction angle φ'. They showed that the stress level dependency on the 

friction angle can be simply captured by the strength-dilitancy relationships of Bolton 

(1986). A new meaning to Bolton’s (1986) m parameter was given relating it to the 

degree of progressive failure. Conical footings have lower m values compared to flat 

footings suggesting greater degree of progressive failure. The following expression was 

suggested to estimate Nγ obtained numerically from the stress characteristics generated 

by the ABC (Analysis of Bearing Capacity) program of Martin (2004), 
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0.2109φ'

γN =0.0286e  

 

(2-29) 

Where φ' is the operative friction angle in degrees. The expression is accurate within 

5% over the range 25
o 
< φ' < 45

o
. 

Craig & Chua (1990) performed centrifuge experiments at 100 g with a 14 m prototype 

spudcan. They showed that peak resistance in sand (qsand) can be estimated as, 

sand s γ s qq =0.3Dγ ' N +γ 'd N  

 

(2-30) 

d is the penetration depth and Nq & Nγ are obtained from Hansen (1970) and γ's is the 

effective sand unit weight. 

ISO (2012) suggest that, the ultimate sand bearing capacity qsand for spudcan can be 

estimated from,  

3 2

sand s γ γ o q q

D' D'
q A=γ' d N π +p 'd N π

8 4
 

 

(2-31) 

Where, A is the spudcan base area, dγ and dq are the depth factors where dγ is taken as 

1.0 for drained response and dq is a function of the friction angle and normalised 

penetration depth d/D. D' is the effective diameter in contact with sand (D' = D at full 

embedment). Nγ & Nq are the bearing capacity factors calculated for the axisymmetric 

case obtained from Cassidy & Houlsby (2002) and Martin (2004). It is cautioned that 

the choice of an appropriate friction angle is crucial. 

2.5 BEARING CAPACITY IN SAND OVERLYING CLAY 

Bearing capacity in sand overlying clay has been a classical problem of interest and a 

number of researchers contributed to its development (see for example Terzaghi & 

Peck, 1948; Yamaguchi, 1963; Meyerhof 1974; Vesic, 1975; Jacobsen et al., 1977; 

Meyerhof & Hanna 1978; Hanna & Meyerhof, 1980; Baglioni et al., 1982;  Craig & 

Chua, 1990; Michalowski & Shi, 1995;  Okamura et al., 1997; Okamura et al., 1998; 

Shiau et al., 2003; Teh, 2007; Teh et al., 2008; Lee, 2009;  Teh et al., 2010; Yu et al., 

2012;  Lee et al., 2013; Li et al., 2013 & Hu et al., 2014 etc.). Where a full description 

is beyond the scope, relevant contributions are discussed further. 
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  Projected area (PA) or load spread method  2.5.1.

Terzaghi & Peck (1948) opined that the foundation load through the sand is projected or 

spread onto a larger bearing area at the sand-clay interface (Figure 2-18).  Hence, the 

peak bearing capacity (qpeak) can be calculated by considering a fictitious footing resting 

at the sand-clay interface with an increased diameter of D+2Hstanαp. Where, Hs is the 

sand height, D the foundation diameter and αp the projected angle. The weight of the 

sand frustum between the fictitious bearing area and the foundation base is taken into 

account. qpeak for circular foundation can be estimated as, 

 
2 2

s s
peak p c c uo o p s s

H H
q = 1+2 tanα s N s +q - 1+2 tanα γ' H

D D

      
      
         

 

 

Where 

(2-32) 

Where sc is the shape factor for circular footing taken as 1.2, Nc is the shallow clay 

bearing capacity factor of clay, suo is the clay strength at the sand-clay interface, qo is 

the surcharge on the top of sand and γ's is the effective unit weight of sand. The first 

term within the third parentheses represent the bearing resistance of the clay and the 

second term is the weight of the sand frustum.  It is readily seen that the accuracy of 

qpeak is largely dependent on the choice of αp.  

There is no consensus in selecting the projection angle (αp) (see Craig & Chua (1990) 

for a list of different projection angles). For assessment purposes, ISO (2012) and 

SNAME (2008) suggest a range of αp between i) and ii) below, 

i) αp = 18.43
o
 corresponding to 1h:3v   (h: horizontal ; v: vertical) 

ii) αp = 11.31
o
 corresponding to 1h:5v   (h: horizontal ; v: vertical) 

The fundamental drawback of the approach is that it neglects any shearing resistance of 

the sand layer. Hence application of the method was found to underestimate qpeak 

obtained from centrifuge testing (Teh, 2007; Lee 2009;  Hu et al., 2014). 

 Punching shear (PS) method  2.5.2.

Experimental evidence of punching shear failure was given in Vesic (1975) (Figure 

2-19). The punching shear model presented by Hanna & Meyerhof (1980) assumes a 
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vertical slip surface through the sand, where a cyllindrical sand block is sheared of into 

the underlying clay ( Figure 2-20). Based on vertical equlibriium, qpeak is estimated as, 

   s
peak c c uo o s s o s s s s

H
q = s N s +q + 2 γ' H 2q s K tanφ'  -γ' H

D

 
 

 
 

 

Where 

(2-33) 

The first term represents the clay bearing capacity, the second term is the sand shear 

resistance and the final term accounts for the effective weight of the cylindrical sand 

block. ss is the shape factor assumed as unity. Hanna & Meyerhof (1980) assumed that 

at failure, the original sand slip surface is curved and is at a passive stress state. 

However, the analytical model assumed complete vertical slip surface. Lee (2009) 

commented that this results in underestimation of the bottom clay bearing capacity.  

Ks is the punching shear coefficient and is related to the passive earth pressure 

coefficient Kp as, 

s pK tanφ'=K tanδ  

 

 

Where 

(2-34) 

δ is the mobilised angle of friction at the curved failure plane and varies from φ'/2 to 

3φ'/4, an average of 2φ'/3 was suggested (Meyerhof, 1974).  Design charts were 

provided to estimate Ks. Burd & Frydman (1996) discussed that the design charts are 

applicable to a limited range of data of Hanna & Meyerhof (1980), and is not reliable 

over other sand height and effective sand unit weights. This approach underestimates 

peak resistance (qpeak) when comparing to centrifuge tests (Teh, 2007; Lee, 2009; Hu et 

al., 2014).  

 Method of Okamura et al. (1998) 2.5.3.

The model of this method is presented in Figure 2-21. The limit equilibrium 

calculations revealed qpeak to be, 
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H
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cosφ'cosα 2 D D 3 D
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Where 

(2-35) 

Where, sc is the shape factor taken as 1.2, and αc is the projection angle. Considering 

soil elements A & B at the sand-clay interface to be in a limiting stress state, the 

following equation was derived from the corresponding Mohr’s circles of Figure 2-21b, 

 

    

2

mc u ms u-1

c

ms u

ps o c u
mc u c c p c

c c s s

2 22

mc u mc u mc u

ms u 2

σ /s -σ /s 1+sin φ'
α =tan

cosφ'sinφ'σ /s +1

λH q N s1
Where  σ /s = N s 1+ + ; λ & λ =

λ D λ γ' D γ' D

σ /s σ /s cos φ' σ /s 1
σ /s

cos φ'

 
 
 
 

 
 

 

  


 

(2-36) 

It is readily seen from the above equation that the projection angle αc reduces with 

increasing operative friction angle φ', as was also noted by Lee (2009).  This is in 

contradiction to common thoughts in which dense sand with higher φ' is expected to be 

more dilative hence increase αc. Lee (2009) noted that the stress level dependency on 

the sand friction angle cannot be completely accounted for by this method. This is 

because the sand operative friction angle becomes independent of the foundation size 

(D) and the underlying clay strength (su). Whereas Lee (2009) showed that the operative 

friction angle depends on both D and su. Teh (2007) & Lee (2009) found this method 

generally overestimates qpeak. 

 Model of Teh (2007) 2.5.4.

Teh (2007) presented a limit equilibrium model showed in Figure 2-22. Following 

visualisation experiments in the centrifuge and studies of Love et al. (1987), it was 
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recommended that the presence of inclined loads on the sand-clay interface reduces the 

clay bearing capacity. Full bearing capacity qclay acts over a distance r from the centre 

line. Beyond the distance r, qclay reduces linearly to 0.5qclay at a radial distance R.  

Semi-logarithmic design charts were presented to estimate these geometric parameters 

which were linked to Hs/D and qclay/qsand (Figure 2-23). The parameter ψ in the model 

represents the inclination of the shear surface and depends on the normalised sand 

height (Hs/D), strength ratio of the two layers (qclay/qsand), and the average operative 

friction angle (φ2) of the sand shear plane. qpeak is estimated as, 

 

 

2 3 3 2

peak co uo s s

s p 2 2 3

peak eff eff peak eff eff

2

2

2

eff s

0.5 2 1
q A N s H ' R R r R r

R r 3 3

' K sin 1 2
d H DH d tan H tan H

cos cos 2 3

1 D D
H R R '

3 2 2

  
        

   

     
       

    

  
      

   

 

(2-37) 

 

The first term represents the resistance contribution from clay, the middle term is the 

sand shear resistance and the final term is the weight of the sand frustum. A is the area 

of the foundation, with the effective sand height Heff taken as 0.88Hs and dpeak equates 

0.12Hs.  

The approach in arriving at an operative friction angle is similar to Okamura et al. 

(1998), hence the same limitations discussed before apply. Lee (2009) found that the 

method though gave reasonable estimates of qpeak, the different parameters of the model 

are not always consistent with each other. For instance, loose sand may give higher 

inclination angles (ψ) compared to dense sand and can be independent of the calculated 

friction angle.  

It is noted from the design charts (Figure 2-23), that the different geometric parameters 

are derived from only five data points with a greater degree of extrapolation required to 

cover all practical range of Hs/D and qclay/qsand. Unlike the previous models presented, 

the effect of surcharge (qo) on top of the sand is not considered.  
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 Analytical model of Lee et al. (2013) 2.5.5.

The conceptual model is shown in Figure 2-24. Following works of Vermeer & Sutjiadi 

(1985), the model assumes that the sand block is pushed at a dilitancy angle ψ of the 

sand. Lee et al. (2013) recommend that the stress level effect on the friction angle can 

be simply taken into account through some modification of the empirical expressions 

suggested by Bolton (1986) as,  

R D peak RI =I (Q-lnq )-1, 0<I <4  

 

(2-38) 

cv0.8ψ=φ'-φ , ψ 0  

 

(2-40) 

where, IR is the strength dilitancy indicator, ID is the sand relative density, Q is the 

natural logarithm of the grain crushing strength in kPa and for siliceous sand and varies 

between 9-11 (White et al., 2008)). Notice that the effective mean stress po' from the 

original formulation of Bolton (1986) is replaced by qpeak due to difficulties in assessing 

the mean stress in centrifuge tests.  

This replacement required modifying the m parameter in the original Bolton’s (1986) 

equations, which controls the dilitancy contribution to peak strength.  The m parameter 

was originally recommended as 3 for triaxial or general stress condition and 5 for plane 

strain condition (Bolton, 1986). Lee (2009) using small strain FE analysis back 

calculated this m parameter to be 2.65 from a set of 25 centrifuge tests involving flat 

foundations. This value of m was shown also to work well with spudcan foundation 

(Lee, 2009;  Lee et al., 2013).  

Notice that by introducing qpeak in Equation 2-38, the size of the foundation and 

underlying clay strength have been incorporated in calculating the operative friction 

angle φ', as qpeak depends on su and φ'. An iterative procedure was recommended 

involving the above three equations to estimate φ'. 

The following expression was suggested to estimate qpeak when φ' > φcv, 

cv Rφ'=φ +mI  

 

 

 

(2-39) 
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(2-41) 

 

where, DF is an empirical parameter back calibrated from centrifuge tests related 

linearly to Hs/D and is dependent on the foundation shape (flat circular or spudcan). φ* 

is a reduced friction angle accounting for non-associated flow of sand obtained from 

expression provided by Drescher & Detournay (1993). qpeak must not exceed that of 

qsand, calculated from the shape and bearing capacity factors of Hansen (1970). 

For φ' = φcv, qpeak reduces to, 

  o oE E'

peak co uo o s s sand

o o

s s
o F cv sand q q o

1 1
q N s q e H e 1 q

E E

H ' D
where E 4D sin and q s N s N q

D 2
 

  
        

   


   

 

(2-42) 

 

Lee et al. (2013) showed that the model predicted their tests mostly within ~10%. 

Centrifuge testing of Lee et al. (2013) were based on dense sand over clay only, effect 

of loose sand was not considered. The back calibration of DF for spudcan was based on 

a limited number of tests (five only). Its suitability for a wider data set needed to be 

verified. The effect of peak mobilisation depth was argued to be small hence neglected.      

 Conceptual model of Hu et al. (2014) 2.5.6.

Hu et al. (2014) extended the model of Lee et al. (2013) incorporating the peak 

mobilisation depth into calculations of limit equilibrium (Figure 2-25). Following 

recommendations of Teh (2007) and additional loose sand over clay tests, dpeak was 

taken as 0.12Hs. They showed that DF is better approximated as a non-linear function of 

Hs/D as opposed to linear suggested in Lee et al. (2013).  

The following expression was suggested for qpeak when φ'>φcv, 
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Hu et al. (2014) showed that their model performs significantly better than the current 

industrial guideline approach documented in ISO (2012), and is equally applicable for 

both dense and loose sand overlying clay stratigraphy.  

2.6 BEARING CAPACITY IN TWO LAYER CLAY 

Bearing capacity in two-layer clay has been a topic of interest for many researchers. 

Brown & Meyerhof (1969) investigated this using model tests and plasticity theory. 

Expression for the bearing capacity factor for surface footing was provided for strip and 

circular foundation. Merifield et al. (1999) provided rigorous plasticity solutions for 

bearing capacity factors. Both soft over stiff and stiff over soft clay stratigraphies were 

investigated over a wide range of practical geometry. Tables are provided estimating Nc 

for routine use.  

Wang & Carter (2002) applied LDFE/RITSS technique to investigate the same. 

Merifield & Nguyen (2006) studied the bearing capacity utilising displacement finite 

element techniques, where a prescribed displacement was applied at the foundation 
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nodes over several substeps. Nc values were tabulated for different normalised top clay 

height and top and bottom clay strength ratio.  

Centrifuge tests and LDFE/RITSS analyses on double layer clay investigating punch-

through was reported in Hossain & Randolph (2010a) and Hossain & Randolph 

(2010b).  Excellent agreement was found between FE results and centrifuge test. 

However, it has been noted that the industrial guideline (SNAME, 2008) overly 

underestimate footing capacity on layered clays (Hossain & Randolph, 2010a). 

Yu et al. (2011a) used 3D (three-dimensional) LDFE/RITSS to study penetration 

behaviour of square foundation. Expressions were provided to calculate the ultimate 

bearing capacity factor Nc and the depth of punch-through (dpunch).   

2.7  SQUEEZING MECHANISM FOR SOFT CLAY OVERLYING 

A RIGID STRATUM 

Hencky & Prandtl first addressed the problem of determining the yield pressure of a 

material squeezed between two rough parallel plates (see Hill, 1950;  Meyerhof & 

Chaplin, 1953 & Silvestri, 1983).  Based on slip line fields, Prandtl was able to show 

that the vertical stress distribution on rough parallel plates can be reasonably well 

approximated by the following equation: 

Where, k is a constant parameter, λ is the shear strength mobilization factor between the 

plates and material block, x represents the horizontal coordinate with origin coincident 

with the left edge of the plates (Figure 2-26). H is the layer thickness and τ represent the 

shear strength of the plastic material being compressed (for clay τ = su, where su is the 

undrained shear strength of clay). The value of λ is suggested to be 1 when the top 

contact is smooth and the bottom contact is perfectly rough & 2 when both contacts are 

perfectly rough. 

As noted by Hill (1950), Meyerhof & Chaplin (1953) & Silvestri (1983) the k parameter 

has the value of π/2 originally found by Prandtl. Furthermore, after analysing 10 

different case histories of embankments on soft clay, Silvestri (1983) concluded that 

z

λx
σ =(k+ )τ

H
 

 

(2-46) 
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λ=2 is more appropriate as during failure, full shear strength is always mobilized at the 

boundaries of soft clay. Therefore, Equation 2-46 can be rewritten as, 

Hence the pressure distribution on the plate is trapezoidal with a value of π/2 at the left 

edge (on a normalised σz/su vertical axis) and increases linearly with x, reaching the 

maximum at the centre of the plate (Figure 2-26).   

With more exact slip lines near the edge, Hill (1950) showed that the pressure 

distribution has a constant value of 1+ π/2 over some distance from the edge and 

oscillates around the Prandtl’s distribution. Importantly, none of the solutions described 

above extended the slip lines beyond the edge of the plates. Though Prandtl had definite 

ideas of extending them as noted by Hill (1950), the extension was performed by 

Meyerhof & Chaplin (1953). 

Based on Prandtl’s principle and the bearing capacity theory Meyerhof & Chaplin 

(1953)  suggested that for circular foundation resting on clay, the average yield pressure 

qclay is given by, 

Where R is the radius of the foundation, H is the depth of material being squeezed (not 

necessarily full clay depth), Ncr is the bearing capacity of a rough circular foundation, γ'c 

is the unit weight of clay and d being the depth of the base of the circular foundation 

from the mud line (Figure 2-27).     

By introducing the diameter D (2R = D; R is the radius) and taking Ncr as 6.05 (Cox et 

al., 1961) the above equation becomes, 

z u

π 2x
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By accounting the deep embedment effects of the foundation by introducing an 

empirical depth factor of 1.2(d/D) and taking the second term within the parentheses as 

5, Equation 2-49 becomes: 

The above equation is only applicable for uniform strength of clay. Hence, for clay with 

strength increasing with depth the average strength of the squeezing layer can be used.  

 ISO (2012) & SNAME (2008) guidelines on squeezing 2.7.1.

Equation 2-50 is adopted unanimously in both the ISO (2012) & SNAME (2008) 

guidelines for squeezing of clay with upper and lower limits. Including the limits 

Equation 2-50 becomes, 

Where, Nc is the bearing capacity factor after Skempton (1951) and sc, dc is the 

corresponding shape and depth factor respectively. as and bs are termed as squeezing 

factors taken as as = 5 & bs = 0.33. qpeak is the ultimate bearing pressure of the stronger 

bottom layer. The upper bound ensures that the bearing pressure does not go to infinite 

as H<<D and the lower bound suggests that the squeezing pressure is greater or at least 

equal to the pressure due to general shear failure.  

The guidelines suggest that squeezing occurs when, 

In terms of H/D the above equation can be rewritten as, 

clay u c
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This suggests that for a surface foundation (d = 0) squeezing starts immediately when 

H/D ≤ 0.29.  

2.8 BEARING CAPACITY SOLUTIONS FOR MULTILAYER 

STRATIGRAPHIES 

For multi sand layer soil profiles, Bowles (1996) suggested that an arithmetic average of 

the operative friction angle φ' can be used for shallow bearing capacity as, 

Where, φ'i = internal operative friction angle in a given stratum with height hi. In 

conjunction with the Terzaghi (1943) general bearing capacity theory,  the ultimate 

bearing capacity may be calculated with Nq and Nγ based on φ'avg.   

Ghazavi & Eghbali (2013) argued that, rather than arithmetic mean a geometric mean of 

φ' is more appropriate. They suggested an average φ' as, 

ai is related to the length of the slip line in each layer, hence φ'geo-avg is related to the 

layer height and hi and φ'i of the layer. a is the summation of ai from each layer. The 

following expressions are suggested from the slip line diagram of Figure 2-28, 

Where, αi is the inclination of the slip surface. From FE analyses the position X was 

suggested to be 0.55B (see Figure 2-28). Again general bearing capacity theory is 

utilised to find the ultimate bearing capacity of the layered system. 

Hanna & Meyerhof (1979) studied the bearing capacity on three layer sand or clay 

(model tests performed on sand only) where the strength of the layers progressively 
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reduces from top to bottom. It was assumed that failure mechanism is of truncated 

pyramidal shape in the top two layers with general bearing capacity mechanism 

assumed in the lowest relatively softer layer (Figure 2-29). Previously discussed 

punching shear theory (see section 2.5.2) was extended in a limit equilibrium 

framework giving qpeak for circular foundation on three-layer sand as, 

Ks1 and Ks2 are the punching shear coefficient for layer 1 and 2 respectively obtained 

from design charts given in Hanna & Meyerhof (1980). The shape factor ss is assumed 

as 1 (lower bound). Model test result showed that the bearing capacity increases with 

the top and mid sand height to a maximum value of the thick upper sand layer, hence 

qpeak is limited to qtop. 

Oda & Win (1990) noted that soil beds deposited through water though appear uniform 

are stratified with different particle sizes present within the body of soil. They carried 

out strip foundation tests in a sand bed with interbedded clay (i.e. sand-clay-sand 

profile). Figure 2-30 shows that the peak resistance monotonically increases with 

increasing top sand height when the mid clay height is thicker than 5 mm. For a thin 

layer of clay (h2 = 5 mm or ~0.17B) the resistance decrease when h1/B ≤2, beyond h1/B 

>2 the resistance increases similar to the greater clay height cases. This indicated that a 

critical depth of clay might exist which exerts lowest bearing capacity of footing (Figure 

2-30). It was explained that when soft clay moves laterally, some drag force on the 

upper sand bed surface is exerted therefore lowering its vertical bearing capacity.  

Okamura et al. (1997) performed centrifuge testing on clay-sand-clay at an acceleration 

of 40 g (g is earth’s gravity). The tests were aimed to investigate the peak bearing 

capacity for sand on clay under different surcharge (in the form of clay) conditions. The 

circular foundation was pre embedded and positioned on the top of sand by cutting a 

circular groove in the top clay 1mm wider on each side from the edge of the foundation. 
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It was shown that the bearing capacity increases with Hs/D, the normalised surcharge 

pressure λp and the normalised clay strength λc (see Figure 2-32, λp and λc were defined 

earlier in Equation 2-36. 

Large deformation finite element (LDFE/RITSS) analyses were conducted by Gao et al. 

(2012) of spudcan foundation on clay-sand-clay soils. The peak bearing mechanism 

obtained is shown in Figure 2-33. It is seen that a thin band of clay is entrapped beneath 

the spudcan foundation at peak. The mechanism suggests that this trapped clay along 

with sand is sheared off into the underlying clay at a particular angle. The peak 

resistance is seen to be a function of the properties of all three layers. It was noted that 

when a stiff layer is interbedded in soft clay the cavity depth above the spudcan can be 

greater compared to single layer clay only. This is because the presence of a stiffer sand 

layer dictates the soil flow downwards and inhibits the inward rotational flow of top 

clay into the open cavity above the spudcan, which in single layer clay cause the cavity 

to collapse (Hossain et al., 2005).     

A more elaborated experimental work on multiple layers of sand and clay was reported 

by Hossain (2014) with its focus on spudcan punch-through failure mechanisms. In the 

centrifuge tests, punch-through failures were observed in the deposits consisting of 3-6 

soil layers. Figure 2-31 & Figure 2-34  show bearing resistance in 6, 4 & 3 layer 

stratigraphies with interbedded sand (loose and dense with different mineralogy) and 

stiff clay, where all showing severe punch-through.  

Post-dissected sample on a clay-sand-clay stratigraphy revealed that a portion of sand 

plug is entrapped as foundation penetrates into the bottom clay (Figure 2-34), similar to 

double layer sand on clay cases reported in Teh et al. (2008). The depth of the sand plug 

was reported to vary within 0.85-0.9Hs, where Hs is the initial sand layer height. 

Among others, LDFE/RITSS based analyses were presented by Yu et al. (2011b) on 

clay-sand-clay.  Kellezi et al. (2005) presented bearing capacity profiles for spudcan in 

sand-clay-sand using finite element technique. 
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2.9 CURRENT INDUSTRY APPROACH IN PREDICTING 

RESISTANCE PROFILE IN MULTI-LAYER STRATIGRAPHIES  

Methods developed for single and double layer stratigraphies with various assumptions 

are recommended in the current industrial guidelines of SNAME (2008) & ISO (2012). 

For soft clay over stiff soil, squeezing solution discussed in section 2.7.1 is 

recommended. The conical spudcan is assumed fully flat to comply with the squeezing 

solution. On the other hand for sand overlying soft clay condition the projected area 

(PA) or the punching shear (PS) approach (see section 2.5.1 & 2.5.2) of various forms 

are primarily recommended. The solution of Teh (2007) is recommended as an alternate 

approach in ISO (2012). To obtain a full load-penetration resistance profile for spudcan 

in a three-layered system with special emphasis to clay-sand-clay, the following 

approach is suggested in ISO (2012). 

At stage-1 the bearing capacity is calculated by the PA or PS approach by placing the 

spudcan (ignoring the conical underpart by assuming the spudcan as a flat based 

footing) on top of the sand layer (Figure 2-35a). It is not clear at this stage whether the 

top clay is to be added on as a surcharge (qo) on top of the sand layer or not. Indeed this 

could be done by replacing qo by Hctγ'ct, where Hct is the top clay height and γ'ct is the 

effective unit weight. The alternate solution of Teh (2007) does not account for any 

surcharge qo above the sand layer. Therefore to implicitly account the effect of top clay 

layer, replacement of qo by Hctγ'ct is not possible. An extended form of Teh’s (2007) 

equation by directly accounting the top clay (Hct) is presented later in the thesis.  

Now in stage-2 the bearing capacity in the top clay is calculated. At this stage, the sand 

and bottom clay layers are replaced by a rough rigid boundary placed at the top of sand 

(or under the top clay) (Figure 2-35b).  The single layer clay bearing capacity solutions 

of Skempton (1951) or Houlsby & Martin (2003) are recommended in combination of 

the squeezing model discussed before. The position of application of squeezing is 

controlled by Equation 2-52.   

Under the category of three-layered system, there is no mention on how to calculate 

resistance in the third bottom clay layer. Most practitioners perform a single layer 
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analysis without any soil plug entrapment beneath the foundation (Xie et al., 2010), 

which is bound to underestimate the resistance. However as an addendum the sketch of 

Teh (2007) following observations of Craig & Chua (1990) on sand over clay is shown, 

where a sand plug is clearly seen to be entrapped under the foundation. However, no 

practical equations to predict the resistance catering for this entrapment are given. 

It is evident from the above discussion that calculation scheme adopted are of that of 

wished in place type, where continuous evolution of soil geometry as would have been 

expected in reality are discounted for. It is not clear that once the foundation penetrates 

from the top clay to the sand layer whether any top clay is entrapped under the 

foundation or not. As the underlying sand-clay layers are deformable, further 

verification is required regarding application of the squeezing model.  

The guideline approaches for punch-through calculations involving sand have shown 

poor performance (Teh, 2007; Lee, 2009; Hu et al., 2014). It is vital that a reliable peak 

punch-through calculation model is developed which allows the stress level dependent 

response of the sand layer to be simplistically captured. For complete punch-through 

risk assessment the full load-penetration profile is required, as this allows evaluating the 

punch-through depth therefore indicating potential severity of the offshore site. This 

requires calculation of bearing capacity in the underlying clay layer. It is clear that the 

bearing capacity factors in single layer clay such as that of Skempton (1951) or Houlsby 

& Martin (2003) are no longer applicable, and highly underestimate the resistance due 

to not accounting for any additional shear resistance generated along a composite soil 

plug (Craig & Chua, 1990). The composition of the soil plug and its overall shape need 

to be carefully studied.  

2.10 SUMMARY 

The review of the literature suggests that several important considerations need to be 

addressed for analytical assessment of bearing capacity in clay-sand-clay. First, a peak 

bearing capacity (qpeak) model is crucial that should be based on true mechanisms. Stress 

dependency on the friction angle needs to analytically modelled. Several authors have 

shown this can be achieved by some modification of the strength-dilitancy relationships 
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of Bolton (1986) (Okamura et al., 1998; Teh, 2007; White et al., 2008; Lee et al., 2013; 

Hu et al., 2014). Lee (2009) argued that apart from the foundation size D, the strength 

of the bottom clay layer su affect the operative friction angle. To obtain safe collapse 

load estimates, real sand behaviour i.e. non-associativity needs to be accounted for.   

As offshore clay strength often increases with depth, strength non-homogeneity must be 

taken in to account. The exact conical shape of the spudcan needs to be catered for, 

rather than idealising it as a flat circular foundation. This is because bearing capacity in 

both clay and sand is affected by shape (Cassidy & Houlsby, 2002; Houlsby & Martin, 

2003).   

A framework of assessing bearing capacity in each layer of the stratigraphy is 

important. It is revealed that resistance in a single layer might be a function of several 

other nearby layers (Hossain, 2014). It is therefore critical that rather than replacing 

layers by rigid undeformable boundaries as in the ISO (2012), actual properties of the 

underlying layers be considered.   
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Table 2-1  Shallow vertical bearing capacity factors in clay of various researchers (after Gourvenec 

& Randolph, 2003) 

 ρ(D or B)/sum 

0 1 2 3 6 10 

 

 

Strip 

Gourvenec & Randolph (2003) 5.20 6.70 

 

7.71 8.55 10.62 12.95 

Davis & Booker (1973) 5.14 6.60 7.65 8.43 10.46 12.76 

Houlsby & Wroth (1983) 5.14 - 7.57 - 10.37 12.67 

Martin (personal communication) 5.14 6.61 7.60 8.41 10.42 12.66 

 

 

Circle 

Gourvenec & Randolph (2003) 5.91 6.77 7.45 8.04 9.56 11.28 

Cox et al. (1961) 6.05 - - - - - 

Houlsby & Wroth (1983) 6.05 6.95 7.63 8.21 9.67 11.33 

Martin (2001) 6.05 6.95 7.63 8.21 9.69 11.37 
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Table 2-2 Empirical Constants in Houlsby & Martin (2003) 

Empirical  constants* Value 

a1 0.212 

a2 -0.097 

a3 0.53 

a4 0.5 

a5 0.36 

a6 1.5 

a7 -0.4 

a8 0.21 

a9 0.34 

 

* In the original paper f1,f2…f9 have been used for the empirical constants. The symbol 

‘a’ is used herein with ‘f’ being preserved for later chapters in the thesis. 
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Figure 2-1 Bearing capacity analysis of Terzaghi (1943) 

 

 

Figure 2-2 Comparison of Nγ for a rough strip footing of various researchers (after Lee, 2009) 
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Figure 2-3 Correction factors for rough and smooth footings in clay (after Davis & Booker, 1973) 

 

Figure 2-4 Shallow bearing capacity factor Nc against strength non-homogeneity ρD/sum , a) strip 

foundation & b) circular foundation (after Tani & Craig, 1995) 
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Figure 2-5 Effect of strength non homogeneity (ρ (B or D)/sum) on shape factor sc (after Tani & 

Craig, 1995) 
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Figure 2-6 Effect of embedment and strength non homogeneity on depth factor (after Tani & Craig,  

1995) 

 

Figure 2-7 Soil shear strength profile down centre line of foundation after 5 m penetration a) strip 

foundation & b) circular foundation (after Hu & Randolph, 1998) 

 

ρB/sum ρD/sum
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Figure 2-8  Comparison of LDFE solution with upper and lower bound plasticity solutions (after 

Hu & Randolph, 1998) 

 LST : Linear strain triangle

CST : Cubic strain triangle
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Figure 2-9 Penetration resistance in uniform strength clay, observed vs predicted performance 

(after Craig & Chua, 1990)  

 

Figure 2-10 Post-test view of soil distortion in single layer uniform strength clay (su = 29 kPa) 

(vertical white lines are installed spaghetti markers, after Craig & Chua, 1990) 
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Figure 2-11 Problem definition for bearing capacity in clay with strength increasing with depth 

(after Houlsby & Martin, 2003) 

 

 

 

Figure 2-12 Example stress characteristic field (β = 150
o
, α = 0.8, d/D = 0.5 & ρD/sum = 5; after 

Houlsby & Martin, 2003) 

 

 

 

d
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Figure 2-13  Calculation of equivalent cone angle for spudcan foundation with a spigot (after 

Martin, 1994) 

 

 

 

Figure 2-14 Soil flow mechanisms in single layer clay a) d/D = 0.16; surface heave mechanism, b) 

d/D = 0.77; onset of flow around mechanism & c) d/D = 1.15; full flow around mechanism (after 

Hossain et al., 2005) 

(a)

(b)

(c)
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Figure 2-15  Episodes of strength reduction and subsequent gain in strength due to consolidation in 

cyclic Tbar penetration tests in the centrifuge (after White & Hodder, 2010) 
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Figure 2-16 Effect of cone surface roughness (α) and apex angle β on sand bearing capacity factor 

Nγ (after Cassidy & Houlsby, 2002)  

 

 

 

Figure 2-17 Soil displacement vectors for spudcan in sand (after Teh, 2007) 
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Figure 2-18 Conceptual model for the projected area (PA) method 

 

 

Figure 2-19 Punching shear failure in dense sand overlying clay (after Vesic, 1975) 
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Figure 2-20 Conceptual model for the punching shear (PS) method 

Figure 2-21 Conceptual model of Okamura et al. (1998); a) Assumed failure mechanism & b) Mohr 

circle of stress for soil elements A and B (after Okamura et al., 1998) 
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                                                Figure 2-22 Conceptual model of Teh (2007) 
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Figure 2-23 Design charts determining the geometric parameters in Teh’s model (after Teh, 2007)  
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Figure 2-24 Conceptual model of Lee et al. (2013) 

 

 

Figure 2-25 Conceptual model of Hu et al. (2014) 
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Figure 2-26 Slip line developments and plastic flow of mass compressed between two rough plates 

including pressure distribution on plates (modified after Silvestri, 1983) 

 

 

Figure 2-27 Plastic zones for a perfectly rough footing on a rough rigid base; a) Wide footing & b) 

Narrow footing (after Meyerhof & Chaplin, 1953) 
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Figure 2-28 Slip line developments for strip foundation over multi-layer granular soil (after 

Ghazavi & Eghbali, 2013) 

 

Figure 2-29 Failure mechanism on three layer soil of two strong layers overlying a weak layer (after 

Hanna & Meyerhof, 1979) 
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Figure 2-30  Effect of thin middle clay layer on peak bearing resistance of sand (after Oda & Win, 

1990) 

 

(a)                                                                           (b) 

Figure 2-31 Centrifuge test results for bearing resistance for spudcan with D=12 m; a) in six layer 

clay stratigraphy with interbedded Silica sand & b) in four layer clay stratigraphy with 

interbedded Silica and Carbonate sand (after Hossain, 2014) 
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Figure 2-32 Relationship between the normalised bearing capacity and sand height for pre 

embedded circular foundation on clay-sand-clay (after Okamura et al., 1997) 

 

Figure 2-33 Finite element observation of peak bearing mechanism in clay-sand-clay (at normalised 

penetration depth d/D=1.1, foundation size D = 14 m, normalised top clay height, Hct/D=1, 

normalised sand height, Hs/D= 0.25 (after Gao et al., 2012) 

Hs/D

2
q

f/
n
γ'

D

D



Jackup Foundation Punch-Through                                                Centre for Offshore Foundation Systems  

in Clay with Interbedded Sand                                                              The University of Western Australia 

2-55 

 

 

 

Figure 2-34 Bearing resistance and post dissected view of sample in clay-sand-clay (prototype D = 6 

m) (after Hossain, 2014)  

Figure 2-35 Spudcan bearing capacity analyses in three layer clay-sand-clay (after ISO, 2012) 
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CHAPTER 3.   LDFE STUDY OF BOUNDARY EFFECTS 

IN FOUNDATION MODEL TESTS 

 INTRODUCTION 3.1

This chapter presents large deformation finite element analyses (LDFE) based on the 

RITSS (Remeshing and Interpolation with Small Strain) technique. The bottom 

boundary effect is identified for uniform clay and sand overlying clay stratigraphies. 

The lateral boundary effect is found for single layer uniform clay and sand as well as 

double layer sand overlying clay stratigraphies. Suitable design charts and expressions 

are provided to ascertain suitable strongbox dimensions to avoid potential boundary 

effects in model centrifuge testing. 

 ANALYSIS METHODOLOGY 3.2

 The LDFE/RITSS Technique 3.2.1.

Large Deformation Finite Element (LDFE) analysis incorporating the RITSS 

(Remeshing and Interpolation using Small Strain) formulation originally developed by 

(Hu & Randolph, 1998a) has been adopted in this study. The method falls in the FE 

category of Arbitrary Lagrangian Eulerian (ALE), which circumvents the inaccuracy 

caused by excessive mesh distortion of other FE methods (Wang & Carter, 2002; Zhou, 

2008). In the RITSS approach a series of infinitesimal strain is applied with fully 

automatic mesh generation technique followed by linear interpolation of the stress field 

and material properties from the old mesh to the new mesh. Remeshing and 

interpolation of historical variables are generally carried out after a few steps of small 

strain increments. After large deformation the soil boundaries become irregular and this 

technique of remeshing fits the arbitrary deformed boundary very well and successfully 

prevents excessive mesh distortion (Wang & Carter, 2002). The process of remeshing 

and interpolation was repeated until the desired penetration depth was reached.  This 

LDFE/RITSS method has been successfully applied in many challenging geotechnical 

problems including spudcan penetration (Hossain, et al., 2004; Hossain, et al., 2005; Yu 

et al., 2012), strip and circular footings (Wang & Carter, 2002), and suction caisson 

installation (Zhou, 2008).  
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 BOTTOM BOUNDARY EFFECT 3.3

Centrifuge tests are generally carried out in rectangular strong boxes or the channel of a 

drum centrifuge. The available depth of the strongbox or drum channel limits the range 

of soil heights and penetration depths that can be modelled. The measured penetration 

resistance will artificially rise as the spudcan approaches the bottom boundary (Figure 

3-1). This bottom boundary influence zone can be larger for a soil profile with sand 

overlying clay because any trapped sand plug beneath the spudcan effectively deepens 

the foundation base. As a result of this boundary effect, a fictitious higher deep bearing 

resistance can be recorded, resulting in an underestimation of the punch-through depth 

(dpunch). It is therefore vital that the bottom boundary influence zone is correctly 

estimated when planning such tests, in order to avoid unwittingly mitigating the punch 

through effect through an erroneous experimental effect. 

The majority of previous research on boundary effects concerned cone penetration 

testing in a closed chamber (Phillips & Valsangkar, 1987; Schnaid & Houlsby, 1991; 

Bolton et al., 1999). The effect of the boundary on dynamic loading in the centrifuge 

has also been investigated (Teymur & Madabhushi, 2003). The first half of this chapter 

specifically investigates the bottom boundary influence zone for spudcan foundations 

penetrating into soil profiles with sand over clay for a wide range of conditions. A 

simple relationship is established to indicate the bottom boundary influence zone. To 

achieve this, Large Deformation Finite Element (LDFE) analysis incorporating the 

RITSS (Remeshing and Interpolation Technique with Small Strain model) technique is 

employed (Hu & Randolph 1998a), and validated against an example centrifuge test. 

The LDFE/RITSS method was implemented in the FE package AFENA (Carter & 

Balaam, 2006) that was originally developed at the University of Sydney. 

 LDFE PROBLEM DESCRIPTION AND MODEL SETUP 3.4

Figure 3-2 shows the model setup of the LDFE/RITSS analyses. The spudcan diameters 

ranged from D = 6 m – 16 m. The container depth was fixed at 30 m, which is typical 

for the strongboxes and g-levels used in previously published spudcan penetration tests 

at UWA (University of Western Australia) and other laboratories.  2D axisymmetric, 6 

noded triangular elements were used in all the analyses. A mesh and displacement 

increment sensitivity analysis was carried out to find the optimum mesh and spudcan 

displacement increment.  
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The mesh in all the analyses is broadly similar to Figure 3-2  with the spudcan 

displacement increment over diameter ratio (δspud/D) ranging over 6.25 x 10
-5 

to 1.66 x 

10
-4

, which is sufficiently small to give accurate results. To optimise the mesh after each 

remeshing stage ‘h’ refinement cycles were implemented to discretise the soil domain in 

high shear strain regions (Hu & Randolph, 1998b). The minimum element size over 

foundation diameter (hmin/D) varied as 0.0011~0.017.  

The vertical boundaries along the centre line and far boundary were set up as rollers, 

and the bottom boundary was fixed in both horizontal and vertical directions. To focus 

on the bottom boundary effect, the lateral domain boundary was kept at a distance of 

10D from the centre of the spudcan which was found from additional analyses to be 

sufficient to remove any influence. To identify the bottom boundary effect, two parallel 

analyses were carried out for every soil profile as shown in Figure 3-1. Firstly, the 

analysis was performed without any bottom boundary influence by keeping the bottom 

boundary at 10D from the domain surface (see Figure 3-1). Secondly, the analysis was 

performed with the bottom boundary placed at 30 m (i.e. 2D – 5D) from the domain 

surface, representing a rigid rough strongbox base. When comparing these parallel 

analyses, the point at which the responses diverge indicates the start of the bottom 

boundary influence zone (dBE).  

The thickness of the sand layer, Hs, was varied in the range 0, 6, 12 and 16 m with an 

effective unit weight (γ's) of 11 kN/m
3
, and the undrained shear strength of the clay, su 

was set as 16.6, 50 and 100 kPa with an effective unit weight (γ'c) of 6.5 kN/m
3
. With 

different relative density, the effective unit weight of sand (γ's) varies over a narrow 

range. A collated list from the literature of sand effective unit weights in model 

centrifuge tests with varying relative density (ID) of 58% to 99% was shown by Lee et 

al., (2013a) (see Table 2 of this  referred article). This suggested effective unit weight of 

sand varying from 9.20-11.15 kN/m
3
. The adopted value of 11 kN/m

3
 is within this 

range. For even looser sand (ID = 44%), Hu et al., (2014) measured an effective unit 

weight of 10 kN/m
3
. The effective unit weight of clay (γ'c) adopted coincides with the 

value reported in Teh et al., (2010) for UWA Kaolin clay. The dBE calculated is deemed 

to have negligible effect over these ranges of effective unit weights commonly tested by 

centrifuge modellers. 

Using these parameters, the sand layer thickness to spudcan diameter ratios (Hs/D) 

covered a range of 0 – 2.0. Table 3-1 summarises all the cases analysed in this study. 
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Both dense and loose sand, represented by different angles of friction and dilation, were 

considered.  

A fully drained condition was maintained for the sand and a fully undrained condition 

for clay. Both materials were modelled as linear elastic-perfectly plastic obeying the 

Mohr-Coulomb failure criterion for sand and Tresca failure criterion for clay, with the 

parameters given in Table 3-1. The soil-spudcan interface in all the analyses was taken 

as fully rough, which is more onerous than a smooth interface with regard to boundary 

effect because the failure mechanism around the spudcan is larger.  

 LDFE/RITSS RESULTS VS CENTRIFUGE TEST DATA 3.5

 Spudcan Penetration Resistance 3.5.1.

To validate the LDFE analysis approach, a centrifuge test result of spudcan penetration 

into sand over normally-consolidated clay (Teh et al., 2008) is shown in Figure 3-3 as 

curve A. In this instance the nominal bearing resistance qnom is defined as the pressure 

obtained by dividing  the total reaction force generated beneath the spudcan by the 

maximum bearing area of the spudcan (πD
2
/4). The high penetration resistance at 

deeper penetration depth was identified by Teh et al (2008) as potentially a bottom 

boundary effect. For this test, Hs = 5 m, D = 6 m with a sand relative density (ID) of 

85%. The strength profile of the underlying clay had suo = 10 kPa (suo is the strength at 

the top of clay) and  = 1.20 kPa/m, where  is the shear strength gradient in clay (see 

Figure 3-1 for details noting that z is measured from the top of clay, note that suo = su 

when  = 0). The sand constant volume friction angle (cv) was reported as 34
o
. In the 

LDFE analysis ' of 34
o
 with dilation angle () of 4

o
 was used for the sand. The sample 

depth (including the sand and clay layers) was 2.08 D (12.5 m).  

At shallow embedment, the LDFE analysis (curves B and C in Figure 3-3) does not 

reproduce the initial peak in resistance since the MC model does not simulate strain 

softening. However, the responses are well-matched until the centrifuge test data 

diverges at db/D  0.92, indicating a potential bottom boundary effect (where db is the 

position of the spudcan measured from the bottom of the container to the maximum 

bearing area of the spudcan). The LDFE analysis with the container base (case C) 

diverges slightly earlier at db/D  1.06, but the divergence accelerates slightly 
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afterwards, close to db/D  0.92. This confirms that the divergence is associated with a 

bottom boundary effect and the LDFE and centrifuge data agree well. 

An LDFE analysis with higher angles of friction and dilation (φ'= 37
o
,  = 8

o
) is also 

shown in Figure 3-3. The peak resistance is still lower than the centrifuge measurement, 

indicating that the dilatancy of the sand in the centrifuge test was likely greater than 8
o
, 

though only briefly at peak resistance. The bottom boundary effect is evident at the 

same depth. This is because although curve D corresponds to a higher friction angle, the 

entrapped sand plug had similar geometry. Both curves C and D recorded a plug depth 

of ~5 m which also agrees well with the centrifuge test by Teh et al., (2008).  It can be 

concluded that the bottom boundary effect is not significantly influenced by the 

frictional properties of the top sand layer. Other comparisons between case I and case II 

of Table 3-1 show the same trend.  

 Soil Flow Mechanisms near Bottom Boundary 3.5.2.

Figure 3-4a and Figure 3-4b depict the soil flow mechanisms when the spudcan 

approaches the bottom boundary. Figure 3-4a shows that at db/D = 1.06 of curve C in 

Figure 3-3, where the bottom boundary effect initiates, the entrapped sand plug is 

moving downwards with essentially rigid body motion. At db/D =0.58 (Figure 3-4b), 

squeezing of the sand plug between the spudcan and the bottom boundary is evident, 

leading to horizontal movement within the plug.  

To illustrate these mechanisms more clearly, contours of the horizontal soil velocity 

normalised by the spudcan speed are compared for cases B and C in Figure 3-5 (i.e. 

without and with the bottom boundary influence) at d/D = 1.67 (Figure 3-5a and 5b 

respectively). When the boundary is remote (Figure 3-5a) the soil flow mechanism is 

essentially symmetrical about a horizontal plane at the mid-depth of the plug. However, 

when the bottom boundary is close (Figure 3-5b), the flow is strongly asymmetric, with 

the flow mechanism below the spudcan being distorted by the rigid bottom boundary. 

This distortion of the soil flow away from the optimal geometry of mechanism increases 

the penetration resistance. Similar observations were made for the sand over uniform 

clay scenarios but detailed soil flow mechanisms are not reported here.     

These observations highlight the important influence of the sand plug on the onset of a 

bottom boundary effect. To estimate the boundary influence zone for practical 
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applications it is therefore important to predict the thickness of this plug for different 

values of  normalised sand layer thickness (Hs/D) and undrained clay strength (su). 

 RESULTS OF PARAMETRIC LDFE/RITSS STUDY 3.6

 Sand Plug Height (Hplug)  3.6.1.

All the LDFE/RITSS analyses performed are summarised in Table 3-1. The stabilised 

sand plug height (Hplug/D) derived from the LDFE results is compared against the initial 

sand layer thickness Hs/D in Figure 3-6a. Hplug is measured as the sand plug formed 

while the spudcan was embedded into the clay prior to any plug distortion induced by 

the bottom boundary. The origin in Figure 3-6a refers to the uniform clay case (case IV 

of Table 3-1) where no sand plug is formed. For all the cases with su = 16.6 kPa, the 

plug height Hplug/D increases linearly with the sand layer thickness Hs/D when Hs/D ≤ 

1.30. When the sand layer thickness is beyond Hs/D = 1.30, the sand plug height 

approaches a limit of Hplug/D ~ 1.20.  

To investigate the effect of clay strength, additional cases considered su = 50 and 100 

kPa. When the sand layer is thin (Hs/D < 1.0 for su = 50 kPa, Hs/D < 0.6 for su = 100 

kPa), the relationship between Hs/D and Hplug/D is still linear. However, when the sand 

layer becomes thicker, stiffer clay causes some of the plug material to flow around the 

spudcan and the plug height reduces accordingly. Previous LDFE (Yu and Hu, 2009) 

and centrifuge test results (Teh et al., 2008) are also plotted in Figure 3-6a, showing 

good agreement.  

For sand over clay with strength increasing with depth the LDFE analysis shown in 

Figure 3-3 was repeated for different strength gradients (ρ) as 0.1, 0.5, 1.20 (centrifuge 

test ρ), 1.5 and 2 kPa/m which span the plausible ranges  (e.g. Teh et al., 2008; Lee et 

al., 2013b). The Hplug measured in these tests were identical and was close to the initial 

Hs with bottom boundary influence zone (dBE) only varying slightly. The clay strength 

gradient therefore has negligible impact on the influence zone at least over the range 

studied here (0.1 ~ 2 kPa/m). The sand plug height obtained from the weaker clay 

provides an upper bound for estimation of the plug thickness (as the plug height is 

maximised when the clay layer is soft) and therefore the bottom boundary influence 

zone dBE.  
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 DESIGN CHART of dBE 3.7

As depicted in Figure 3-1, the sand plug, once its size is stabilised in the lower clay 

layer, behaves as part of the foundation penetrating into the clay. As the base of the plug 

approaches the bottom boundary, it is felt by the spudcan. The bottom boundary 

influence zone (dBE/D) increases with the plug height (Hplug/D).  

The relationship is displayed in Figure 3-6b, which presents the values of dBE/D 

determined from all the parallel LDFE analyses listed in Table 3-1 with near and far 

container bottom boundaries (i.e. container depths of 30 m and 10D). The scatter in the 

data presented is due to slight variations of the plug shape for the range of sand 

thicknesses and clay strength involved. For the uniform clay case, dBE/D = 0.7 

represents the plastic flow mechanism around the spudcan and any further penetration 

causes yielding at the boundary nodes. dBE/D does not increase proportionally with 

Hplug/D, indicating that the flow mechanism around the combined spudcan-plug 

foundation is a different shape to the flow around a spudcan alone. This is to be 

expected, since the plug has a rounded base, compared to the flatter spudcan base 

(Figure 3-4a). dBE/D increases in proportion to 0.4Hplug/D, and so the bottom boundary 

influence zone can be estimated as (Figure 3-6): 

 LATERAL BOUNDARY EFFECT 3.8

Previous research on container boundary effects were mainly concerned with CPT tests 

in sand. Table 3-2 lists the recommendations of lateral boundary distances suggested by 

different researchers, primarily for tests in dense sand. However, tests on loose sand (ID 

~ 30%, where ID is sand relative density) can also be affected by the boundary 

proximity but to a lesser extent (Schnaid and Houlsby, 1991). As Table 3-2 shows, these 

recommendations are highly scattered and no common agreement among researchers 

exists (Ghafghazi, 2011). Moreover, these CPT studies are not directly applicable to 

large offshore foundations as marked differences in soil flow mechanisms are expected. 

The CPT test exhibits cavity expansion in soils and spudcan penetration test displays 

localised surface heave or flow-around mechanisms. There are no existing guidelines or 

recommendations for suitable strongbox dimensions in centrifuge tests involving large 

BE plug sH Ηd =0.40 +0.70 ; 0 2
D D D

   

 

(3-1) 
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foundations. This section aims to provide a design chart to assist centrifuge test 

planning in a strongbox. The spudcan foundation penetrations in different soil profiles 

were studied. The soil profiles include the common types: single (uniform clay or sand) 

and layered (sand overlying clay) seabed conditions.  

 Summary of Numerical Analyses 3.8.1.

Figure 3-7  displays the overview of the problem studied under an axisymmetric 

condition. Two different lateral boundary conditions at the far side have been 

investigated: 

1. A perfectly rough boundary: where the lateral boundary was restrained in both 

the radial and vertical direction (shown as hinge in Figure 3-7)  

2. A perfectly smooth boundary: where only the radial movement was restrained 

and the vertical movement was set free (shown as roller in Figure 3-7)  

Hence a perfectly smooth boundary excludes any generation of shear stresses () along 

the boundary, whereas shear stresses () can generate along the perfectly rough 

boundary and is limited by the shear strength of the soil. To simplify the analyses no 

intermediate boundary roughness conditions have been considered in the present study, 

since the perfect smooth and preface rough boundaries can serve the bound limits of the 

boundary effect. The lateral boundary distance (LBD) is defined as the distance 

measured from the centre of the foundation to the inner edge of the strongbox (see 

Figure 3-7).    

Table 3-3 & Figure 3-8 show all the soil profiles (Hs/D or D/Hs, where, D is the spudcan 

diameter) and strongbox sizes (LBD/D) studied. Three different soil stratigraphies have 

been considered; i) uniform clay (UC, i.e. Hs/D = 0), ii) uniform sand (US, i.e. D/Hs = 

0), and iii) sand overlying clay (SC, i.e. 0 < (Hs/D or D/Hs) ≤ 1). For US and SC soils, 

LBD varied as 1.5D ~10D. For UC soil, there were two additional cases with LBD of 0.8D 

and 1D considered. The LBD = 10D was considered as a reference case without the 

effect of the lateral boundary on the penetration response, because it showed no 

difference compared to results with a more distant boundary. Thus the effect of the 

lateral boundary can be studied by comparing any other cases with the LBD/D = 10 case.  

As shown in Figure 3-8 the interim SC cases cover a sand thickness over diameter ratio 

(Hs/D) of 0.375 ~ 2 (D/Hs =0.5~2.67) which are relevant to the cases commonly tested. 
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The penetration reference point (point P in Figure 3-7) in all the analyses presented is 

taken at the maximum bearing area (A = πD
2
/4) of the spudcan where the nominal 

bearing resistance, qnom is defined as the net vertical load (Fnet = Ftotal – Fbuoyancy) divided 

by the maximum spudcan area (qnom = Fnet/A).        

2D axisymmetric triangular elements with six nodes and three internal gauss points 

were used in all the analyses, taking advantage of the near-axisymmetric geometry of 

spudcan foundations. 

The Mohr-Coulomb (MC) model was used for sand simulation with fully drained 

behaviour. Only loose sand with a friction angle (φ') of 31
o
 and a small dilatancy angle 

(ψ) of 2
o
 was used in all the analyses. This is due to the inherent limitation of the current 

MC model used for sand, which is unable to model the softening response of dense sand 

after peak resistance is encountered. For numerical stability a small amount of cohesion 

(c) of 0.1 kPa was used for sand. The Poisson’s ratio (ʋ) adopted for the sand was 0.20, 

the Young’s modulus of elasticity E was 24 MPa to represent loose sand (Das, 2010) 

and the effective unit weight (γ's) was 11 kN/m
3
. The earth pressure coefficient at rest 

(Ko) for sand was calculated using a simplified form of Jaky’s expression (Ko = 1-sinφ'). 

For clay soil, the MC model with friction angle (φ') and dilation angle (ψ) both taken as 

0
o 

– equivalent to the Tresca failure criterion – was applied to model undrained 

behaviour. Uniform undrained shear strength (su) of 16.6 kPa was applied for clay 

representing soft marine clay.  A uniform stiffness ratio, E/su of 350 was chosen, which 

falls within the range expected for soft clay (Das, 2010). The Poisson’s ratio (ʋ) was 

taken as 0.49 to minimise volume change during shear whilst maintaining numerical 

stability. The effective unit weight for clay (γ'c) was taken as 6.5 kN/m
3
. The earth 

pressure coefficient at rest for clay was taken as unity following simplified Jaky’s 

expression with φ' = 0 for undrained clay (K0 = 1.0). It is acknowledged that some soft 

marine clay might have lower Ko values, however the effect of varying Ko on the 

boundary effect is not studied in this thesis.   The spudcan soil interface was modelled 

as fully rough in all the analyses presented here, as it is assumed to be the case most 

susceptible to lateral boundary effects.  

The MC model friction law controlled the shear strength of the shear slider.  Following 

Hu et al. (1999), the remeshing step (N) and displacement increment (δ) were chosen 

such that Nδ < 0.5hmin, where hmin is the minimum element size.  The small strain 
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analysis between each remeshing was conducted using AFENA (Carter and Balaam, 

2006), which was developed at the University of Sydney. To reach an optimum mesh 

and minimise discretization error h-refinement cycles were implemented as suggested 

by Hu and Randolph (1998b). 

 LATERAL BOUNDARY EFFECT IN SINGLE SOIL LAYER 3.9

 Single Layer of Uniform clay (UC) 3.9.1.

The effect of rough boundary on the load penetration response of spudcan foundation in 

uniform clay (case UC-RB of Table 3-3) is depicted in Figure 3-9a. By comparing with 

the case of LBD/D = 10, it is observed that the spudcan capacity is increased with 

decreasing boundary distance LBE. However, this effect diminishes when spudcan 

penetration reaches 1.5D. The surface footing capacity is reached within a very shallow 

penetration depth of d/D = 0.1 as qnom = 106 kPa, which gives Nc = qnom/su = 6.38. This 

is only 1.7% greater than lower bound plasticity solution of Houlsby and Martin (2003) 

(Nc = 6.27). The largest effect from the close boundary is observed at penetration around 

d/D of 0.4. At about d/D = 1.5, the spudcan penetration resistance converges to that of 

LBD/D = 10 case. For LBD/D ≥ 1.5 all the curves converge (Figure 3-9a), demonstrating 

once LBD/D ≥ 1.5, the boundary effect is minimal and can be ignored.  

A small jump was recorded in all the load- penetration curves (e.g. at d/D ~ 1.2 for 

LBD/D = 0.8). Craig and Chua (1990) also reported similar jumps in centrifuge tests 

performed in uniform submerged clay (see Fig.7, su=29 kPa case of Craig and Chua, 

1990). This jump marks the closure of the full open cavity formed above the spudcan 

(Hossain et al., 2004). Beyond this jump a steady state response is achieved without 

noticeable increase in resistance gradually attaining full-localised flow around the 

spudcan. Interestingly this jump can be found around d/D=1.4 for LBD/D = 3 ~10 cases.  

For LBD/D = 1, 1.5 and 2 cases this occurred at d/D=1.3. Hence placing the rough 

boundary very close to the foundation encourages more soil to flow into the open cavity 

causing deep localised flow to occur earlier.  

Figure 3-9b reports the spudcan penetration responses in uniform clay with smooth side 

boundaries (case UC-SB of Table 3-3). As opposed to cases with rough boundaries, the 

spudcan penetration resistance decreases when the smooth boundary distance is less 

than 2D. This is because the smooth boundary makes upward soil flow easier compared 

to a rough boundary or an infinite soil domain. The general curvilinear responses, which 
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are observed for LBD/D ≥ 2 with a smooth boundary and for all with a rough boundary, 

are replaced by somewhat segmented linear responses for LBD/D ≤ 1.5 with a smooth 

boundary. All the curves converge to the deep bearing capacity (Ncd  su) when 

penetration depth d/D > 1.5, except the case with LBD/D = 0.8.   

The deep penetration bearing capacity factor (Ncd = qnom/su) at d/D of 1.58 for the rough 

spudcan studied here is obtained as Ncd = 12.60 from the LBD/D = 10 case, where lateral 

boundary effect is minimal.  This is in only 3.8% lower than LDFE simulations of 

Hossain & Randolph (2009) and plasticity solutions of a deeply buried rough thin plate 

(Martin & Randolph, 2001). Penetration beyond d/D of 1.6 might further narrow this 

gap.    

Based upon the above discussions, the distance that the lateral boundary needs to be 

placed to eliminate the boundary effect for uniform soft clay can be deduced as LBD/D = 

1.5 for a rough boundary and LBD/D = 2.0 for a smooth boundary. Where the boundary 

is placed closer than the minimum distance, the spudcan resistance is increased with a 

rough boundary and decreased with a smooth boundary due to the influence of the 

boundary proximity and roughness. The largest boundary effect occurs at penetration 

depth d/D ~ 0.4. The cavity depth above the penetrating spudcan in clay has been 

studied by Hossain et al. (2004) and increases with increasing dimensionless soil 

strength (su/γ'cD). Since cavity expansion occurs when the cavity is formed above the 

spudcan during penetration, and localised soil flow occurs when deep penetration is 

achieved (Hossain et al., 2004), the boundary effect is more profound during cavity 

expansion mode. The boundary effect on bearing capacity becomes minimal when d/D 

> 1.5 for all cases, except LBD/D = 0.8, where the smooth boundary is very close to the 

foundation. 

 Single Layer of Uniform Sand (US)  3.9.2.

Figure 3-10a & 10b report the penetration response in uniform sand for rough and 

smooth lateral boundaries respectively (cases US-RB & US-SB of Table 3-3). All 

results display a steady increase in bearing resistance with continuous spudcan 

penetration. This overall trend is similar to that observed in loose sand by Craig & Chua 

(1990).    

For the rough boundary case (Figure 3-10a) the lateral boundary had a consistent impact 

on the resistance with a smaller LBD increasing the resistance significantly.  Though the 
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impact was smaller at shallow penetration, the resistance curves diverged from the 

LBD/D = 10 case with deeper penetration.  With increasing LBD/D from 1.5 to 5, the 

resistance curves shift toward the LBD/D =10 case in a sequential manner.  For LBD/D = 

5 the boundary has almost no influence on the resistance.  

When the lateral boundary becomes smooth (Figure 3-10b), the boundary effect on the 

spudcan resistance is not as significant as that caused by the rough boundary. However, 

the trend of the boundary effect is inconsistent. When the boundary is placed at LBD/D = 

1.5, the spudcan resistance is increased when d/D < 0.7; and decreased when d/D > 0.7. 

Although the boundary effect is minimal when LBD/D = 5, a marginal increase (~ 5%) in 

spudcan resistance is still present as d/D > 1.0. This inconsistent trend in the boundary 

effect could be due to the absence of friction on the lateral boundary. When the lateral 

boundary is close to the spudcan, the restriction of soil lateral movement would push 

soil upwards, generating more surface heave and consequently higher spudcan 

penetration resistance. At the same time, the smooth boundary makes such upwards 

movement easier, reducing spudcan penetration resistance. Thus the boundary effect is 

influenced by counteracting effects from soil heave and the absence of vertical 

resistance from the wall, as discussed later. For the loose sand studied here, the 

recommended minimum boundary distance is LBD/D = 5.  

 LATERAL BOUNDARY EFFECT ON SAND OVER CLAY 3.10

SOILS 

 Single vs Double Soil Layers 3.10.1.

Figure 3-11 depicts the comparison between the spudcan penetration responses in single 

and double soil layers. The responses presented are for a D = 10 m spudcan with sand 

layer thickness Hs/D = 0.6 for the sand over clay (SC) case. The lateral boundary 

distance was set as LBD/D = 10 hence boundary effects can be neglected. For a 

comparative study the sand and clay properties in all the stratigraphies are the same with 

material properties listed in Table 3-3. As can be readily observed the spudcan bearing 

capacity is the lowest in uniform clay (UC) and highest in uniform sand (US), the sand 

over clay (SC) case falls in between these bounds. 

At a normalised penetration depth (d/D) of 0.6 the nominal resistance of UC is ~180 

kPa. At the same penetration depth the spudcan capacity is 1.5 times higher for SC and 
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almost 20 times higher in US. For the SC case a sand plug with depth close to the sand 

height was entrapped beneath the spudcan and remained practically unchanged with 

penetration into the bottom clay (see Figure 3-12). For SC the additional bearing 

capacity mobilised beyond the sand-clay interface can be attributed to this plug, which 

now acts as part of the foundation and generates bearing resistance along its periphery 

(Craig and Chua, 1990).  

The soil flow mechanisms at d/D=0.6 is compared for all the three soil profiles in 

Figure 3-12. An open cavity is observed in UC whereas a wall type failure is noticed in 

both SC and US. Qiu & Henke (2011) also observed similar wall type failure in their 

LDFE analysis. Marked surface heave is noticeable in UC whereas lack of cohesion 

forces sand to flow back on top of the advancing spudcan in SC and US cases. 

Rotational flow into the open cavity is seen in UC, which will eventually cause the 

cavity to collapse with further penetration (Hossain et al., 2005).   

For SC soil case, the entrapped plug moved vertically downward with the spudcan. The 

clay below the sand plug flows around the plug and the sand-clay interface is deformed. 

The rotational flow mechanisms observed in UC are not observed in US, with the 

different mechanisms leading to different scales of boundary effect. 

 EFFECT OF SAND LAYER THICKNESS 3.11

 Rough Boundary (cases SC-RB-0 ~ SC-RB-6 of Table 3-3) 3.11.1.

Figure 3-13 displays the load–penetration responses on sand overlying clay soil for a 

rough boundary with Hs/D varying from 0.375~2. It can be seen that the boundary effect 

increases with increasing top sand layer thickness. For the sand layer thickness Hs/D ≥ 

1.0, (Figure 3-13b & 13c), the rough lateral boundary affects the spudcan response in 

the whole sand layer. When the top sand layer thickness is reduced to Hs/D = 0.6 

(Figure 3-13b), the boundary effect is restricted to the shallow penetration (up to d/D = 

0.3). Once the top sand layer thickness is as thin as Hs/D = 0.375 (Figure 3-13a), the 

effect of the boundary is minimal, though slight increase of foundation capacity can be 

observed at very shallow penetration (up to d/D = 0.2).  

Close proximity of a rough lateral boundary and thicker overlying sand layers lead to 

increased peak bearing capacity (qpeak) relative to the LBD/D = 10 case. This is because a 

thicker top sand layer generates a larger sand plug underneath the spudcan, which needs 
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to be pushed into the bottom clay layer; at the same time a closer rough boundary 

requires more effort to push the sand heave upwards. After mobilising the peak capacity 

(qpeak), the spudcan capacity gradually converges to the response of LBD/D = 10 case as 

penetration progresses deeper into the clay. As the spudcan and underlying sand plug 

penetrates into the clay layer a rotational flow mechanism develops which has also been 

observed experimentally (Teh et al., 2008). Hence as the soil failure mechanism 

gradually changes from the sand spreading mechanism during the peak and to the full 

flow around mechanism in clay, the requirement of normalised lateral boundary 

distance (LBD/D) reduces, since the boundary effect for spudcan penetrating deeply in 

clay is minimal (see d/D > 1.2 in Figure 3-9a).  

In summary, for all the rough boundary cases analysed here, a closer boundary increases 

the spudcan peak resistance in sand in proportion to the sand layer thickness, thus the 

thicker the sand layer being modelled, the larger the strongbox required. The strongbox 

size has minimal effect on spudcan penetration resistance in the bottom clay layer. 

  Smooth Boundary (cases SC-SB-0 ~ SC-SB-6 of Table 3-3) 3.11.2.

Figure 3-14 reports the corresponding load–penetration responses of a spudcan in a 

strong box with a smooth lateral boundary.  Although the sand layer thickness affects 

the spudcan peak resistance, the smooth boundary has more influence on the spudcan 

resistance after the peak. In contrast to the rough boundary case, placing a smooth 

boundary close to the spudcan (i.e. LBD/D = 1.5) decreases qpeak compared to the LBD/D 

= 10 case for Hs/D ≤ 1. This is because a punching shear failure is expected for a thin 

sand layer. Vertical soil movement dominates in the punching shear mechanism and a 

smooth lateral boundary allows easy sliding of soil along the boundary (Figure 3-15).   

For a thicker sand layer (Hs/D =2 or D/Hs =0.5, Figure 3-14d) the peak resistance 

increases with decreasing lateral boundary distance LBD/D, though the lateral boundary 

is smooth, implying that a close lateral boundary restricts the lateral displacement of the 

sand. This restriction dominates the bearing behaviour of spudcan (Figure 3-16). 

Therefore, the trend of spudcan peak resistance against later boundary distance (LBD/D) 

is the same as the rough boundary (Figure 3-13d), but by a lower magnitude due to the 

smooth boundary. 

As penetration progressed deeper into the bottom clay, the curves no longer merge, as 

was the case for the rough boundary. This is because the smooth boundary does not 
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force the soil to fully flow around the foundation, as would have been the case if the 

boundary were rough or if it was remote. Instead, the soil tends to move towards the 

boundary and flow upwards rather than flowing rotationally on to the top of the 

foundation, because this offers lower resistance. 

This behaviour under a smooth boundary introduces complexity in terms of choosing 

minimum strongbox dimensions. As in the rough case where the different LBD curves 

tend to merge together with deeper penetration, only qpeak (where differences were 

pronounced) was sufficient to decide on a suitable LBD/D. On the other hand, though the 

extent of variation of qpeak is smaller for a smooth boundary compared to the rough case, 

the deep resistance also varies compared to the LBD/D = 10 curve (see Figure 3-14). 

Hence apart from qpeak, deep resistance variations must be considered when evaluating 

the suitability of strongbox dimensions for a given model test.  

To this effect 5% variation lines are plotted with respect to the resistance measured in 

the LBD/D = 10 analysis on the smooth boundary resistance profiles (Figure 3-14a ~ c). 

These limiting lines are not plotted for the thicker sand case (Figure 3-14d) as the LBD/D 

= 5 curve controls the LBD/D requirement for both peak resistance and deep penetration. 

For deep penetration, the boundary distance should meet LBD/D =2, 3 and 5 for Hs/D = 

0.375, 0.6 and 1 (Figure 3-14a ~ c) respectively. 

 PEAK RESISTANCE (qpeak) 3.12

Figure 3-17 collates the peak resistances of all the analysis performed for layered soil 

(see Figure 3-8 & Table 3-3) against the normalised lateral boundary distance (LBD/D). 

In the vertical axis the qpeak for different soil profiles is normalised by that for 

LBD/D=10. Hence a horizontal line passing through unity on the vertical axis represents 

the nil boundary effect line, whilst the ± 5% dotted line represents the variation caused 

by boundary proximity and roughness. Figure 3-17a to Figure 3-17h represents the Hs/D 

cases varying from 0~2. The Hs/D=0 case (Figure 3-17a) represents the uniform clay 

case discussed before. For uniform clay, since there is no peak resistance observed 

(Figure 3-9), the normalisation of resistance is chosen at penetration of d/D = 0.4 where 

the most significant boundary effects were observed.  

For Hs/D =2 both the smooth and rough boundary increases the peak capacity for 

reasons discussed earlier. For all other cases when the boundary wall was closer the 

rough boundary increased the resistance and the smooth boundary decreased it. As Hs/D 
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reduces, the rough and smooth curves tend to converge.  Hence the boundary conditions 

have more influence on higher Hs/D ratios.  

Based upon the limiting boundary distance that would not exceed the 5% variation lines, 

minimum LBD/D for Hs/D =2 with a rough boundary (Figure 3-17h) can be taken as 

5.25, for smooth it is 4.5. Similarly for Figure 3-17b~Figure 3-17g the minimum LBD/D 

can be measured accordingly.  These values will contribute to the centrifuge test design 

chart presented later. For uniform clay (Figure 3-17a)  based on the 5% variation lines, 

the LBD requirements are found to be lower than LBD of 1.5D for rough and 2D for 

smooth recommended earlier, as the resistance is least affected due to closeness of the 

boundary.  However as discussed before, any smaller LBD’s (< 1.5D (rough) or 2D 

(smooth)) might not reproduce the overall shape of the response observed when the 

boundary is remote (Figure 3-9).  

To illustrate further the effect of lateral boundary, the shear stresses mobilised on the 

axisymmetric plane (1-2 plane) along a vertical line passing through the edge of the 

spudcan are compared in Figure 3-18. zs/D is the normalised depth measured along this 

line. Figure 3-18a shows the comparison between the LBD/D = 10 and 1.5 cases for a 

rough boundary at penetration of d/D = 0.13 and Hs/D = 1. The corresponding load-

penetration response is shown in Figure 3-13c, where at d/D=0.13 the LBD/D = 1.5 

curve mobilises peak resistance, but the LBD/D = 10 curve needs to penetrate a little 

further to reach its peak.  

The τ12 shows similar trend for both LBD/D = 1.5 and 10 cases but its magnitude is 

greater for the former.  This explains the increased peak measured for LBD=1.5D in 

Figure 3-13c. τ12 though increases throughout the top sand layer but starts to decrease 

near the sand-clay intercept encountering weaker clay. 

Figure 3-18b shows the same comparison for the smooth case but now at d/D = 1.0 

where the differences were pronounced (see Figure 3-14c). The LBD/D = 10 case now 

mobilises greater resistance than the LBD/D = 1.5 case. The sharp reduction of τ12 is 

noted near the clay, and is limited by the su = 16.6 kPa for clay.  

  SURFACE HEAVE 3.13

The lateral boundary distance can also interfere with the surface heave profile, where 

upward movement is denoted by δheave. Figure 3-19a and 19b compares the heave 
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profile for sand overlying clay soil at d/D = 0.20 for rough and smooth boundary 

respectively. The Hs/D is 0.60 and the load-penetration responses are presented in 

Figure 3-13b and Figure 3-14b respectively. The rough boundary does not allow the 

boundary nodes to move which creates a sand dune type profile. The LBD/D = 1.5 case 

recorded the maximum heave which decreases with increasing LBD/D. On the other 

hand, the smooth boundary places no restrain on the vertical movement of the lateral 

boundary nodes hence no dune type profile is observed (see Figure 3-19b).  As LBD/D 

increases the surface profiles gradually shift towards the LBD/D = 10 profile.  

 DESIGN CHART FOR CENTRIFUGE TEST 3.14

The final outcome of all the analyses performed can be summarised in a design chart as 

shown in Figure 3-20. The zones above and below the shaded region represent model 

geometries that will not and will likely be affected by boundary effects respectively. 

The shaded region represents a zone where there is a potential for boundary effects, 

dependent upon the boundary interface roughness condition. The layout and axes are the 

same as that shown in Figure 3-8, where the left and right vertical axes represent the 

uniform clay and uniform sand respectively. The intermediate values correspond to sand 

overlying clay with different Hs/D and D/Hs ratios. Depending upon the purpose and 

geometry of the test the curves presented can be used to check if the strongbox 

dimensions are adequate for foundation penetration tests in centrifuge that are not 

influenced by boundary effects. 

In general for uniform clay minimum LBD/D = 1.5 is recommended for a rough 

boundary. For a smooth boundary this value should increase to LBD/D = 2.  Minimum 

LBD/D = 5 is suggested for uniform sand irrespective of the boundary roughness.  

For sand overlying clay, greater Hs/D ratio would require a larger strongbox. For deep 

penetration tests a rough boundary is more suitable for a range of 0 < Hs/D ≤ 2 if 

sufficient box size is not available. If only shallow penetration is of interest then a 

smooth boundary will allow using a smaller strongbox. 

Although a typical spudcan foundation was used in all the numerical analyses, the 

design chart presented can also be used for other circular or conical foundation where 

there is no significant difference in mechanisms. It is also expected boundary effects 

will be more significant for dense sand with a greater dilatancy angle, thus requiring a 

larger strongbox for a given foundation size. The clay assumed here was relatively soft 
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with su of 16.6 kPa with Ko = 1. More comparative results with varying su and Ko 

representative of a wider range of marine clays would be beneficial.  A wide range of 

published centrifuge modelling studies have been collated and the lateral boundary 

distances compared against the proposed design chart (Figure 3-21). Many tests were 

performed with inadequate strongbox dimensions, especially for uniform sand where 

none of the tests reported satisfy the minimum strongbox criterion. On the other hand, 

there were plenty of tests performed falling in between the bounds of the proposed 

curves (implying the potential for boundary effects) and lying above it (implying no 

boundary effects). The actual impact of the strongbox boundary on these tests will also 

depend upon the roughness condition of the boundary, which is not generally reported 

in the literature.  

 SUMMARY 3.15

Large Deformation Finite Element (LDFE) analyses were conducted to study the 

bottom and side wall lateral boundary effects in model centrifuge testing. Spudcan 

penetration in soft uniform clay, loose uniform sand & loose sand overlying uniform 

clay have been considered. Penetrations under rough and smooth lateral boundary 

conditions were carried out. The LDFE results depicted adequate strongbox width 

requirement under different lateral boundary roughness conditions as well as the clear 

depth requirement between the spudcan base and bottom boundary of the centrifuge 

container or strongbox. Suitable design charts and expressions were provided to assess 

the minimum centrifuge container dimension requirements prior to attempting 

centrifuge testing. The main conclusions are listed below: 

 When a spudcan penetrates into a soil profile with sand over clay, there is 

always a sand plug formed underneath the spudcan which is carried down into 

the clay layer. The stabilised sand plug size increased approximately linearly 

with the sand layer thickness until a limit of Hplug/D = 1.2 at Hs/D = 1.3. With 

further increase in sand layer thickness, the sand plug height change was 

minimal. 

 

 The shear strength of the clay layer showed a small influence on the sand plug 

height, with the sand plug thickness decreasing slightly with increased shear 

strength in the clay.  
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 The stabilised sand plug underneath the spudcan effectively increased the 

spudcan depth, but also changed the shape of the flow mechanism. The bottom 

boundary influence zone was 0.7D for uniform clay, and was increased by 40% 

of the normalised plug (Hplug/D) thickness (not 100% – due to the changing flow 

mechanism) for the sand over clay cases.  

 

 These effects lead to a simple relationship between the normalised sand layer 

thickness (Hs/D), the normalised sand plug height (Hplug/D), and the normalised 

bottom boundary influence zone (dBE/D).  

 

 For centrifuge testing in uniform clay, the lateral boundary measured from the 

centre of the foundation should be kept at a distance of at least LBD/D = 1.5 for a 

rough boundary and at LBD/D = 2 for a smooth boundary.   

 

 For uniform sand, the lateral boundary distance (LBD) requirement is larger than 

uniform clay as the sand becomes stronger with depth the full plastic flow 

around mechanism is not formed. More sand spreading mechanism dominates 

the response with sand flowing in from top with penetration resulting in a wall 

type failure. A minimum LBD/D = 5 is recommended in this case. 

 

 For the sand overlying clay type of soil stratigraphy the boundary distance was 

found to be dependent on the sand layer thickness over foundation diameter ratio 

(Hs/D). In general, greater Hs/D ratios require greater boundary distances 

(LBD/D).  

 

 For majority of the soil stratigraphies studied, the rough boundary placed in 

proximity to the foundation edge significantly increased the penetration 

resistance and the smooth boundary decreased it, which illustrated the 

significant effect of the boundary roughness condition. The mobilised shear 

stresses along the plug periphery can increase or decrease depending upon the 
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lateral boundary distance. In addition, the soil surface heave profile was also 

shown to depend upon the lateral boundary. 

 

 

 The LDFE analysis presented for lateral boundary effect assessment was 

distilled into a single design chart, which can be utilised to check if the 

strongbox dimensions are adequate prior commencing model tests in the 

centrifuge involving large offshore foundations.          
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Table 3-1 Summary of LDFE analyses undertaken for analysis of bottom boundary effect 

          * Centrifuge test case 

Case 

identifier 

Thickness 

of sand, Hs 

(m) 

Operative 

friction 

angle (φ') 

Dilation 

angle (ψ) 

Undrained 

Shear 

Strength of 

clay, suo (kPa) 

Shear strength 

gradient, ρ 

(kPa/m) 

Spudcan 

Diameter, D 

(m) 

Total depth 

Htotal  (m) 

Comments 

Case 0 5 34
o
 4

o
 10 0.1,0.5, 

1.20*,1.50 & 2 

6 12.5 & 10D Comparison with centrifuge test and effect of clay 

strength gradient on plug development and 

boundary effect 

Case I 6 31
o
 2

o
 16.6 0 8,10,12,14,16 30  & 10D Loose sand on Uniform clay 

Case II 6 38
o
 8

o
 16.6 0 8,10,12,14,16 30 & 10D Dense sand on Uniform clay : Effect of dense 

sand on plug development  and boundary effect 

Case III 16 31
o
 2

o
 16.6 0 8,10,12,14,16 30  & 10D Loose sand on Uniform clay : Effects of higher 

sand thickness on sand plug and boundary effect 

Case IV 0 - - 16.6 0 6 30 & 10D Uniform Clay : Effect of Bottom boundary when 

no plug is entrapped 

Case V 6 31
o
 2

o
 16.6, 50, 100 0 10 10D Sand on Clay: Effect of su on plug development. 

Case VI 6 & 12 31
o
 2

o
 50, 100 0 6 10D Sand on Clay: plug development in thicker sand 

& stiff clay 
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Table 3-2 Recommendation of test boundary distance for CPT in sand 

 

Researchers       ID      LBD Boundary condition 

Last (1979)*        -     14B** Rigid walled chamber 

Parkin and Lunne (1982)     90%     25B Flexible walled chamber 

Phillips and Valsangkar (1987)     87%     5B Rigid walled container 

Bolton et al. (1999) 58 & 91%     ~10B Rigid container 

Ahmadi and Robertson (2008)      90%     40B Numerical study with four 

different boundary conditions 

*See Phillips and Valsangkar (1987). 

**B is the cone diameter. 

 

 

Table 3-3 Summary of case studies in LDFE analyses for lateral boundary effect 

  Case Identity* 

 

D (m) Hs/D su (kPa) 

 

  φ' ψ                      LBD 

UC-RB 10 0 16.6 0
o
 0

o
 0.8D,1D,1.5D,2D,3D,5D,10D 

UC-SB 10 0 16.6 0
o
 0

o
 0.8D,1D,1.5D,2D,3D,5D,10D 

US-RB 10 ∞    - 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D 

US-SB 10 ∞    - 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D 

SC-RB-0 16 0.375 16.6 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D 

SC-RB-1 14 0.42 16.6 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D 

SC-RB-2 12 0.5 16.6 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D 

SC-RB-3 10 0.6 16.6 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D 

SC-RB-4 8 0.75 16.6 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D 

SC-RB-5 6 1 16.6 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D 

SC-RB-6 6 2 16.6 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D  

 

 

SC-SB-0 16 0.375 16.6 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D 

SC-SB-1 14 0.42 16.6 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D 

SC-SB-2 12 0.5 16.6 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D 

SC-SB-3 10 0.6 16.6 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D 

SC-SB-4 8 0.75 16.6 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D 

SC-SB-5 6 1 16.6 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D 

SC-SB-6 6 2 16.6 31
o
 2

o
 1.5D,2D,2.5D,3D,5D,10D 

              * UC= uniform clay, US= uniform sand, SC=sand on clay, SB=smooth boundary, RB= rough boundary. 
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Figure 3-1 Problem definition: container boundary effect during spudcan penetration 

 

Figure 3-2  Model setup and mesh at d/D = 0 
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Figure 3-3  Comparison between LDFE results and centrifuge test using clay with strength 

increasing with depth 
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(a) 

 

           (b) 

Figure 3-4  Soil displacement vectors for curve C at (a) db(LDFE)/D = 1.06, (b) db(LDFE)/D = 0.58 using 

clay with strength increasing with depth  
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(a)                                              (b) 

 

 

Figure 3-5  Incremental normalised horizontal velocity contours at d/D = 1.67 (a) curve B & (b) 

curve C using clay with increasing strength with depth 
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Figure 3-6  Collated results and procedure for estimation of bottom boundary influence zone  
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Figure 3-7 Problem definition 
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Figure 3-8 Summary of cases studied 

 

 

Figure 3-9 Effect of lateral boundary on penetration response in uniform clay, a) Rough boundary 

& b) Smooth boundary 
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Figure 3-10 Effect of lateral boundary on penetration response in uniform sand, a) Rough 

boundary & b) Smooth boundary 

 

Figure 3-11 Typical load penetration responses in uniform and layered stratigraphy. 
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Figure 3-12 Typical soil flow mechanisms in uniform and layered stratigraphy at d/D = 0.60. 
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Figure 3-13 Effect of rough lateral boundary on measured penetration resistance for sand overlying 

clay stratigraphy; (a) Hs/D = 0.375, (b) Hs/D = 0.6, (c) Hs/D = 1.0 & (d) Hs/D = 2.0 

 

 

 

 

 

 



Jackup Foundation Punch-Through                                              Centre for Offshore Foundation Systems 

in Clay with Interbedded Sand                                                           The University of Western Australia  

3-33 

 

 

 

Figure 3-14 Effect of smooth lateral boundary on measured penetration resistance for sand 

overlying clay stratigraphy; (a) Hs/D = 0.375, (b) Hs/D = 0.6, (c) Hs/D = 1.0 & (d) Hs/D = 2.0 
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Figure 3-15 Soil vectorial displacements at peak in thin sand overlying clay with narrow boundary 

distance (Case SC-SB-0 of Table 3-3) 

 

Figure 3-16 Soil vectorial displacements at peak in thick sand overlying clay with narrow boundary 

distance (Case SC-SB-6 of Table 3-3) 
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Figure 3-17 Normalised peak resistance (qpeak/ qpeak (10D)) against normalised lateral boundary 

distance (LBD/D); a) Hs/D = 0, b) Hs/D = 0.375, c) Hs/D = 0.43, d) Hs/D = 0.50, e) Hs/D = 0.60, f) Hs/D 

= 0.75, g) Hs/D = 1 & h) Hs/D = 2. 
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Figure 3-18 Mobilised shear stresses (τ12) along the edge of the spudcan, a) Rough boundary: d/D 

=0.13, Hs/D = 1.0 & b) Smooth boundary: d/D = 1.0, Hs/D = 1.0. 

 

Figure 3-19  Surface heave profile at normalised depth (d/D) of 0.20 for Hs/D = 0.60; a) Rough 

boundary & b) Smooth boundary. 
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Figure 3-20 Centrifuge test design chart for estimating the safe lateral boundary distance. 

Figure 3-21 Reported lateral boundary distance in previously published centrifuge tests against the 

proposed design chart 
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CHAPTER 4.   EXPERIMENTAL PROCEDURE AND 

METHODOLOGY FOR PIV ANALYSES IN CLAY WITH 

INTERBEDDED SAND 

4.1 INTRODUCTION 

This chapter provides the experimental details of the PIV (Particle Image Velocimetry) 

centrifuge experiments conducted to study the soil failure mechanisms on mainly clay-

sand-clay soil. The methodical approach in experimental planning termed as ‘step zero’ 

is described. All the tests were conducted utilising the UWA drum centrifuge. The 

equipment used are introduced followed by sample preparation techniques and 

characterisation of the clay and sand layers. The image acquisition system and PIV 

analyses techniques are explored in the later end.  

4.2 THE STEP ZERO CONCEPT 

The ‘step zero’ concept is an idea that originated from Vincent Prantil of Milwaukee 

University (Muir Wood, 2013, pers. comm.). It is focussed on the concept that before 

performing an analysis - whether experimental or numerical - simple ‘back-of-the-

envelope’ calculations ought to be carried out to provide some forecast of the outcomes 

of the proposed analyses. Such initial predictions provide the researcher with an 

opportunity to reflect on whether their planned investigation is fit for purpose, or indeed 

whether the plan requires further refinement before actually being put into practice.  

This chapter describes the use of such an approach to design a series of centrifuge 

model tests to investigate the mechanisms of punch-through of a spudcan and a flat 

foundation on a bed of clay containing an interbedded sand layer. The results of the 

investigation highlight the potential value to be gained from employing the ‘step zero’ 

approach. 
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4.3 THE TARGET PROBLEM 

Modern offshore jack-up structures typically consist of a triangular floating platform 

hosting all of the facilities required for operation of the unit, which is supported on 

independently retractable, trussed legs. The retractable legs allow the jack-up platform 

to be installed at a chosen location for a given operating period, before extraction and 

re-deployment elsewhere. Quasi-circular or occasionally polygonal foundations, known 

as spudcans, are typically used to support the trussed legs.  

Before commencement of drilling from the platform, the spudcan foundations are proof 

loaded with a preload typically 50-100% higher than the expected working loads. Under 

this preload the foundation penetrates into the seabed until vertical equilibrium is 

established. In stratigraphies with strong layers of soil overlying soft layers, this 

preloading stage can lead to uncontrolled leg penetration or punch-through if part of the 

penetration resistance involves a reduction in resistance with depth.  

The soil stratigraphies which are typically responsible for such failure include: (i) sand 

overlying clay, (ii) stiff clay overlying soft clay and (iii) inter-bedded loose and dense 

layers of sand or stiff clay within a bed of soft clay. Testing these stratigraphies in the 

laboratory inside a test chamber with a finite depth makes predicting the free boundary 

distance (FBD) crucial (see Figure 4-1). This distance must be sufficiently large for the 

punch through event to be completed prior to the bottom boundary having a significant 

influence on the penetration resistance.   

As a result, for a successful testing program using the aforementioned stratigraphies, 

accurate prediction of FBD is vital.  

Many experimental investigations into bearing capacity on two-layer models of sand 

overlying clay have been reported in the literature (e.g. Craig & Chua, 1990; Teh et al., 

2008; Teh et al., 2010; Lee et al., 2009; Stanier et al., 2012). In addition, to date, 

experimental investigations into multi-layer stratigraphies have also focussed upon 

interbedded stiff layers of clay in a bed of soft clay (e.g. Hossain et al., 2011).  

However as discussed later, in terms of confirming a sufficiently high FBD (i.e. sufficient 

clear distance between the foundation and bottom of the strongbox) the tests were not 
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always consistent. In other words, at times the tests failed in measuring qclay such that 

qclay = qpeak (Figure 4-1) enabling measurement of the punch-through depth. This 

suggests that, a careful planning of soil properties and the influence on the free 

boundary distance should be understood before any such test is attempted in the 

centrifuge. As offshore reports suggest, multi-layer soil profiles are common in 

emerging oil and gas fields (Kostelnik et.al., 2007; Hossain, et.al., 2011). This has led 

to increased demand for testing such layered profiles in the limited working depth of the 

centrifuge.   

Multi-layer profiles with interbedded sand layers often lead to greater dpunch since the 

additional layers will generate greater peak resistance. Accurately predicting the free 

boundary distance is of paramount importance to ensure that critical aspects of the tests 

are adequately captured within the limited depth of the centrifuge boxes.  This paper 

describes how a series of centrifuge tests were designed using the ‘step zero’ approach, 

involving prediction of the results of the experiments as part of the planning phase. 

These predictions were used to maximise the likelihood of success of the experiments 

allowing refinement of the test plan before entering the laboratory. 

4.4 EXISTING PREDICTION MODELS 

When designing a series of centrifuge experiments the first steps of the ‘step zero’ 

approach are to (i) define the key aspects of the proposed experiments that must be 

captured and (ii) generate some initial predictions of the outcomes using simple ‘back-

of-the-envelope’ calculations. 

To have a sufficient free boundary distance (FBD) it is critical that any experimental 

investigation captures both the initial punch-through and the point where the foundation 

regains vertical equilibrium, i.e. qpeak and qpeak=qclay (Figure 4-1). In a clay-sand-clay 

scenario (as compared to the more studied sand-over-clay scenario), it is envisaged that 

punch-through will still begin during penetration of the stiff sand layer and finish in the 

underlying clay layer as illustrated in Figure 4-1 . Therefore, simple calculation models 

are required to predict the magnitude and depth of qpeak, the depth at which qpeak=qclay, 

and subsequently the magnitude of dpunch.  
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Peak penetration resistance, qpeak 

The peak penetration resistance, qpeak, of a foundation on sand overlying clay is 

predicted here using the model of Lee et al. (2009). The model assumes that a frustum 

of sand with a projecting angle equal to the dilation angle, ψ, is pushed into the 

underlying clay layer. The model is adapted for the clay-sand-clay scenario of interest 

here, by approximating the pressure exerted by the overlying clay layer as a surcharge 

pressure of qo=Hctγ'ct acting on the surface of the sand layer, where γ'ct is the effective 

unit weight of the top clay. 

Depth of peak resistance, dpeak 

Teh et al. (2008) observed through centrifuge tests that the peak resistance during 

punch-through occurred at a depth of typically 12% of the sand layer height, Hs. Stanier 

et al. (2012) confirmed experimentally, using further centrifuge tests, that this estimate 

was also valid for loose sand overlying clay. Hence, in these analyses the depth of peak 

resistance, dpeak, is taken at 0.12Hs. 

Stability at depth, qpeak = qclay 

The bearing capacity in the lower clay layer is generated by deformations around a 

composite foundation consisting of the foundation and an underlying trapped sand plug. 

Based upon observations of the sand plug geometry from samples extracted following 

centrifuge tests, Lee (2009) performed small strain Finite Element (FE) analyses to 

derive relationships for the bearing capacity factor, Nc. These relationships were used to 

predict the bearing capacity of the composite spudcan-plug foundation when it 

penetrated into the lower clay layer. 

Depth of punch-through event, dpunch 

The depth of the punch-through event, dpunch, is estimated by solving the equations 

describing the bearing capacity in the lower clay layer for the depth at which qpeak=qclay. 
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4.5 EXPERIMENTAL PLANNING USING STEP ZERO 

The stages of the experimental planning process are outlined in the flow chart shown in 

Figure 4-2. The following sections describe information relevant to the planning process 

with reference to the target problem of punch-through in a clay-sand-clay bed. 

 Aims and apparatus constraints 4.5.1.

The primary aims of this investigation were to (i) capture the two key aspects of a 

punch-through event (qpeak and qpeak=qclay) allowing the measurement of the depth of the 

event (dpunch) and (ii) observe the associated deformation mechanisms. The latter aim 

was achieved by performing the tests in a small strongbox with a transparent acrylic 

window on one side. This allowed a digital camera to be used to record images of the 

exposed plane of the model, which were later subjected to Particle Image Velocimetry 

(PIV) analysis to assess the deformation mechanisms (Stanier et al., 2013).  

The strongbox had internal dimensions of 258 mm length, 180 mm height and 80 mm 

depth. The field of view through the transparent window was 258 mm by 160 mm. The 

foundation diameter (D) was chosen as 30 mm, giving a minimum free lateral boundary 

distance of 2.67 D from the centreline of the foundation. Although smaller D would 

lead to greater free boundary distance, it would also cause less detail of the deformation 

mechanisms to be captured by the digital camera.  

To maximise the data yielded from each sample, two offset tests were performed in 

each strongbox on opposite faces of the sample. This allowed a flat foundation and 

spudcan shaped (i.e. conical underside) foundation to be tested in the same stratigraphy, 

facilitating investigation of the effect of foundation shape on the associated deformation 

mechanisms. The general schematic of the tests is illustrated in Figure 4-3. More details 

on the apparatus are given later in the chapter. 

 Target variables 4.5.2.

For sand overlying clay, punch-through is most prevalent for Hs/D ratios less than unity 

(Lee, 2009). In the absence of any evidence to the contrary, the same was assumed for 

the clay-sand-clay case investigated here. Given that the diameter of the foundations 
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used in the investigation was fixed at 30 mm, the thicknesses of the first two soil layers, 

Hct and Hs, became the most logical variables to modify to allow a range of realistic 

sand layer to diameter ratios to be modelled.  

Given that a key aim of the investigation was to use PIV to assess deformation 

mechanisms, it was critical to ensure that subsets of the tests performed were 

comparable with each other. With this in mind, subsets of tests concerned with the 

effect of (i) varying clay layer height (Hct/D) with constant sand layer height (Hs/D) and 

(ii) varying sand layer height (Hs/D) with constant clay layer height (Hct/D) were 

planned as outlined in Figure 4-4. The exact layer height ratios to be tested were 

determined later as part of the iterative planning process summarised in Figure 4-2. The 

exact measured layer heights are given later. 

 Potential soil properties 4.5.3.

A range of sample properties including sand-clay intercept shear strength (su0), clay 

shear strength gradient (ρ), sand relative density (ID) have been reported in centrifuge 

investigations of punch-through (e.g. Craig & Chua, 1990; Teh et al. 2008; Lee, 2009; 

Teh et al. 2010, Stanier et al. 2012). Of these only the tests reported by Lee (2009) and 

Stanier et al. (2012) were able to consistently model both the qpeak and qpeak = qclay 

events within the confines of the centrifuge strongbox. This was primarily because the 

underlying clay layer was consolidated at 300g whilst the tests were performed at 200 g, 

giving an OCR of 1.5.  This meant that the clay had a higher gradient of shear strength 

with depth and so qpeak = qclay was reached more rapidly. In contrast, the other 

investigations had a normally consolidated underlying clay layer and correspondingly 

low shear strength gradient with depth. Based on this experience, an OCR of 1.5, and 

the associated gradient of shear strength was also used in this investigation. 

Of these previous tests, many were performed at UWA, using the same apparatus as this 

investigation. Lee (2009) tested for punch-through on dense sand overlying soft clay, 

whereas Stanier et al. (2012) tested on loose sand overlying clay. The dense sand tests 

exhibited greater qpeak and correspondingly greater dpunch. Soil parameters from these 

investigations, which are summarised in Table 4-1, were used in the planning process to 

generate a range of potential outcomes.  
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Soil property set ‘A’ represents a worst case punch-through depth (dense sand over clay 

causing large dpunch), set ‘B’ represents a best case (loose sand overlying clay causing 

small dpunch) and set ‘C’ is the average of sets ‘A’ and ‘B’. For all sets, the normalised 

sand plug height, Hplug/Hs, was taken as the average of the range given by Lee (2009). 

 Free Boundary Distance (FBD) 4.5.4.

The free boundary is defined as the distance between the bottom of the strongbox and 

the point on the load resistance curve where qpeak = qclay (see Figure 4-1). This distance 

can be estimated as follows: 

   BD s cb peak punchF = H +H - d +d  

 

(4-1) 

To define acceptability of predictions, a minimum FBD/D criterion was required. Ullah 

& Hu (2012) used LDFE (Large Deformation Finite Element) analyses to show that for 

H2/D=0.75 the boundary affected zone was 1D (see also Chapter 3). To allow for 

sufficient margin for error, the minimum FBD/D criterion was increased to 1.25. To 

predict qpeak and FBD the layer heights for all tests were varied until the predictions were 

acceptable (i.e. the process outlined in Figure 4-2 was satisfied). The final layer heights 

resulting from this process are summarised in Table 4-2.  

 Final predictions of qpeak and FBD  4.5.5.

The final predictions are summarised in Figure 4-5 and Figure 4-6, which show qpeak 

and FBD plotted versus the normalised sand layer height respectively. As expected soil 

property set ‘A’ exhibits the smallest remaining FBD, while soil property set ‘B’ exhibits 

the largest remaining FBD. The average soil set ‘C’ produced predictions that lie 

between the two extremes. In all cases the predictions show a remaining FBD/D of > 

1.25 after the punch-through event. 

4.6 EXPERIMENTAL PROCEDURE 

The experiments were then performed using the geometries outlined in Table 4-2. The 

sample preparation procedures aimed to reproduce soil properties similar to set ‘C’, to 
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raise the likely value of FBD and reduce the potential impact of any unforeseen error in 

the estimate of FBD. 

Kaolin clay slurry was poured into the strongboxes in flight using a slurry placement 

tool, before consolidation at an acceleration of 300g. Further slurry was added at 

intervals until a bed height of 140 mm was achieved.  Initial T-bar tests were then 

performed to measure the shear strength gradient with depth, ρ, which was on average 

~1.66 kPa/m.  

Following consolidation of the clay, the top 60 mm was cut from the top of the sample 

and the required sand depth was rained into the strongbox. From the T-bar tests, suo was 

~16 kPa at a depth of 60 mm. The relative density produced by the sand rainer was 

found to be ~74% through volumetric measurement. After placement of the sand layer 

the removed layer of clay was replaced on top of the sand before scraping off the excess 

clay to form the target height of the top layer, Hct/D.  

Coloured flock material was added to the exposed sample surface to facilitate precise 

PIV analysis. Due to problems during consolidation, two samples were unusable due to 

leakage and so tests T7 and T8 were discarded. Complementary tests, investigating the 

same variable change, still existed within the test plan (see Figure 4-4). 

Flat and spudcan foundation tests were performed in each strongbox at an acceleration 

of 200g (i.e. OCR = 1.50) on opposite faces of the box. Digital images were captured at 

5Hz. Vertical load and displacement were measured using a load cell and the encoders 

on the actuator.   

Notice that the T-bar strength measurements are based on initial tests on a single layer 

clay bed. The effect of OCR and overburden stresses has not been taken into account. 

Chapter 5 presents the strength measurements in each of the boxes with suitable 

corrections made. More details of the experimental procedure are described later in the 

chapter.    
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4.7 RESULTS 

The sample properties were broadly similar to those used in the set ‘C’ predictions, with 

some properties closer to the worst case ‘A’ and some closer to the best case ‘B’. 

Predictions of qpeak were updated to account for the actual soil parameters measured in 

the experiments. When compared to the experimentally measured qpeak, the majority of 

the comparisons fell outside of the 20% variation line as illustrated in Figure 4-7. 

Hence, in respect to the current model, where the top clay layer is approximated as an 

effective surcharge, the peak resistance is significantly underestimated. Current research 

is attempting to refine the prediction methods for qpeak.  

Figure 4-8 shows the results in terms of the free boundary distance (FBD) remaining 

after qpeak=qclay is reached in the lower clay layer. Apart from a single spudcan test 

(T6SP – see Table 4-2), which due to the thicker sand layer measured the highest peak 

of ~ 1250 kPa (see Figure 4-7), all the other tests lie above the minimum FBD/D 

criterion. Therefore, dpunch was measurable in all tests performed except for the spudcan 

in T6SP.  

The fact that qpeak was under predicted, yet all but one test were successful in respect to 

dpunch being measureable, would suggest that neither model (qpeak or qclay) used in the 

planning process was accurate. In fact both models must be inaccurate, for this 

application to clay-sand-clay conditions, but in a complementary manner – one 

counteracted the other so that dpunch remained moderate and measureable. The images 

captured during the investigation will be used in PIV analyses to explain the reasons for 

this. The majority of the tests were successful in capturing the punch-through event 

prior to the boundary having an influence. In this respect the ‘step zero’ approach added 

significant value and provided confidence in the test program prior to commencement. 

The detailed experimental procedure and PIV methodology is discussed further. The 

results are presented further in Chapter 5. 
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4.8 EQUIPMENT 

 UWA drum centrifuge 4.8.1.

A photograph of the UWA drum centrifuge is shown in Figure 4-9. The centrifuge has a 

radius of 600 mm to the base of the channel. The container channel has a vertical height 

of 300 mm and a radial depth of 200 mm. The centrifuge is capable of spinning under a 

maximum acceleration of 485g (where, g is earth’s gravity) giving a rotational speed of 

850 rpm (revolutions per minute).    

The centrifuge has two concentrically driven shafts, which are connected by a Dynaserv 

motor. This allows relative motion between the outer channel and the central tool table. 

The design is such that the tool table can be raised (in a park position) and instrumented 

testing tools (foundation or penetrometers) can be attached to the actuator, while the 

centrifuge is still rotating (i.e. acceleration level on the soil is unaffected). A 

synchronised rotation is possible while testing by locking the relative motion of the tool 

table. Twin stepper motors allow precise vertical and radial motion of the actuator on 

the tool table. As radial motions are actuated, a counterbalance is activated moving in 

the opposite direction controlled by another stepper motor. Recently a new actuator has 

been devised at UWA allowing full three degree of motion to be applied (Zhang et al., 

(2013). A cross sectional view of the centrifuge is shown in Figure 4-10.  More details 

on the drum centrifuge is given by Stewart et al. (1998). 

In contrast to a beam centrifuge, the major advantage of a drum centrifuge is the larger 

planar testing area it provides. Utilising this area a greater parametric study can be 

conducted while preparing the sample only once. In case of PIV tests involving clay, a 

series of strongboxes can be accommodated, and the clay in each box can be poured and 

consolidated at once, avoiding the need to wait for the consolidation time in each box.    

 Centrifuge strong box 4.8.2.

Purpose designed aluminium strong boxes fitted with a transparent acrylic window (to 

view the soil deformation plane) were manufactured to conduct the PIV tests. The size 

of the box was mainly controlled by the internal dimensions of the drum centrifuge.  

Each box had internal dimensions of 258 mm length, 180 mm height (radial depth when 
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sits inside the drum channel) & 80 mm of width. When fitted with the acrylic window 

the field of view (FOV) was 258 mm by 160 mm. The window had in total 18 fixed 

non-intrusive target markers within the FOV (24 in total), for image to object space 

conversion (Figure 4-11). The horizontal and vertical spacing of the target markers were 

27.912 mm and 50.75 mm respectively.  Figure 4-12 show a typical strong box used in 

the experiments.  

 Model foundation  4.8.3.

Spudcan and flat circular half foundations were used for the PIV (Particle Image 

Velocimetry) experiments. This allowed the effect of the conical underpart to be 

explored for three-layer clay-sand-clay soil. The foundations are relatively polished and 

have a model diameter (D) of 30 mm. The spudcan foundation tested closely resembles 

the Marathon LeTourneau design class (SDC 82), widely used to support jack-up 

structures offshore as illustrated by Menzies & Roper (2008), and tested extensively at 

UWA (Hossain, 2008;  Lee et al., 2013; Hu et al., 2014).  

The spudcan is circular in plan with a protruding spigot. The base angle was 13
o 

with 

respect to the horizontal. The protruding spigot had an included angle of 76
o
. Figure 

4-13 provides the dimensions of spudcan and flat circular foundation tested. 

The foundations were black in colour (to distinguish from the whitish clay) and 

prepared by attaching a foam seal along the plane of symmetry of a full foundation 

(exposed plane of a half foundation). This minimised friction when placed against the 

acrylic window and prevented any soil ingress during foundation penetration.      

 Camera 4.8.4.

The ultra-compact high-resolution Prosilica GC2450C camera coupled with a Goya C-

Mount 8 mm focal length lens was used for inflight digital image acquisition (Allied 

Vision Technologies).  The camera has a maximum frame rate capacity of 15 Hz with 

resolution of 5 Mpx (Mega pixels) (2448 x 2050 pixels; Width x Height). Each image 

requires storage of 3.45 MB (megabyte). Figure 4-14 gives an image of the mounted 

camera after Stanier & White (2013). 
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In relation to PIV analysis, one of the prime features of the camera is its high quality 

Sony ICX625 CCD (charge-coupled device) image sensor. As opposed to a similar 

resolution complementary metal-oxide semiconductor (CMOS) sensor, in a CCD sensor 

a single amplifier is used to convert the electronic charge in each pixel to a digital value 

(output intensity of image pixel). This allows images from a CCD device to be of 

supreme quality, with outstanding sensitivity and extremely low noise. On the other 

hand, in a CMOS sensor, an amplifier is associated with each pixel. As difficulties exist 

in manufacturing amplifiers with identical responses, images from a CMOS sensor are 

less uniform as compared to images captured from a CCD sensor (Stanier & White, 

2013).  This can result in loss of precision in PIV analyses where erroneous drifts can be 

recorded due to the apparent intensities within a patch of soil. Hence, though CMOS 

devices are cheaper, a CCD device was preferred. 

Another relevant aspect of the camera is its frame shutter or global shutter feature. A 

global shutter exposes the total frame (Field of view) at once and begins gathering light 

information on the entire frame until the exposure time has elapsed and an electronic 

image is written out. In contrast, a rolling shutter exposes only part of the frame at once, 

typically reading light information in a row wise fashion (rolling fashion) up to the end 

of the frame. As different portions of the frame are exposed in different time, a time lag 

occurs between reading the first and last pixels of an image. This can cause distortion in 

the form of skew when a fast moving object is recorded within the image. For PIV 

analysis, this can result in errors in computing the initial and final location of a patch of 

soil resulting in loss of positional accuracy (Stanier & White, 2013).   

Holistically, it should not be understood that CCD devices are always better than 

CMOS devices as it depends upon the purpose or type of use. Many of the features of 

current CCD devices could also be implemented in a CMOS device. The inaccuracies 

due to time lag in CMOS devices can be improved by faster shuttering speed. 

Nevertheless, the current industrial strategy is to develop the CCD device more. Hence, 

there is hardly any CMOS device available performing equally as its fellow CCD 

devices.   
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 Lighting 4.8.5.

Adequate lighting is indispensable for PIV analysis. The lighting contributes to the 

texture or image content of a soil patch hence directly contributes in accuracy of PIV 

correlation. A pair of light emitting diode (LED) panels was used for lighting (CCS 

Industries Ltd., Model-LDL2-266X30SW-WD). Each panel has a light emitting surface 

of 266 mm by 30 mm and is equipped with a diffuser for optimum light dispersion. 

These light panels have very low power consumption (maximum 21 Watt per unit at 24 

Volt) and operating temperatures (~ 40
o
C) compared to previous tungsten halogen 

lamps (operating temperature ~500
o
C) used at UWA (Stanier & White, 2013). This 

allowed longer periods of testing at uniform lighting conditions throughout the testing 

period. Figure 4-15 show the LED panels used in the setup. Figure 4-16 displays a 

complete setup of the PIV apparatus inside the drum centrifuge. 

More details on the PIV equipment can be found in Stanier & White (2013). 

 Data acquisition and monitoring 4.8.6.

Console of three PC’s are setup on board for data acquisition and continuous monitoring 

during the PIV tests. One PC is connected to the channel where the channel g level, out 

of balance force, mechanical bearing temperatures can be continuously monitored. 

Another PC controls the operation of the tool table and actuators, and works as storage 

for the images captured by the camera. A gigabyte Ethernet port is used on this 

computer connected with a fibre-optic rotary joint (FORJ) placed on the tool table with 

a bandwidth of up to 100 MB/sec for faster data transfer making full use of the 

sophisticated camera.  

The third PC is used for live preview of the FOV captured by the camera through the 

LabVIEW camera control software DigiCam. This allows adjusting the exposure time, 

image capture rate and storage drive specification. Another LabVIEW software 

DigiLED controls the LED panels and allow changing brightness of the image obtaining 

good texture for subsequent PIV analysis. The images captured can be directly 

synchronised with the actuator position hence the exact correlation between the image 

and the foundation penetration depth can be established. 
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4.9 SAMPLE PREPARATION AND TESTING  

 Clay preparation 4.9.1.

The clay slurry was prepared by adding Kaolin clay powder and tap water directly into 

the automatic clay mixer equipped with auger blades rotating about a central mixing 

shaft (Figure 4-18 ). The water content of the mix was aimed to be 120% (for each 25 

kilograms of kaolin 30 litres of water were added), which is approximately twice the 

liquid limit of kaolin (see Table 4-3). Such consistency of kaolin allows it to be poured 

through the clay hose without any clogging and has been proven to work well by other 

researchers at UWA (Lee, 2009).  

The clay mixing was conducted under a partial vacuum condition (~ -34.5 kPa) until a 

homogeneous mix was achieved. The prepared clay slurry was pressurised (96-110 kPa) 

and collected into a clay hopper (equipped with a controllable nozzle and top lid to 

prevent any moisture losses during transportation from the clay mixer to the centrifuge) 

via a hose attached to the bottom of the mixer and transported to the drum centrifuge 

station.   

Prior to pouring any clay, the strongboxes were properly sealed to prevent any loss of 

water under higher acceleration in the centrifuge. To provide drainage along the sides 

and bottom of the sample, a geo-fabric was placed inside the strongbox (see Figure 

4-12). The prepared clay slurry was then directly poured into the strongboxes positioned 

inside the drum centrifuge at an acceleration of 20g (g being the earth’s gravitational 

acceleration) by a specially designed actuator. The centrifuge was then ramped up to 

300g for consolidation of clay. Adequate water was supplied during the process to 

replenish any due to evaporation, and to keep the sample submerged under water 

meeting offshore condition. As clay settlement progressed, more clay was added 

gradually to attain a final clay height of 140 mm after full consolidation. After full 

consolidation, the centrifuge was ramped down to 200g and inflight T-bar tests were 

conducted to assess the undrained shear strength (su) profile of clay.  
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 Sand layer preparation 4.9.2.

A cut was made along the horizontal plane of the sample at a vertical depth of 60 mm 

from the top of the clay sample leaving a bottom clay depth of 80 mm. Specially 

designed L-shaped aluminium plate was used for the cutting purpose. The plate was 

greased before using to avoid any clay adherence, and to minimise any disturbances. 

The cut clay portion was stored with the aluminium plate to be used later as the top clay 

layer. Water was sprayed on this cut clay portion and wrapped with a cling wrap so no 

moisture loss takes place. In this way the cut clay portion was always moistened and no 

cracks appeared at any stage of the tests. 

Superfine silica sand was air-pluviated on top of the bottom clay from an automatic 

sand rainer (Figure 4-19) under 1g with a drop height of 45 cm (measured from the 

opening slit of the sand rainer to the top of the strongbox). The speed of the sand rainer 

was set at 150 mm/sec. The sand surface was levelled off with a scraper avoiding any 

disturbance to the natural particle packing.  

The dry silica sand poured over the bottom clay is prone to disturbance due to strongbox 

handling. The dry silica sand was dampened with water to create capillary suction, 

which provided enough strength for the sand layer not to collapse when the strongbox 

was rotated for seeding prior to PIV testing (Song et al., 2012). 

 Top clay layer placement 4.9.3.

The cut clay portion from the bottom clay was gently put on top of the sand layer and 

scraped to the desired height. As the cut clay portion sat on the greased aluminium 

plate, it was slowly pushed on top of the sand layer. This process though delicate did 

not cause any potential problems. Figure 4-20 shows the full sample preparation stage. 

 Texture for PIV analyses 4.9.4.

Natural sand may have its own texture due to different coloured particles present (such 

as Dog’s Bay carbonate sand used for original PIV calibration), and the light and 

shadow created between adjacent grains when illuminated from a light source (White et 

al., 2003). However, clay particles are much finer and more texture needs to be added 
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for image processing to operate. As a texture material coloured flock or dyed sand are 

generally recommended (White et al., 2003).  

Silica sand used in the experiment is relatively uniform in size and colour with marginal 

natural texture (uniformity coefficient, Cu being ~2.0, where, Cu= d60/d10, d60 and d10 are 

the particle size corresponding to 60% and 10% passing (Figure 4-17). Hence, for both 

the silica sand and kaolin clay used in the experiments artificial texture needed to be 

introduced.  

Coloured flock material under 1g was added on to the visualising plane (plane where 

deformation will be captured by a digital camera, rotated for spudcan and flat 

foundation tests as shown in Figure 4-3) of the sample to facilitate tracking of soil via 

PIV.  Green coloured art material was used for clay, and silica sand coated in black dye 

was used for sand to differentiate the different layers (see Figure 4-21). Such materials 

are cheap, easily available and retain their colour when wet hence improve PIV 

performance. For uniformity, the flock materials were sprinkled through a 300 micron 

sieve, evenly all over the exposed deformation plane of the sample.   

 Testing program 4.9.5.

Centrifuge acceleration level 

Though clay consolidation was performed under an acceleration of 300g, all the tests 

reported were performed under 200g. This rendered the clay to be over consolidated 

with OCR (over consolidation ratio) of 1.50. The reasons for choosing an OC (overly 

consolidated) clay over NC (normally consolidated) clay has been discussed before 

(Section 4.5.3).  

Penetration speed (ν) 

An undrained response while loading is obtained if the rate of penetration of the 

foundation or penetrometer is fast enough so that no consolidation during penetration is 

possible. On the other hand, a drained response is obtained when penetration speed is 

sufficiently slow, so that consolidation surrounding the penetrometer or foundation can 
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occur. The typical field-loading rate for offshore jack-up is such that undrained response 

in clay and drained response in sand takes place (Lee, 2009).  

The penetration speed (ν) of the foundation and penetrometers were estimated based on 

providing undrained response in clay and drained response in sand. The following 

equation based on dimensional analysis was used to calculate the penetration speed in 

each test (Finnie, 1993; Finnie & Randolph, 1994). Finnie (& Randolph (1994) 

v

vD
V=

c
 

 

(4-2) 

  
Where, V is the normalised penetration velocity, v is the absolute penetration velocity 

of the penetrating object, D is the foundation diameter and cv is the coefficient of 

consolidation. 

Assuming cv as 2 m
2
/year (Table 4-3) and a normalised penetration velocity, V of 120 

after Lee (2009), the penetration speeds of the foundations and T-bar were calculated 

(Table 4-5). 

In field, jack-up foundations are penetrated under water ballast loading as noted in the 

introduction chapter of the thesis. Hence, penetration is load controlled. However, all 

the experiments were conducted under a displacement control mode. To illustrate the 

effect on the measured load penetration resistance of the two control modes, Teh (2007) 

performed tests on sand over clay under both the test modes (Figure 4-22).   The 

spudcan foundation had a diameter (D) of 40 mm with a sand height of 70 mm with ID 

of 77%. The sand-clay intercept strength (suo) was estimated as 13.82 kPa. It was 

observed that the penetration resistance is less affected up to the peak bearing capacity 

(qpeak). Beyond qpeak the displacement control mode records higher resistance (> 5 %) 

and the difference minimises as the spudcan reaches the bottom clay. Beyond qpeak the 

spudcan under load control mode travelled at a maximum speed of 3 mm/sec, inducing 

partial drained condition in sand causing a reduction in effective stress and therefore 

strength (Teh, 2007).  

It is to be noted that, under infield load-control mode, punch-through of the foundation 

would occur at a bearing pressure in proximity to the peak. Hence, in assessment of 
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such punch-through site, it is extremely important to predict the peak resistance 

accurately, which under the test modes vary only by 5% (Teh, 2007). Post peak 

resistance within the sand layer are less important. However, resistance measured in the 

bottom clay is important as this establishes the stable depth of the foundation and gives 

practical measure on the severity of punch–through (Ullah et al., (2013). Under load 

control mode, foundation will have to penetrate at different speeds throughout the 

penetration depth, inducing different rate effects on sand and clay resulting in different 

drainage conditions. As discussed before, to meet the field condition only undrained 

resistance in clay and fully drained resistance in sand is required. Penetration under load 

control mode may further jeopardise this. Therefore, this option was not considered in 

this research, rather foundation penetration were carried out under strict displacement 

control mode with velocities tabulated in Table 4-5. 

Test layer heights 

Total six strongboxes were prepared for the PIV centrifuge tests with varying layer 

heights. In combination with the foundation diameter of 30 mm, the normalised top clay 

height Hct/D varied from 0-0.91and the normalised sand height (Hs/D) varied over 0.33-

1.0. This covers a wide range of geometry a jack-up foundation might practically 

experience. As noted before in Section 4.5.2, there were target layer heights. The actual 

layer heights were then measured using PIV. 

It is acknowledged that punch-through type failure can take place in particularly higher 

Hs/D ratios than that tested here. This is shown in the LDFE analyses presented in 

Chapter 2 for Hs/D = 2.0, and also commented on by Craig & Chua (1990). Typical 

jack-up loads are in the range of 18-49 MN (Mega Newton) with bearing pressure 

varying over 190-335 kPa (Young et al., 1984). However loads can be as great as 102 

MN with bearing pressures as high as 575-960 kPa (Young et al., 1984). Greater Hct/D 

or Hs/D can record bearing pressures higher than the working range of most jack-up 

structures hence not represent any possible field scenario. Table 4-6 provide the test 

layer heights for both the spudcan and flat foundation. 
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Foundation penetration 

Twelve (12) foundation penetration tests have been carried out with digital images 

captured and stored for subsequent PIV analyses. Six spudcan foundations and six flat 

circular foundations were tested within the same strongbox. The strongbox fitted with 

the acrylic window was screwed inside the drum channel as depicted in Figure 4-16. 

The prepared half spudcan foundation fitted with a load cell was then attached to the 

actuator and placed against the inside of the acrylic window (pre lubricated with 

petroleum jelly to minimise friction). The live camera preview system described before 

and a jump in the load cell reading worked as indicators of a good seal against the 

window. Water through a miniature hose was then added at a sacrificial location inside 

the box until the box filled up while the centrifuge gradually ramped up to 200 g. After 

sufficient time allowed for water to equilibrate, the spudcan foundation was penetrated 

at a rate of 0.254 mm /sec and simultaneous digital images captured at a frame rate of 

~5Hz. The load cell measured the corresponding loads with penetration. 

A high frame capture rate requires more storage space in the HDD (Hard disk drive) of 

the storage PC. However, at the same time permits soil flow mechanisms to be studied 

over very small displacement increments, hence revealing micro mechanical features of 

soil particles (instantaneous mechanisms). Therefore, while defining a capture rate, a 

balance between the storage and extent of detail required in soil flow mechanisms need 

to be achieved. An image rate of 5Hz gives a foundation displacement increment over 

an image pair to be as small as ~0.051 mm. As shown in the next chapter, such image 

rate not only provides information on macro mechanical behaviour of soil particles but 

also give valuable insight into the micro mechanical behaviour. This image rate is ten 

times greater than previous PIV experiments reported which involved rates of typically 

~0.5 Hz (Hossain et al., 2005; Teh, 2007). 

After full penetration of the spudcan, the channel was ramped down gradually and 

stopped to test the flat foundation. The strongbox was unscrewed, and artificial texture 

applied on the opposite face to test the flat foundation and the PIV window swapped 

accordingly (Figure 4-23). The minimum lateral boundary distance (LBD) was measured 

to be 2.67D (Figure 4-23).   
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After performing all tests, additional penetration tests were carried out in de-ionised 

water with the foundations placed against the acrylic window and the load measured by 

the load cell as before. This resistance was then isolated from the initial load cell values 

measured with foundation in soil. This allowed the effects of foundation buoyancy, 

increased weight of the foundation as it penetrated into the increasing gravitational 

field, and to a degree the friction against the window to be isolated. Similarly, a T-bar 

penetration test was also conducted in pure water to account for the buoyancy and 

increased weight of the probe (see Figure 4-23 for location of test).      

  Clay and sand material properties  4.9.6.

Kaolin clay  

Commercially available kaolin clay powder was used in all the tests performed.  The 

properties of this clay are listed in Table 4-3. 

Super fine silica sand (SFS) 

Commercially available superfine silica sand (SFS) was used in all the experiments 

performed. Table 4-4 lists the properties of the silica sand used. The grain size 

distribution (GSD) curve for both the kaolin clay and silica sand is shown in Figure 

4-17 (after Xu, 2007).) Xu (2007) 

Ovesen (1979) suggested that for a circular model foundation in the centrifuge, the 

particle size effect can be ignored provided D/d50 >30.  Kusakabe (1995) suggested a 

higher requirement of D/d50 ≥ 50.  D/d50 in the PIV centrifuge experiments was greater 

than 150. Hence, particle size effects are deemed negligible. 

 Soil property measurement 4.9.7.

Sand relative density (ID) and unit weight (γ's) 

A number of correlations of relative density (ID) can be found in the literature relating 

cone resistance (qc) to ID (Jamiolkowski et al., 1985; Tatsuoka et al., 1990; Schneider & 

Lehane, 2006). Such expressions can be used in single layer uniform sand where 

adequate depth or layer height is available to mobilise full cone resistance. In layered 

stratigraphy, experimental studies have shown that the cone tip resistance is affected by 
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the material properties of both the material above (Layer I) and below (Layer II) the 

penetrating cone (Treadwell, 1976; Lunne et al., 1997). This is plausible, as in 

continuous penetration, some material from Layer I might be trapped and therefore 

influence the resistance measured in Layer II. This phenomenon of material entrapment 

has been shown experimentally in centrifuge tests with epoxy ball penetrometers on 

sand over clay soil by Lee (2009), where entrapped sand beneath the ball was shown to 

influence the resistance in clay. Again, as cone passes through Layer I, at some distance 

above the interlayer boundary it will sense Layer II. Hence, in any single layer the 

influence of other nearby layers cannot be completely ignored.  

This suggests that in layered stratigraphy, the correlated sand density (ID) might not 

represent the true in-situ density of the sample, as the resistance measured by the cone is 

not only a function of the layer in question but also influenced by adjacent layers.  

As noted by Ahmadi & Robertson (2005), Lunne et al. (1997) reported experimental 

observations suggesting that CPT resistance is underestimated if the thickness of a thin 

stiff layer (such as sand) is less than 750 mm. Lee (2009) referred to work performed in 

the centrifuge by Bolton et al. (1999) implying that the CPT resistance is affected unless 

the sand layer height is greater than 10Bc (where Bc is the cone diameter). Experiments 

performed by Teh (2007) suggested similar layer height requirement. For clay overlying 

dense sand (ID = 90%), Ahmadi & Robertson (2005) reported that for the full CPT 

resistance mobilization the sand layer height should be as greater as 28B. For loose sand 

(ID = 30%) this requirement was much lower ~6Bc. 

A miniature CPT probe at UWA has a diameter Bc = 6 mm Govoni et al. (2011). As 

relatively medium dense sand is planned, and the maximum sand layer height tested is 

only 30 mm (Table 4-6), the CPT resistance might not have fully mobilised in the 

middle sand layer. Therefore, it was deemed appropriate to measure the relative density 

from a dry volume basis following Teh (2007) & Lee (2009). Hence after sand raining 

the mass and volume of sand was measured, giving an average relative density (ID) of 

74% corresponding to an effective unit weight (γ׳s) of 10.60 kN/m
3
. 

Clay unit weight (γ'c) 
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Clay samples were collected after each test at typically 10 mm intervals and oven dried 

for water content measurement and effective unit weight calculation. The average top 

and bottom clay effective unit weight was calculated to be 6.85 kN/m
3 

and 7.32 kN/m
3
 

respectively.   

4.10 METHODOLOGY OF PIV ANALYSES  

The GeoPIV software, which is essentially a Matlab module, was used for 

implementing the PIV techniques developed originally by White (2002) & Take (2003) 

during their doctoral research at Cambridge University, UK. Matlab is a technical 

computing software, commercially distributed by MathWorks Australia 

(www.mathworks.com.au).   

The PIV technique in GeoPIV is based on digital image correlation (DIC). It offers an 

order of magnitude increase in overall performance in terms of precision, accuracy and 

resolution compared to previous image based deformation measurement system (White 

et al., 2003).  The software is freely available upon request for research and teaching 

purposes. A major advantage of DIC based displacement measurement system is that, it 

avoids the use of physical target markers embedded within the soil model, which may 

influence the soil flow mechanics and above all significantly reduce the number of 

measurement points. The theoretical background of PIV as implemented in GeoPIV is 

described first with special emphasis on faster processing techniques of vast amount of 

PIV data captured during the experiments. White (2002) 

 Theoretical background of GeoPIV 4.10.1.

A digital image can be thought of containing square grids of numbers varying from 0 to 

255. The numbers represent the intensity values of each individual pixel (picture 

element or one small square) in the image (0 representing a completely black pixel and 

255 representing a completely white pixel). This sets off the path for mathematical 

manipulations of an image, giving rise to a relatively new branch of science named 

digital image processing (DIP). Colour digital images contain three intensity matrices, 

one for each colour channel Red, Green and Blue (RGB). An example RGB image with 

its component colour images is shown in Figure 4-24. 

http://www.mathworks.com.au/
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PIV is a fluid mechanics term, which stands for particle image velocimetry. It is 

essentially a displacement or motion tracking system typically operating on digital 

images, utilising statistical correlation techniques or matching algorithms to establish 

the displacement. 

For an image pair, PIV functions by defining a grid of square test patches onto the first 

image (Image 1) (see Figure 4-25) 

The intensity of the test patch of size L X L pixels is read and saved in matrix Itest (U). A 

search patch is next defined on Image 2 extending beyond the test patch in both 

horizontal (u) and vertical directions (v) by a user-defined amount of s (s being the 

spatial domain) (Figure 4-25) Search zone intensity matrix is read out and saved in Isearch 

(U+s). To find Itest in the search zone, a normalised cross correlation (NCC) is carried 

out according to the following equations (White, 2002). White (2002), 

( )
( )

( )
n

R s
R s

N s
  

 

(4-3) 
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U

N s I U s I U s M U    

 

(4-5) 

Where, Rn(s) represents a degree of match of the test patch Itest over the entire search 

zone, Isearch. M (U) is a dummy mask matrix of uniform intensity and same size as Itest. 

The superiority of such NCC algorithms over other matching algorithms have been 

discussed (White et al., 2005; White, 2002) and not repeated here. The cross correlation 

is carried out using Fast Fourier Transformations (FFT) in the frequency domain.  

The correlation is performed over an integer number of pixels. To achieve sub pixel 

accuracy, bi cubic spline interpolation is carried around the peak of Rn (s) at every 

1/100
th

 of a pixel (Figure 4-26).  

Deducing camera parameters (image space to object space conversion) 

The displacements obtained in pixel coordinate (image space, U) need to be transformed 

to the model coordinate (object space, X) to provide physical interpretations of soil flow 
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in model scale.  Principles of close range photogrammetry utilising a pinhole camera 

model with subsequent corrections are used for this purpose.  As opposed to a linear 

conversion law used commonly, GeoPIV acknowledges the fact that image scale is not 

constant and varies across the image (White et al., 2003). In addition, the object plane is 

not exactly parallel to the camera CCD plane, especially under higher acceleration in the 

centrifuge (Take, 2003). Moreover, the image pixels are not perfectly square. The 

several sources of image distortion were investigated by White et al. (2003) which 

include Non-coplanarity of the CCD and the model plane, Radial and tangential lens 

distortion, Refraction through a viewing window & non-squareness of CCD pixel and 

correction parameters deduced accordingly.  

16 transformation parameters are required to explicitly model the U → X conversion in 

GeoPIV including correction parameters for errors described above. These are listed 

below. 

i) Camera pose parameter: Total 6 parameters describing translation and rotation 

between the object space and image space coordinates (Figure 4-27). 

 

ii)  Focal length , f  

 

iii) Principal point coordinates in pixel, defined as the intersection of the optical axis 

of the camera and the CCD plane.  

 

iv) Radial lens distortion parameters k1 & k2 

 

v) Tangential lens distortion parameters p1 & p2 

 

vi) CCD pixel non-squareness parameter α defined as Hp/Wp; Where Hp & Wp are 

the height and width of pixel respectively.  

 

vii)  Refractive index (μ) and thickness (t) of the transparent viewing window 

(modelled using Snell’s law of refraction) 



Jackup Foundation Punch-through                                      Centre for Offshore Foundation Systems  

in Clay with Interbedded Sand                                                              The University of Western Australia 

4-25 

 

In order to deduce the object space coordinates from the corresponding pixel 

coordinates, a small number of stationary control points or target markers (Figure 4-11 

and Figure 4-12) of known object space coordinates are required. These coordinates are 

then used to solve for the transformation parameters, which then allow deducing the 

object space coordinates of all the measurement points.  The control points are created 

on a white background with a black contrasting dot facilitating centroiding (described 

below), and distributed uniformly throughout the FOV ensuring transformation 

parameters represent the entire image.  

Centroiding 

Centroiding is an image processing technique that is used to identify the spatial location 

of an object in image space. Firstly, the target needs to be isolated from the background 

based on intensity, and secondly the location or centroid of the target needs to be 

calculated. Hence when applied to a series of images the target marker displacements 

can be found. In case of GeoPIV, this involves identifying the central black dot of the 

control point from the white background and tracking it in successive images. 

Generally, two types of centroiding are applied (Take, 2003). The area based 

centroiding and the intensity weighted centroiding.  In area-based centroiding, the 

centre of the target in question is taken as the centre of area of the selected pixels in the 

u (horizontal) and v (vertical) direction. In contrast, the intensity-based centroiding 

takes individual pixel intensity within a target as a weighting factor to determine the 

centre.  Due to image artefacts and JPEG compression aberrations result at the boundary 

of the black target in the form of a white halo around a black target marker (Take, 

2003). This causes border pixels to cause additional influence on the centroid if an 

intensity-based algorithm is used. et al.(2004) 

In any of these centroiding techniques, single threshold intensity need to be described 

which discriminate the target from the background. For instance, to define a black target 

over a white background an intensity level of 150 (light grey) will denote any pixel 

between 150 ~ 0 to be treated as black. This technique of adapting a threshold is typical 

in common edge detection problems (Gonzalez et al., 2004) and facilitates identifying 

target objects due to natural variation of brightness within the object. 
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Take (2003) noted that a single criterion of choosing a threshold is not sufficient in 

determining the centroid of the black central dot within the target marker. This is 

because some background pixel will also fall within the threshold limit and cause skew 

in the centroid calculation. To avoid this problem an eight-pixel search algorithm was 

written by Take (2003) and is used in GeoPIV.  

According to this algorithm, each pixel passing the initial threshold limit is interrogated 

by using an eight-pixel identity search zone. If another pixel, which passed the threshold 

limit is found to lie within the search zone then the two pixels are connected together to 

form a blob (Figure 4-28). Hence, after search has finished in the entire region, the 

largest blob will denote the target.  Take (2003) calculated the centroid of the same 

target marker under varying threshold level of 150, 100, 75 & 50. It was found that the 

random errors in locating the targets are ±0.1 pixel for a threshold intensity of 90-150. 

Below 90, a large number of enclosed holes were generated causing greater skew of the 

centroid. To avoid this, any empty space within an enclosed loop was filled before 

calculating the centroid (Take, 2003). Despite the ‘hole – filling’ algorithm improving 

the random error in centroid location, for a threshold of 50, errors as high as 10 pixels 

were found.  

To avoid such erroneous displacements, Multi-Threshold technique was adopted in 

GeoPIV. This is an area based centroiding technique but rather than relying on a single 

threshold level a range of threshold levels are selected, and centroid calculation 

performed for all the threshold intensity level within that range and the mean value 

chosen.   

  GeoPIV Software operation 4.10.2.

The Matlab scripts required for the GeoPIV software are given in Table 4-7. It is 

suggested that these scripts are put in a separate folder than the data images while 

analysis, so as not to crowd the data image folder where the outputs of PIV is stored. 

The ‘Add path’ feature of Matlab can be utilised in this respect which allows scripts to 

be anywhere on the HDD once the path location is defined. 
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 Pre-analyses steps  4.10.3.

To make full use of the improved image capture rate and data acquisition system used in 

the tests, efficient processing of the PIV data was necessary. The fundamental goal of 

the PIV centrifuge tests was to identify the failure mechanism during continuous 

penetration of foundation at several important depth locations. As soil flow mechanisms 

are dependent on soil layer geometry and differ among tests, a vast amount of data 

needed to be processed to provide a complete picture of soil flow mechanics.  

In order to generate the grid of patches using geoMESHuv8 on the first image, the patch 

size and spacing are required. In all the PIV analyses presented, the patch size (L) was 

chosen as 50 pix with a spacing of 10 pix. This caused an 80% of overlapping between 

successive patches giving a maximum of more than 40,000 measurement points with 

only 18 non- intrusive target markers, illustrating the huge advantage of image based 

displacement measurement system. The choice of a patch size derives from two 

considerations. The larger the patch size, greater is the image content information, 

resulting in improved PIV precision. However, larger patches also smear strain in high 

strain regions. Hence, a balance need to be targeted where PIV precision is maintained 

with adequate details of strain captured.  

The overlapping of patches as adopted here has the advantage of having sufficiently 

larger patches while not significantly reducing the measurement points. The efficacy of 

using overlapped patches as opposed to adjoining patches has been discussed 

Lesniewska & Wood (2009). 

White et al. (2003) found that PIV precision is a strong function of the patch size L and 

image content. They proposed an empirically fitted upper bound error equation (see 

Equation 4-6) corresponding to non-integer pixel movement, which when normalised 

against the width of the FOV gives a cautious estimate of PIV precision as a fraction of 

FOV. 
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(4-6) 

Where, ρpixel is the error estimated from the resultant standard error in horizontal (u) and 

vertical (v) direction.  

While calculating error estimates it is important to involve the texture of the captured 

image as opposed to choosing only L and estimating an error value from Equation (4-6. 

This is because the same patch size can have different errors depending on texture 

variation. One way to incorporate the texture is to perform a PIV analyses with varying 

patch size (L) on a pair of identical data images, i.e. the displacement over the image 

pair is known and equals to zero pixel.  A routine written by Dr Stanier from COFS was 

used for this purpose. Figure 4-29 shows the result of such an analyses for L =5-100 

pixel (at 5 pix increment) for an arbitrarily chosen image of three layer clay-sand-clay 

soil. The error estimates are always lower than the upper bound estimate of White et al. 

(2003) suggesting optimum texture due to application of flock material and superior 

lighting conditions at which images were captured. The texture in this instance is better 

for silica sand than for kaolin clay resulting in lower error estimates for sand. For L=50 

pix the error in sand is only ~0.001 pix and for clay is around 0.0025 pix. For L ≥ 60 the 

errors tend to minimise and approach zero. A smaller L of < 50 pix does not give 

significant error compared to the upper bound but if used with small spacing (significant 

overlapping) may not give satisfactory strain field due to rounding errors in very small 

incremental displacements (Lesniewska & Wood, 2009).   Lesniewska & Wood 

geoPIV8 requires a launch file to be written in ASCII format (American Standard Code 

for Information Interchange)  before the algorithm can operate. This launch file requires 

the following information. 

 Mesh file name prior generated by geoMESHuv8,   

 Search zone pixel (size over which search is performed),   

 Switch for live preview of mesh /patch/quiver and vector plot during PIV 

tracking ,  

 Image file location (location in HDD where images are kept),   
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 Leapfrog value (Controls when Itest is updated) 

 Name of all the images to be analysed.  

Informations in this launch file can be given manually. However, when a series of 

images are involved and greater number of analysis needs to be performed this becomes 

cumbersome. Instead, an interactive algorithm was written where the user when asked 

by the program inputs all the information step by step through the Matlab GUI 

(Graphical User Interface) with a mouse or keyboard, which are then integrated in a 

single text file (ASCII format) and passed on to geoPIV8 as an input.  

The search zone pixel in all the analyses was set as 10 (~ 0.76 mm when converted 

using linear scaling) with a leapfrog value of 5. With a vertical penetration speed of 

0.254 mm/sec and a camera frame rate of 5 Hz, the maximum displacement within the 

model is expected to be about 0.30 mm (over 6 images). This is smaller than the search 

zone ensuring 100% possibility of finding the interrogation patch within the search 

zone. The leapfrog flag is an interesting feature of GeoPIV and allow updating the 

initial test patch after a certain displacement of foundation. As soil can plastically 

deform and back flow on top of the advancing foundation, the image content or texture 

of any patch can greatly distort compared to its initial texture. Therefore, if in a series of 

images the same initial test patch defined in the first image is searched for in subsequent 

images, erroneous vectors might generate due to loss of correlation. To prevent this, the 

initial test patch is updated after a certain number (leapfrog+1) of correlations. This 

effect is shown in Figure 4-30 for a leapfrog of 5. 

A subset of images were analysed at each depth of interest where image number varied 

as 20-40. With an image capture rate of 5Hz and a foundation penetration speed of 

0.254 mm/sec; this gave a total foundation displacement of approximately 1-2 mm over 

the images. To decrease the computational time the live preview switches were set as 

‘0’ during the analyses. 

geoWILD functions by removing any wild vectors generated by visual inspection 

typically around the target marker with a mouse click. This operation is generally 

performed in the image space (uv) avoiding any erroneous vector to pollute 

displacement or strain contours in object space (XY). This can again be cumbersome 
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where a large number of data points are involved coupled with greater number of PIV 

analyses to perform. An algorithm rWILD was written in this respect. rWILD searches 

for the known target marker locations in image space and automatically deletes the 

vectors generated around the target marker over a user specified radius. Though this has 

the advantage of removing all the wild vectors over any number of images in a set at 

once, some compatible non-wild vectors are removed in the process. However, a careful 

selection of the radius by some trial and error can reduce this effect and ensure smooth 

transition of contour plots over the target marker locations. 

To optimise the transformation parameters described before, the location of the 

centroids are first found by geoCENTROID8. Their image space movement are then 

found using geoPIV8 over the same subset of images. Hence, a similar launch file by 

which the soil movements were tracked need to be generated with the control point 

mesh. While centroiding it was ensured that, the patch size around the target marker was 

large enough to contain the black central blob and the white background. This is to 

ensure that what are tracked by PIV are indeed the marker and not the soil behind. 

Finally, geoCALIBRATE8 is used to convert the image space coordinates (uv) to object 

space coordinates (XY) utilising the known object space coordinates of the control 

points.  A flow chart of the software operation is shown in Figure 4-31. The full process 

was integrated in a single Matlab routine named HomePIV. Hence, to perform PIV 

analyses the user only needs to call HomePIV from the Matlab command prompt, 

avoiding the need to remember each step of Figure 4-31. 

 Post processing and visualizing PIV data 4.10.4.

As noted before, GeoPIV is a Matlab module; hence, post processing of PIV data was 

also carried out in Matlab. Apart from its well-known advanced computational 

capabilities, Matlab is a very powerful tool when it comes to dealing with different file 

formats encountered in PIV analyses. This includes .txt (ASCII format), .xlsx 

(Microsoft Excel format), .pdf (Portable document format) or other image formats.  

Matlab gives full control over generation, manipulation & saving of such files in almost 

any format hence making it an ideal platform for post processing. 

Typical post-processing included plotting the following, 
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 Quiver plot of incremental displacements 

 Normalised contour of horizontal displacement 

 Normalised contour of vertical displacement 

 Normalised contour of resultant displacement 

 Load-penetration response of the foundation 

 Shear strain contours 

 Image of interest 

These plots required plotting the foundation position and layer boundaries. The 

foundation position is known beforehand as the images were synchronised with the 

actuator position. As the layer boundary can deform during foundation penetration their 

position changes in each image. Therefore, three different lines are required to be 

identified for clay-sand-clay soil, 

i) Ground line or mud line 

ii) Top sand-clay intercept 

iii) Bottom sand-clay intercept 

For double layer sand over clay only the first two need to be identified, noting that there 

is only a single inter-layer boundary. This identification can be done by opening the 

image of interest and selecting each layer with a mouse click using Matlab’s ginput 

function. ginput stores the coordinates of the image where a mouse has clicked. These 

coordinates (image space) are then transferred to geoCALIBRATE8 to deduce the 

corresponding XY coordinates in object space. Hence, to identify three different lines in 

a subset of 40 images, this operation needs to be carried out 120 times, and this 

increases by a factor of 10 if ten different locations are studied in a single penetration 

test.  

A more elegant approach to the above is to define soil patches along the lines and track 

these patches over the same subset of images analysed before using PIV (geoPIV8). The 

XY coordinates can then be found using geoCALIBRATE8. This results in faster post-

processing of the data enabling visualization of soil flow mechanisms at any 
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incremental image over the subset. This approach has been adopted in the present study. 

An algorithm was written for this purpose, which works as follows. 

An interactive window allows the user to select the desired image of interest. Image 

zoom capability is turned on to facilitate closer inspection of the line to be tracked. 

ginput function is then activated allowing user input from the mouse , identifying which 

lines are to be tracked. Linear interpolation of the mouse click positions are performed 

at every 5 pix interval defining a coarse mesh along the line for precise location 

tracking. A line mesh file is generated at this stage with information of the generated 

mesh. The PIV launch file (line_PIVlauncher.txt) is then generated using the generated 

mesh file as input with the same number of images analysed before. Hence, PIV can 

now operate with this launch file, tracking the initial patches in all the images using the 

same leapfrog and patch size of which sand and clay was tracked before (similar error in 

line tracking). geoCALIBRATE8 is then used to find the object space XY line data. The 

procedure is repeated for any number of lines. Figure 4-32 shows the full procedure. 

For plotting purposes, another program plottyALL was written which plotted all the 

final figures in Matlab figure format (.fig), later saving them in pdf/tiff (tagged image 

file format) format to use in Microsoft Word. External query to plottyALL was placed 

to read the load-penetration data from Microsoft Excel file and the foundation position 

at the image of interest. For comparing the double layer cases with the triple layer cases, 

the top of the sand layer was chosen as the datum with the load reference point being 

the maximum bearing area of the foundation. Contour & quiver plots unless mentioned 

are plotted over six images. The vectors are scaled by a factor of 20. The normalisation 

of the contour plots were done by the incremental vertical foundation displacement 

(δspud/flat) over the six images. For ease of comparison among the tests, the figures were 

plotted individually and then collated in a single file as subplots. The next chapters 

discuss the results of PIV analyses with a viewpoint of developing suitable site 

assessment guidelines for the offshore industry. 
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4.11 SUMMARY 

This chapter presented the experimental procedure and methodology of PIV analyses. 

For experimental planning a new methodical framework was described termed as ‘step 

zero’. The efficacy of the approach in predicting punch-through and thereafter 

measuring the punch-through depth in the laboratory was discussed. The theoretical 

framework of GeoPIV software and new algorithms regarding processing large quantity 

of PIV data were described. These algorithms can significantly reduce the post 

processing time and aid in better systematic visualisation of PIV data. The next chapter 

presents the PIV results.    
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Table 4-1 Soil property sets used in the planning process. 

Set ID (%) su0 (kPa) ρ 

(kPa/m) 

Hplug/Hs 

(-) A 92
1
 17.70

1
 2.0

1
 0.75

3
 

B 43
2
 12.12

2
 1.54

2
 0.75

3
 

C 67.5 14.91 1.77 0.75
3
 

                                                                    1
 Values from Lee (2009).

 

                                                                    2
 Values from Stanier et al. (2012). 

                                                                    3
 Average of range given by Lee (2009). 

 

 

Table 4-2 Dimensions adopted in tests. 

Test 
            Dimension (mm, m) 

Hct  Hs  Hcb  D 

T1 10, 2 20, 4 80, 16 30, 6 

T2 20, 4 20, 4 80, 16 30, 6 

T3 30, 6 20, 4 80, 16 30, 6 

T4 0, 0 20, 4 80, 16 30, 6 

T5 20, 4 10, 2 80, 16 30, 6 

T6 20, 4 30, 6 80, 16 30, 6 

T7 10, 2 10, 2 80, 16 30, 6 

T8 10, 2 30, 6 80, 16 30, 6 
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Table 4-3 Engineering properties of kaolin clay (after Stewart, 1992) 

Property Value 

Liquid limit, LL (%) 61 

Plastic limit, PL (%) 27 

Plasticity index, Ip (%) 34 

Specific gravity, Gs 2.60 

Angle of internal friction, φcv (degrees) 23.5 

Critical state frictional constant, M 0.92 

Slope of normal consolidation line, λ 0.207 

Slope of swelling line, κ 0.044 

Coefficient of consolidation (at 100 kPa) , cv (m
2
/year) 2* 

                  * After Teh et al. (2008) 

Table 4-4 Engineering properties of super fine silica sand (after Cheong, 2002) 

Properties Values 

Specific gravity, Gs 2.65 

Average particle size, d50 (mm) 0.190 

Particle size, d20 (mm) 0.135 

Particle size, d10 (mm) 

Fines content 

0.099 

<1.5%* 

Angle of internal friction, φcv (degrees) 31** 

Maximum void ratio, emax 0.7472 

Minimum void ratio, emin 0.4485 

                   *Schneider & Lehane (2006), ** White et al. (2008) 
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Table 4-5 Penetration speed (ν) in drum centrifuge PIV tests 

Foundation/penetrometer type Penetration speed (ν), mm/sec 

Half spudcan (30 mm) 0.254 

Half flat (30 mm) 0.254 

T-bar (20 mm x 5 mm) 1.52 

 

Table 4-6 Test layer heights 

Test Foundation 

type 

Hct* 

(mm , m) 

Hs* 

(mm , m) 

D* 

(mm , m) 

Hct/D Hs/D 

T1SP  

 

Spudcan 

11.92 ,  2.38 20 , 4 30 , 6 0.40 0.67 

T2SP 21.62 , 4.32 20 , 4 30 , 6 0.72 0.67 

T3SP 27.37 , 5.47 20 , 4 30 , 6 0.91 0.67 

T4SP 0 , 0 20 , 4 30 , 6 0.00 0.67 

T5SP 17.22 , 3.44 10 , 2 30 , 6 0.57 0.33 

T6SP 21.74 , 4.35 30 , 6 30 , 6 0.72 1.00 

T1FL  

 

Flat 

11.73 ,2.35 20 , 4 30 , 6 0.39 0.67 

T2FL 20.06 ,4.01 20 , 4 30 , 6 0.67 0.67 

T3FL 25.54 , 5.10 20 , 4 30 , 6 0.85 0.67 

T4FL   0 , 0 20 , 4 30 , 6 0.00 0.67 

T5FL 16.78 , 3.36 10 , 2 30 , 6 0.56 0.33 

T6FL 20.25 , 4.05 30 , 6 30 , 6 0.68 1.00 

                  * Model scale, prototype: Centrifuge acceleration 200g.  
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Table 4-7 Matlab scripts for GeoPIV software 

Matlab scripts Purpose 

geoMESHuv8 Generating mesh of square soil patches. These are 

data points to be tracked in subsequent images by 

PIV. 

geoPIV8 Performs normalised cross-correlation (NCC) 

between a pair or series of images hence 

establishes the image space (uv) displacements. 

geoCENTROID8 Performs centroiding using multi-level threshold 

technique. 

geoWILD Removes any wild/incompatible vectors typically 

generated near the target marker. 

geoCALIBRATE8 Performs calibration of the camera and computes 

the object space (XY) displacements. 

geoSTRAIN8 Computes strain using finite difference approach. 
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Figure 4-1 Schematic of expected punch-through behaviour in clay-sand-clay bed 
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Figure 4-2 Flow chart of the experimental planning process 

 

Figure 4-3 Schematic of test setup 
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Figure 4-4 Groups of tests for comparative analysis with varying geometric ratios, Hct/D and Hs/D 
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Figure 4-5 Predicted peak penetration resistance, qpeak versus normalised sand height, for soil 

profiles A, B & C 

Figure 4-6 Predicted normalised free boundary distance versus normalised sand thickness, for soil 

profiles A, B and C 
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Figure 4-7  Predicted peak penetration resistance versus measured peak resistance in a clay-sand-

clay bed 
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Figure 4-8 Measured normalised free boundary distance versus normalised sand thickness in a 

clay-sand-clay bed 

Tool table

Drum channel

 

Figure 4-9 UWA drum centrifuge without outer protective enclosure 
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Figure 4-10 Cross sectional view through the drum centrifuge (after Stewart et al., 1998) 
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Figure 4-11 Typical enlarged view of the target marker used in the experiments (left) and its 

intensity variation (right) 

 

Figure 4-12 Typical centrifuge strongbox used for PIV experiments 
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Figure 4-13 Model spudcan (left) and flat foundation (right) geometry: all dimensions in mm. 

 

 

 

Figure 4-14 Prosilica GC2450C camera including lens and mount used in PIV experiments (after 

Stanier & White, 2013) 
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Figure 4-15 LED panels used in PIV setup (after Stanier & White, 2013) 

 

 

 

Figure 4-16 PIV setup inside the UWA drum centrifuge 

LED Panel

LED Diffuser
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Figure 4-17 Particle size distribution curves of kaolin clay and super fine silica sand (after Xu, 

2007) 

 

Control box
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Exit nozzle

Main mixing drum

Detachable top lid
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Figure 4-18 Automatic clay mixing machine used 
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Figure 4-19  Automatic sand raining process followed in the experiments 

Figure 4-20 Sample preparation stages; a) Clay bed after full consolidation, b) Bottom clay after 

cut has been made, c) Pouring dry sand on top of the bottom clay & d) Putting the cut clay back on 

top of wet sand 

Sand hopper

Silica sand

Strongbox

4
5
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m
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Figure 4-21  Adding coloured flock material to the sample: a) Natural texture of clay and sand b) 

artificially induced texture 

 

Figure 4-22 Effect of different test control mode on spudcan foundation resistance in sand overlying 

clay (after Teh, 2007) Teh (2007)  



Jackup Foundation Punch-through                                      Centre for Offshore Foundation Systems  

in Clay with Interbedded Sand                                                              The University of Western Australia 

4-51 

 

 

Figure 4-23 Positioning spudcan and flat foundation in the PIV box (all dimensions in model mm) 

 

 

 

Figure 4-24  RGB image and its components. 
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                                 Figure 4-25 PIV operation on an image pair (after White et al., 2003) White 003) 
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Figure 4-26 Cubic spline interpolation in GeoPIV (White et al., 2003), a) peak in the normalised 

correlation map , b) enlarged view of the peak  & c) sub-pixel interpolation over ±1 pixel of the 

integer peak  
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Figure 4-27 Image space and object space coordinates (after White et al., 2003) 
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Figure 4-28   Typical intensity map of target (a) and blob algorithm for target identification (b & c) 

(after Take, 2003). 
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Figure 4-29 Comparison of standard error over null displacement with upper bound error estimate 

by White et al. (2003) 

 

 

 

 

Figure 4-30   Demonstrating the effect of leapfrog flag in GeoPIV 
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Figure 4-31 Flow chart for GeoPIV software operation 

 

Figure 4-32 Flow chart for line tracking using PIV 
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