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ABSTRACT 
 

Punch-through failure is a major concern for the jack-up industry, costing $5–50 million per 

incident. During installation and preloading, 53% of failures are associated with punch-through. 

Punch-through incidents occur in stratified soil conditions with a surface or interbedded strong 

(sand or stiff clay) layer overlying a weak layer. Pushing the strong layer into the softer 

underlying soils can cause excessive uncontrolled rapid leg plunge. This can be as high as 16 

m and lead to buckling of the leg, effectively decommissioning the platform, or even toppling 

of the jack-up unit. The number of punch-through failure occurrences has continued to increase 

in spite of the well documented risk assessment. Stratified soil deposits with potential for 

punch-through failure can be categorised into two groups: (i) sand-over-clay and (ii) stiff-over-

soft clay. On these two deposits, investigations in terms of understanding the behaviour of 

spudcan foundations during punch-through have been carried out by a number of researchers, 

leading to improved design approaches for predicting the likelihood and severity of punch-

through. This thesis has focused on easing punch-through by using spudcan shape. 

On sand-over-clay deposits, a systematic investigation was carried out varying spudcan shapes. 

A series of centrifuge model tests was performed on thirteen shapes, varying under side profile, 

number of holes through the spudcan base and length of skirt around the periphery of the 

spudcan. Overall, the spudcan underside profile and number of holes showed no apparent 

influence on the spudcan penetration behaviour. Only the skirt showed positive influence at 

easing punch-through, with the degree of easing increased with increasing skirt length. 

Additional three-dimensional large deformation finite element analyses (LDFE) provided 

mechanistic evidence that the sand did not flow through the holes and the skirt reduced the 

effective thickness of the sand layer and hence potential height of the soil plug under the 

foundation. 
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Combined results from centrifuge model tests and LDFE analyses have led to propose (i) an 

optimised skirted foundation with skirt length of 0.23 times foundation diameter, accounting 

for rig towing limitations and (ii) a design approach for assessing skirted foundation penetration 

resistance in sand-over-clay deposits. 

On stiff-over-soft clay deposits, a series of centrifuge was carried out on three spudcan shapes, 

considering a skirt around the periphery of the spudcan and holes through the spudcan base. 

The skirt length was 0.23 times that of the spudcan diameter, equalling the base height of the 

spudcan. A total of eighteen penetration tests were conducted on six different configurations of 

soil sample. The test results confirmed that the skirted spudcan is effective at easing punch-

through. The hole did allow to reduce the penetration resistance in the top stiff layer, but overall 

did not show positive influence at easing punch-through. 

Finally, parametric LDFE analyses were carried out on the skirted spudcan, varying the strength 

ratio between two layers, the thickness of the top layer relative to the spudcan diameter, the 

normalised strength and strength gradient of the bottom soft layer. A design approach was 

proposed for assessing skirted spudcan penetration resistance in stiff-over-soft clay deposits. 

Based on all the findings, a spudcan with a 0.23 times diameter skirt around the periphery, was 

proposed for easing punch-through on both (i) sand-over-clay and (ii) stiff-over-soft clay 

deposits.  
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CHAPTER 1 INTRODUCTION  

1.1 INTRODUCTION 

1.1.1 Jack-up rig and spudcan foundations 

Most offshore drilling in shallow to moderate water depths is performed from self-elevating 

jack-up rigs due to their proven flexibility, mobility and cost-effectiveness (CLAROM, 1993; 

Bennet & Associates, 2005; Randolph et al., 2005). Figure 1-1 shows that the number of units 

deployed or contracted is significantly higher for jack-up rigs compared to other drilling units. 

Today’s jack-ups typically consist of a buoyant triangular hull supported by three or four 

vertically retractable K-lattice legs, which are independently operated by rack-and-pinion based 

jacking systems. Each leg is attached to a large 10-20 m diameter spudcan. Spudcans are 

generally circular or polygonal in plan, with a shallow conical underside incorporated with a 

central spigot to provide improved sliding resistance, as illustrated schematically in Figure 1-2 

(Menzies & Roper, 2008; Hossain et al., 2014b). For coping with site specific requirements 

such as to increase the degree of fixity, sometimes a skirt is fitted around the periphery of the 

spudcan. For example, skirted spudcans of skirt length to diameter ratio of 0.29 was used for 

Shah Deniz Alpha platform in the Caspian Sea (Figure 1-3; Alessandrini & Lebois, 2007; 

Thomas & Kergustanc, 2007). 

A jack-up rig is generally carried to the site by several tugboats, as it is normally not equipped 

with a propulsion system (Figure 1-4). On its arrival to the site, the rig undergoes a routine 

preloading process. The spudcans are proof tested by providing higher static vertical loads then 

their operation self-weight. This preloading is aimed to increase the size of the yield envelope 

in vertical-horizontal-moment space and hence to ensure sufficient reserve capacity in any 

extreme storm event (ISO, 2016). Preloading is performed either simultaneously on all the legs 
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or sequentially on leg by leg or in combination. At the final stage, the preload is held for 2 to 4 

hours. Spudcans are expected to penetrate the seabed up to the equilibrium depth, at which the 

resistance of the underlying soil equilibrates the load on the spudcans. The preload is then 

dumped by draining compartments in the hull in turn and the hull is elevated sufficiently to 

secure adequate air gap around 10 to 20 m for subsequent operations. The preload bearing 

pressure generally remains in the range between 150 and 500 kPa (Menzies & Roper, 2008; 

Menzies & Lopez, 2011; Hossain et al., 2014b). 

Recently, the jack-up industry has been seeking larger jack-up rigs for greater water depths of 

up to 150 m. For example, Maersk Drilling recently added XL Enhanced drilling jack-up rigs 

to its rig fleet. XLE jack-ups are intended for the water depth up to 150 m in the North Sea and 

larger in size than previous typical range of jack-up rigs (Maersk Drilling, source 

www.maersk.com/explore/fleet/xle-rigs). Larger and hence heavier jack-up rigs in deeper water 

raise the importance of reliability and performance of its operation, due to the involvement of 

larger financial loss in case of failure. As such, prevention of possible failures, especially the 

most frequent punch-through failure, becomes critical. 

 

1.1.2 Punch-through failure 

For the jack-up industry, two major concerns related to geotechnical/structural failures during 

installation and preloading processes include (a) spudcan punch-through in layered soils (53%) 

and (b) spudcan lateral sliding interacting with an existing footprint from a previous installation 

(15%). This thesis focuses on spudcan punch-through, and spudcan-footprint interactions are 

investigated by Jun (2019).  

Punch-through incidents occur in stratified soil conditions with a surface or interbedded strong 

(sand or stiff clay/silt) layer overlying a weak layer. Excessive uncontrolled rapid leg plunge 
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(may be as high as 16 m), as schematically shown in Figure 1-5, can lead to buckling of the leg, 

effectively decommissioning the platform, or even toppling of the jack-up unit (Young et al., 

1984; Aust, 1997; Brennan et al., 2006; Kostelnik et al., 2007; Menzies & Lopez 2011). The 

consequential cost to the industry is estimated to be between $5 and $50 million per incident 

(Jack et al. 2013). The number of the punch-through failure occurrences has continued to 

increase (Jack et al., 2007; Jack et al., 2013) in spite of the well documented risk assessment 

(InSafeJIP, 2011; ISO, 2016). One Australian example of punch-through failure is the incident 

of Maersk Victory in 1996 in the Gulf of Saint Vincent, with three legs damaged (Figure 1-6). 

Two recent examples are the failures of the Noble David Tinsley in May 2009 off the coast of 

Qatar and the Noble Kenneth Delaney in 2012 offshore India (Jack et al. 2013). 

Stratified soil deposits are prevalent around the world, particularly in emerging provinces and 

oil and gas fields. The Sunda Shelf, offshore Malaysia, Australia’s Bass Strait and North-West 

Shelf, Gulf of Thailand, South China Sea, offshore India and the Arabian Gulf are particularly 

problematic in terms of stratigraphy and soil types (Erbrich, 2005; Watson & Humpheson, 2005; 

InSafeJIP, 2011). Layered soil profiles result from various geological processes, including 

previous crustal desiccation, sand channelling and evolving depositional environments 

associated with changing sea level (Castleberry II & Prebaharan, 1985; Paisley & Chan, 2006; 

Kuo & Bolton, 2013). 

Stratified soil deposits with potential for punch-through failure can be categorised into two 

groups: (i) stiff-over-soft clay and (ii) sand-over-clay. Typical seabed strength profiles from 

site specific soil investigations are shown in Figure 1-7. This study focuses on both. Spudcan 

punch-through potential in sand-over-clay (Craig & Chua, 1990, 1991; Teh et al., 2008a, 2010; 

Lee et al., 2013a, 2013b; Hu et al., 2014, 2016, 2017; Ullah et al., 2017) and stiff-over-soft clay 

(Hossain & Randolph, 2010a, 2010b; Hossain et al., 2011b; Hossain, 2014; Zheng et al., 2015a, 

2015b, 2016, 2018) has been assessed through centrifuge tests and numerical analyses. The 
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projected area and punching shear approaches suggested in ISO guidelines 19905-1 (ISO, 2016), 

and the improved design approaches proposed by the published papers allow for identifying or 

predicting the potential and severity of punch-through failure prior to installing a rig. However, 

all of these previous researches assumed a “typical” spudcan shape, and no thought for how a 

change in shape may limit punch-through was considered. 

 

1.2 MITIGATION METHODS OF PUNCH-THROUGH  

Once the risk of punch-through failure is identified at a site, mitigation methods are required to 

allow a safer installation of the rig. Conventionally, various preloading schemes, such as leg-

by-leg preloading, or zero or negative airgap preloading have been used for easing punch-

through or controlling leg penetration (InSafeJIP, 2011). Several other mitigation methods have 

recently been trialled, including: (a) application of cyclic loading on the strong soil layer to 

degrade the strength (Erbrich, 2005); (b) perforation drilling through the strong soil layer prior 

to the installation of a spudcan (Brennan et al., 2006; Hossain et al., 2010, 2011a; InSafeJIP, 

2011); (c) attaching a skirt on the bottom perimeter of the foundations (Svanø & Tjelta, 1996; 

Jostad & Andersen, 2006; Teh et al., 2008b; Gan et al., 2011; Hossain et al., 2014a; Li et al., 

2019); (d) attaching a sleeve on top of a spudcan with or without a skirt (Li et al., 2019). 

However, there has been no systematic study and guidance on the optimum selection among 

these methods. Thus, the methods are not suggested in current industry guidelines ISO 19905-

1 (ISO, 2016).  

Adjusting foundation shape may be a cost-saving solution to mitigate or ease potential punch-

through, as this method would not additionally require high-cost offshore operations associated 

with e.g. executing perforation drilling and removing the strong layer. Although several 

centrifuge tests (Teh et al., 2008b; Gan et al., 2011; Hossain et al., 2014a; Li et al., 2019) have 
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considered the effect of a peripheral skirt (as summarised in Table 1-1) on the form of 

penetration resistance profiles or mitigating punch-through, the effect of various spudcan 

shapes has not been investigated. Furthermore, all of them have focused on sand-over-clay 

deposits. In this study, a systematic investigation has been carried out on various factors, 

varying the underside profile, the skirt length on the periphery and the number of holes through 

the foundation. A large number of shapes have been tested, focusing mainly on the base profile 

or bottom part of the spudcan. Both sand-over-clay and stiff-over-soft clay seabed stratifications 

have been considered. Note, both “skirted foundation” and “skirted spudcan” are colloquially 

used in this thesis to refer to a spudcan with a skirt around the bottom periphery. 

 

1.3 OBJECTIVE OF THIS THESIS 

This study focuses on changing spudcan shape with the aim of mitigating or easing punch-

through failure. As this approach can help to reduce the installation time on site, compared to 

previously adopted methods of procedural approaches or seabed alterations, the cost of offshore 

works can be minimised. Two series of centrifuge tests and two series of three-dimensional 

large deformation finite element (LDFE) analyses form the database of results on sand-over-

clay and stiff-over-soft clay deposits. The model tests were carried out in the drum and beam 

centrifuge facilities at UWA. The LDFE analyses were carried out using the Coupled Eulerian-

Lagrangian (CEL) approach in the commercial FE software ABAQUS.  

The main aim of this study is to provide a systematic assessment of different spudcan shapes, 

leading to an optimum shape to be used in practice for both sand-over-clay and stiff-over-soft 

clay deposits. For this purpose,  
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(i) a series of drum centrifuge tests were performed in a sand-over-clay deposit, varying 

underside profile, skirt length, and number of holes through the spudcan - only skirt 

showed positive influence on mitigating punch-through. 

(ii) extensive parametric LDFE analyses were undertaken, varying the skirt length, top 

sand layer thickness, relative density of sand and strength of bottom clay layer, 

leading to an optimum spudcan shape for sand-over-clay deposits. 

(iii) the effectiveness of the skirted spudcans with or without holes was confirmed 

through a series of beam centrifuge tests on stiff-over-soft clay deposits. 

(iv) extensive parametric LDFE analyses were performed for spudcan penetration in 

stiff-over-soft clay deposits; varying (i) underside profile, skirt length, and number 

of holes through the spudcan, and (ii) strengths of the layers and thickness of the top 

layer. 

 

1.4 THESIS OUTLINE 

This thesis is comprised of chapters in the format of journal papers, which is admitted according 

to the guidelines from the UWA Graduate Research School. As such, Chapters 2 to 5 are 

presented in journal paper formats. Chapter 6 provides a summary of the findings and 

recommendations for future research. The outline of this thesis is listed below. 

 

CHAPTER 2 reports the results from a series of drum centrifuge tests on the performance of 

 various spudcan shapes on mitigating punch-through failure, compared to a generic 

 spudcan, in a sand-over-clay deposit. A total of thirteen different shapes were tested, 

 varying skirt length, number of holes, and base slope. UWA superfine silica sand and 

 kaolin clay were used to produce the sample.  
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CHAPTER 3 introduces the LDFE methods being used and the parametric case study on the 

 effect of skirted foundations on mitigating punch-through in sand-over-clay deposits. A 

 prediction model was suggested for assessing the peak resistance at punch-through and 

 simplified penetration resistance profile in sand-over-clay deposits. 

CHAPTER 4 reports the results from a series of beam centrifuge tests on the performance of 

 two skirted spudcan with and without holes through the base on mitigating punch-through 

 in stiff-over-soft clay deposits. UWA kaolin clay was used to prepare the samples, varying 

 the thickness of the stiff layer and strength ratio between the two layers. 

CHAPTER 5 presents parametric LDFE analyses on various spudcan shapes in stiff-over-soft 

 clay deposits. Two representative soil conditions regarding the onset depth of soil back-

 flow were considered. A prediction model was suggested for the simplified penetration 

 resistance profile for skirted foundations in stiff-over-soft clay deposits.  

CHAPTER 6 summarises the results and findings of this study and suggests potential areas for 

 future study. 
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Table 1-1. Summary of previous studies on the effect of spudcan shape on mitigating punch-through  

Researcher Methodology Soil type Features Number of spudcan shapes 

Teh et al. (2008b) Centrifuge test Sand-over-clay Skirt 2 

Yu et al. (2010) Centrifuge test Sand-over-clay Skirt length 3 

Gan et al. (2011) Centrifuge test Sand-over-clay Skirt length 4 

Hossain et al. (2014a) Centrifuge test Sand-over-clay Skirt length 3 

Li et al. (2019) Centrifuge test Sand-over-clay Sleeve length / Skirt 6 
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Figure 1-1. Comparison of deployment in 2014 among different types of drilling rigs 

(after Ullah, 2016, originally data as of September 2014, source www.rigzone.com) 

  

http://www.rigzone.com/
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Figure 1-2. Typical shapes of spudcan (after Menzies & Roper, 2008) 

  

Keppel LeTorneau, 

Class 224-C (Super Gorilla)

Levingston, 

Class 111-IC

Keppel LeTorneau, 

Class 84

Keppel LeTorneau, 

Class 52-S

Keppel LeTorneau, 

Class 116-C

Keppel LeTorneau, 

Class 82-SDC

Keppel LeTorneau, 

Class 150-44-C
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Figure 1-3. Skirted spudcan 

 

 

 

Figure 1-4. Maersk Invincible (one of XLE jack-up rigs) towed to the field (courtesy of 

Maersk Drilling, www.maerskdrilling.com) 
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Figure 1-5. Punch-through failure of jack-up installation 
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Figure 1-6. Punch-through failure of Maersk Victory, offshore Australia in 1966 
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(a)       (b) 

 

 

(c) 

Figure 1-7. Strength profiles of layered soils with the potential of punch-through failure: 

(a) uniform stiff-soft-stiff clay; (b) nonuniform clay with an interbedded stiff layer; (c) 

multilayer soils with interbedded sand layers 
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CHAPTER 2 EFFECT OF SPUDCAN SHAPE ON MITIGATING 

PUNCH-THROUGH IN SAND-OVER-CLAY 

ABSTRACT 

Spudcan punch-through in layered seabed sediments is one of the major concerns for the jack-

up industry. This chapter reports the results from a series of centrifuge model tests undertaken 

to assess the effect of various shapes of spudcan base at mitigating punch-through in sand-over-

clay deposits. The experimental programme was carried out in a drum centrifuge by varying 

the spudcan base profile, skirt length on the periphery and number of holes through the spudcan. 

The large testing area of one soil sample prepared along the full drum channel enabled an 

extensive number of thirteen spudcan penetration tests under consistent soil conditions. 

Additional large-deformation finite-element analyses were carried out to explore the soil failure 

mechanisms around each spudcan with different shapes. The spudcan base profile and number 

of holes through the spudcan showed no apparent influence on the spudcan penetration 

behaviours, as the sand blocked the spudcan holes during penetration. Only the skirt showed a 

positive influence at mitigating punch-through. The positive influence was greater with a longer 

skirt. 
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2.1 INTRODUCTION 

In offshore oil/gas exploration sites, the foundations of jack-up rigs interact with the seabed 

subsoil to support the platform during installation and operation. The installation and operation 

of jack-up rigs in stratified seabed sediments, where a strong layer overlying a weak layer, have 

always been challenging, with the potential for catastrophic ‘punch-through’ failure under load-

controlled conditions. Punch-through failure is defined as a large uncontrolled penetration of 

the spudcan foundation (usually experienced by only one leg), which may lead to buckling of 

the leg, thereby effectively decommissioning the platform or even toppling of the jack-up unit 

(Young et al., 1984; Aust, 1997; Brennan et al., 2006; Kostelnik et al., 2007). This process has 

been recognised as one of the major geotechnical failures in the jack-up industry (Jack et al., 

2013). Stratified soil deposits with the potential for punch-through failure can be categorised 

into two groups: (i) stiff-over-soft clay and (ii) sand-over-clay. This chapter focuses on the latter 

profile. The spudcan punch-through potential in sand-over-clay has been assessed by a number 

of researchers, mostly through centrifuge modelling (Craig & Chua, 1990, 1991; Teh et al., 

2008a, 2008b, 2010; Lee et al., 2013a; Hu et al., 2014a; Hu & Cassidy, 2017; Ullah et al., 2017). 

The projected area and punching shear mechanisms suggested in ISO guidelines 19905-1 (ISO, 

2016) and the improved design approaches proposed by published papers (Lee et al., 2013b; 

Hu et al., 2015, 2017) allow one to identify or predict the potential and severity of punch-

through failure prior to installing a rig.  

The mitigation of punch-through has attracted less attention. Different methods have been 

trialled or studied, including (i) the application of vertical cyclic preloading, (ii) perforation 

drilling on the seabed, (iii) the excavation of the strong layer and (iv) attaching a skirt on the 

bottom perimeter of the foundations (Svanø & Tjelta, 1996; Erbrich, 2005; Brennan et al., 2006; 

Jostad & Andersen, 2006; Teh et al., 2008a; Hossain et al., 2010, 2011, 2014; InSafeJIP, 2011; 

Gan et al., 2011; Li et al., 2019). Adjusting the foundation shape may be a cost-saving solution 
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to reduce or even eliminate the potential of the failure, as this method would not require 

additional cost to offshore installations associated with executing perforation drilling and 

removing the strong layer. Although several centrifuge tests (Teh et al., 2008b; Gan et al., 2011; 

Hossain et al., 2014; Li et al., 2019) have considered the effect of spudcan size or shape on the 

penetration resistance profiles in sand-over-clay soil conditions, the effect of varying the 

spudcan shape on mitigating punch-through has not been investigated systematically. 

The main aim of this study is to assess the potential of mitigating punch-through failure in sand-

over-clay deposits by changing the spudcan shape. A series of centrifuge tests was performed 

to optimise the shape of the foundation by varying the underside profile, skirt length on the 

perimeter, and number of holes through the foundation. Additional large deformation finite 

element (LDFE) analyses were carried out to explore the soil failure mechanisms around the 

spudcans with different shapes. 

 

2.2 TESTING PROGRAMME 

2.2.1 Model foundations 

A total of thirteen model foundations were prepared for the tests in this study (see Figure 2-1). 

The diameter of all spudcans was 60 mm at the model scale and 12 m at the prototype scale at 

200g. This foundation diameter of D = 12 m lies within the practical range of 10–20 m (Menzies 

& Roper, 2008; Hossain et al., 2017). The dimensions of the model foundations are summarised 

in Table 2-1. In the following sections, all dimensions are noted at the prototype scale for 

consistency. The shape of the generic spudcan model (SGEN; Figure 2-1) was chosen to be 

similar to the spudcans of the ‘Keppel LeTourneau Design, Class 82-SDC’ jack-up rig, as 

illustrated by Menzies & Roper (2008). The results of the generic spudcan were taken as a 

reference for assessing the performance of the foundations in other shapes. 
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The other models were developed thoughtfully and systematically. The mechanism of spudcan 

punch-through in sand-over-clay, as illustrated in Figure 2-2 (Teh et al., 2008a), includes the 

formation of a sand plug beneath the base of the advancing spudcan. The severity of punch-

through is a function of the shape and size of the plug and decreases with the decreasing height 

of the plug. Based on this function, the holes through the spudcan were designed to allow the 

sand flowing through the holes (see Figure 2-3a) to reduce the height of the soil plug, as shown 

schematically in Figure 2-3b, hence reducing or even eliminating the potential punch-through. 

Six holes with diameters of 1.7 m were introduced through a spudcan, and the bottom profile 

was changed with slopes towards the hole (S6HO) to encourage sand flowing through it. The 

corresponding area reduction was Ar = AH/Ar = 12%, where AH is the total area of holes and A 

is the normal area of the spudcan at the largest section. To identify the exact effect of the holes, 

a similar spudcan was fabricated, but with the holes blocked (S6HB). To explore the effect of 

the hole size, a similar spudcan with four holes of 2.08 m diameter (S4HO, with identical area 

reduction of Ar = 12%), a corresponding blocked-hole spudcan (S4HB), and a spudcan with 

four 3.97 × 1.7 m holes (S4SO, with area reduction Ar = 24%) were manufactured. 

Skirted (also known as bucket) foundations generally consist of a flat plate with a skirt around 

the periphery. They are commonly used for supporting subsea structures, offshore wind turbines, 

and mooring floating facilities. This type of foundation generally acts as a cylindrical solid 

foundation with the soil plug inside the skirt moving down with the foundation as part of the 

foundation. For foundation penetration in a sand-over-clay deposit, the effective thickness of 

the sand layer, tr/D, or the height of the sand layer below the base of the foundation is reduced 

by the skirt length, as shown schematically in Figure 2-3c. Four skirted foundations were 

fabricated by varying the skirt length-to-diameter ratio as L/D = 0.25, 0.3, 0.4 and 0.5 (F025, 

F030, F040 and F050). The thickness of the skirt (tsk) was held constant at 0.008D to maintain 

the skirt thickness in the typical range of 0.1–1% of the foundation diameter (Hossain et al., 
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2014). Again, six holes with diameters of 1.7 m and four holes with diameters of 2.08 m were 

introduced for another two foundations (F4HO and F6HO, with area reduction Ar = 12%) to 

examine the effect of the holes. To explore the effect of the volume of the trapped sand, the 

bottom profile of the SGEN was incorporated for a model foundation with L/D = 0.25 (FSBP). 

Note that the small circular holes on the plate of F030, F040 and F050 and rectangular holes on 

the skirt of F025 and FSBP allow for the egress of water trapped inside the skirt. 

 

2.2.2 Preparation of soil sample and experimental programme 

The tests were performed at 200g in the drum centrifuge at the University of Western Australia 

(UWA) (Stewart et al., 1998). The drum channel is 300 mm high and 200 mm in radial depth 

(60 m × 40 m at the prototype scale at 200g), as shown in Figure 2-4a. The experimental 

programme was carried out on sand-over-clay deposits. Commercially available superfine silica 

sand and kaolin clay were used to produce the upper sand and lower clay layer, respectively. 

Both have been used extensively in previous centrifuge model tests at UWA, with their 

characteristics being well documented (Cheong, 2002; Acosta-Martinez & Gourvenec, 2006). 

The material properties of the sand and clay are given in Table 2-2. 

The bottom clay layer was produced by depositing kaolin slurry in the drum channel and 

consolidating it at 250g. As the clay settled, more slurry was added in order to achieve a final 

sample height of around 160 mm (32 m at the prototype scale at 200g) after consolidation. The 

degree of consolidation was estimated from the allowed consolidation time (with a minimum 

of 1.5 day consolidation allowed, following the last addition of slurry), and also from the 

monitored settlements. After completion of consolidation, the channel was stopped to prepare 

for surcharging using sand. A geo-fabric mat was placed over the normally consolidated clay 

layer. The channel was accelerated to 20g, and a ~37 mm (7·4 m at the prototype scale at 200g) 
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sand layer was sprayed over the geo-fabric mat using a hose connecting a sand hopper to a 

sinusoidal rotating actuator, as described by Gaudin et al. (2005). The drum was then spun to 

250g for consolidation under the surcharge. The clay settled approximately another 10 mm. The 

sand layer and the geo-fabric mat were removed, and the testing sand layer of thickness t = 37 

mm (7·4 m at the prototype scale at 200g) was sprayed using the same system. This surcharging 

process was necessary to preclude the disturbance of the sand layer by the settlement of the clay 

layer and to ensure the homogeneity of the sand layer. The prepared ~1300 mm long sand-over-

clay deposit is shown in Figure 2-4a. 

A total of thirteen tests were carried out at a centre-to-centre distance of 3D, as shown in Figure 

2-4b. A typical test set-up with the SGEN is shown in Figure 2-4c. The foundations were 

vertically penetrated at a rate of 0.19 mm/s. Suitable penetration rates for foundations and T-

bar tests were chosen, balancing rate effects against the preference for undrained penetration 

clay. The normalised velocity index V = vDe/cv (where v is the penetration rate, De is the object 

effective diameter and cv is the consolidation coefficient) has been generally used to assess the 

drainage condition (Finnie & Randolph, 1994; Chung et al., 2006; Cassidy, 2012) and was 

approximately 140 in clay, as recommended for undrained penetration (Low et al., 2008). V 

was less than 0.01 in the sand layer, ensuring fully drained penetration, as the cv of silica sand 

is at least 60,000 m2/yr (Lee et al., 2013a). 

 

2.2.3 Soil characterisation 

A dense sand layer was prepared for the top layer. The average relative density of the sand layer 

was 93%, corresponding to an effective unit weight of s = 11 kN/m3 under water. The rationale 

for preparing a dense sand layer with a thickness ratio t/D = 0.62 was that a dense sand layer 

has a higher risk of punch-through failure, both in terms of the potential and severity of the 
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failure. Thus, if a foundation can mitigate punch-through failure for the dense sand-over-clay 

deposit, the foundation should work well for medium-dense to loose sand-over-clay deposits at 

the same thickness or less. 

The underlying clay layer was consolidated at 250g, and all tests were carried out at 200g, 

giving an overconsolidation ratio of at least 1.25. Characterisation tests of the clay layer were 

carried out by an in-flight miniature T-bar penetrometer directly penetrating into the clay layer. 

This was conducted through tubes inserted in the sand layer with the sand removed inside the 

tubes. The removal of the sand layer was necessary to avoid the influence of the trapped sand 

plug at the base of the penetrometer when it was penetrating into the clay layer. The T-bar 

penetrated at 1 mm/s, which ensured undrained conditions in the kaolin clay layer (Finnie & 

Randolph, 1994). A T-bar factor of NT-bar = 10.5 was used to deduce the undrained shear 

strength. The six T-bar penetration profiles from different parts of the sample are plotted in 

Figure 2-5, and they are very consistent and can be fitted by one straight line of su = sus + k(z - 

t) = 12 + 2.8(z - t) kPa (where sus is the strength intercept at the interface or surface of the clay 

layer, k is the strength gradient, z is the clay depth at the centre of the T-bar (measured from the 

surface at the top of the sand layer), and t is the sand layer thickness). The strength gradient k 

= 2·8 kPa/m lies within the typical range of marine clays (Menzies & Roper, 2008; Oguz et al., 

2018). The effective unit weight was measured in a few locations with an average value of c 

= 7.5 kN/m3. 

 

2.3 NUMERICAL MODELLING 

Due to the opacity of the natural soil, the soil flow mechanisms could not be viewed during 

foundation penetration tests as in the above set-up. The analyses were carried out using the 

coupled Eulerian−Lagrangian (CEL) functionality in the commercial software package 
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Abaqus/Explicit (version 6.12 (Dassault Systèmes, 2012)). The top sand layer was modelled by 

the modified Mohr-Coulomb (MMC) model proposed by Hu et al. (2015) and Zheng et al. 

(2017). Based on the conventional MC model, the MMC model was modified by varying the 

internal friction angle (ϕ) and dilation angle (ψ) with respect to the accumulated plastic shear 

strain (ξ). It was assumed that the friction and the dilation angles increase linearly from an initial 

value to a peak value, before reducing linearly to the critical state. For all these analyses, peak 

friction (ϕp) and dilation angles (ψp) were calculated by using Bolton’s correlations (Bolton, 

1986) as ϕp = 42·95°, ψp = 22·81° for ID =93%. For the bottom clay layer, the Tresca soil model 

was extended following Einav & Randolph (2005) to consider gradual softening. A user 

subroutine was implemented to track the evolving soil strength profile along the depth. The 

elastic behaviour was defined by a Poisson’s ratio (0·3 for sand; 0·49 for clay) and Young’s 

modulus (50 MPa for sand; 500su for clay) throughout the soil profile. The frictional spudcan–

soil contact was described by the Coulomb friction law, with the coefficient of friction of 0·31. 

The penetration resistance (qu) profiles were obtained from the vertical reaction force at the 

centre of the penetrating spudcan. More details about the LDFE analysis of spudcan penetration 

in sand-over-clay can be found in the papers by Hu et al. (2014b, 2015) and Zheng et al. (2017). 

 

2.4 RESULTS AND DISCUSSION 

The results for the penetration of the SGEN are presented first. Then, the influences of the 

bottom profiles, holes, and skirts are discussed. For the convenience of comparison, the results 

are presented in terms of bearing pressure, qu = F/A, against the normalised penetration depth, 

d/D, where F is the penetration resistance (force) and A is the total (instead of the net) largest 

plan area of the foundation.  
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2.4.1 Penetration of SGEN 

Figure 2-6 shows the penetration resistance profile for the SGEN. Punch-through failure occurs 

with a sudden and drastic resistance drop forming a local peak at d/D = 0.09. At this stage, the 

soil flow is predominantly directed vertically downward to the lower layer, as displayed in 

graph (a) in Figure 2-6 from the corresponding LDFE analysis. With further penetration at d/D 

= 0.62 (graph (b) in Figure 2-6), the shear planes form a truncated cone through the sand layer, 

which is called a sand plug. The deduction of the penetration resistance after the peak is 

associated with the penetration of the sand plug into the underlying soft clay layer. After d/D  

0.23, the penetration resistance rises again as the sand plug advances through the clay layer, 

with its strength increasing with depth (see graph (c) in Figure 2-6). 

The severity of punch-through is quantified by two measures: (a) the degree of the post-peak 

reduction of penetration resistance,  (= [qu/(d/D)]/su,avg; where su,avg is the undrained shear 

strength of the clay layer averaged over 0.5D below the sand-clay interface) and (b) the punch-

through distance, hP-T/D (Hossain et al., 2014). These measures are illustrated in Figure 2-6. In 

this case,  = -39.7. The peak resistance qpeak is 561.9 kPa, which was recovered at (d/D) = 

0.75 below the peak point, leading to hP-T/D = 0.75. 

 

2.4.2 Effects of foundation holes and base profile 

To examine the effects of the holes and foundation bottom profile, the penetration resistance 

profiles for the six-hole (S6HO) and four-hole (S4HO) spudcan foundations are plotted in 

Figure 2-7 together with the profile of the SGEN. The resistance profiles of the six-hole and 

four-hole foundations are consistent. The peak resistance, qpeak, the depth of the peak resistance, 

dpeak/D, and the post peak gradient, , are very similar to those of the SGEN. The only difference 
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that can be identified is that the penetration resistances of the spudcan with holes (S6HO and 

S4HO) near the soil interface and in the bottom layer are higher for a given d/D, or the 

penetration depths are lower for a given qu or load. The punch-through distance is therefore 

lower at hP-T/D = 0.65 relative to hP-T/D = 0.75 for SGEN. 

It is surprising that the punch-through severity was not lessened by the foundations with holes. 

This is because, unexpectedly, the sand did not flow through the even-larger holes of the four-

hole foundation. An image captured during the testing provides evidence that the holes 

remained fully open until the backfilled or collapsed sand filled the holes and covered the top 

surface of the foundation (Figure 2-8a). This is confirmed by the soil failure mechanisms from 

the corresponding LDFE analysis plotted in Figure 2-9. This may be due to two reasons: (i) the 

diameter of the holes were small relative to grain size (d50) of the sand, and (ii) dilation of the 

sand. With dhole/d50 ≥ 45, and with the confirmation from the LDFE analyses, it is expected 

that no soil flow through the holes was due to dilation. This also explains why the penetration 

resistance profiles for the six-hole and four-hole foundations and blocked-hole foundations 

(S6HB and S4HB) are similar (Figure 2-7). 

Comparing the mechanism graphs in Figure 2-6 for the SGEN and the mechanisms in Figure 

2-9 for the six-hole foundation reveals that the height of the soil plug is greater for the six-hole 

foundation. This led to the greater penetration resistance in the bottom layer and hence the lower 

punch-through distance. 

 

2.4.3 Effect of skirt 

To explore the effect of the skirt and the volume of trapped sand inside the skirt, the penetration 

resistance profiles for the skirted foundations F025 and FSBP are plotted in Figure 2-10 together 

with that for the SGEN. The skirted foundation F025 has a flat base, while FSBP consists of 
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the spudcan bottom profile inside the skirt. The length of the skirt of the foundations F025 and 

FSBP is identical to L/D = 0.25. 

Both foundations show a positive influence on easing the punch-through potential by reducing 

the peak resistance and punch-through distance. The peak resistances, qpeak, for F025 and FSBP 

are 391.5 and 522.9 kPa, respectively, compared to that of 561.9 kPa for SGEN. Their punch-

through distances, hP-T/D are 0.22 and 0.47, respectively, compared to that of 0.75 for SGEN. 

This reduction in qpeak was expected. As explained earlier, the length of the skirt reduces the 

effective thickness of the sand layer beneath the base of the foundation, tr/D. After the 

completion of the penetration of the skirt, the sand trapped inside the skirt allowed for the 

shifting of the base down to the skirt tip level. However, interestingly, the reduction of the 

foundation FSBP is smaller than that of the foundation F025, although the length of the skirt 

and hence the effective thickness of the sand layer beneath the foundation base are identical. 

This difference was caused by the different volumes of trapped soil inside the skirt. The spudcan 

bottom profile inside the skirt of the foundation FSBP allowed a smaller volume of sand to be 

trapped, leading to a greater sand plug beneath the effective base of the foundation (see Figure 

2-10). As shown in Figure 2-11, if the bottom profile is assumed to be flat with the equivalent 

vacant volume (Vvac) inside the skirt, the effective length of the skirt (Leff) of FSBP can be 2.52 

m (Leff/D = 0.21), which is 16% shorter than the original skirt length of 3 m. 

The effect of the holes through the foundations with skirts was examined, and the penetration 

resistance profiles for the six-hole skirted foundation (F6HO) and four-hole skirted foundation 

(F4HO) are plotted in Figure 2-12 together with the profile for the skirted foundation without 

holes, F025. The length of the skirt is identical to L/D = 0.25. The profiles are almost identical 

over the full penetration depth for all foundations with or without holes. Similar to the holed 

spudcans, the sand did not flow through the holes but, rather, was locked in (Figure 2-8b). 
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To quantify the effect of the skirt length, additional comparisons were performed by varying 

the length of the skirt as L/D = 0.25, 0.3, 0.4 and 0.5 (skirted foundations F025, F030, F040 and 

F050; Table 2-1). The effective thicknesses of the sand layer can be calculated as tr/D = 0.37, 

0.32, 0.22, 0.12, respectively. The penetration resistance profiles are compared with that of 

SGEN in Figure 2-13. There is a consistent trend in which the peak resistance, qpeak, and the 

punch-through distance, hP-T/D, decrease with increasing skirt length. For example, for L/D = 

0.5 (F050), qpeak = 302.26 kPa and hP-T/D = 0.06, which are 22.8 and 74.7% lower than those 

for L/D = 0.25, respectively. This can be explained in terms of reducing tr/D as the longer skirt 

showed better performance at mitigation. However, a longer skirt, particularly beyond the 

spudcan tip height (i.e., L/D > ~0.25) for a thicker sand layer may not be suitable for smooth 

rig towing (Purwana, personal communication, 2010 in Hossain et al. (2014)). 

The existence of a peak resistance followed by a reduction in the penetration resistance even 

for the long skirt of L/D = 0.5 (F050) is explained below. During the penetration of a flat-based 

skirted foundation, the skirt initially penetrated into the soil, and the penetration resistance 

resulted from the end bearing at the skirt tip and friction along the inner and outer surfaces of 

the embedded skirt. Once the foundation base came in full contact with the heaved-up sand 

surface inside the skirt, compaction of the sand inside the skirt occurred up to a certain depth, 

and then the skirted foundation with the sand inside the skirt behaved as a flat-based foundation. 

Shear planes and (hence) a plug were then formed beneath the skirt tip level. For this dense 

sand-over-soft clay deposit, tr/D = 0.12 was thick enough to create a local peak. Medium-dense 

sand-over-clay deposit cases were reported differently, as Hossain et al. (2014) presented no 

peak for tr/D  0.17, while Teh et al. (2008b) and Li et al. (2019) presented small peaks. 

After a penetration depth of d/D = ~0.33, all penetration resistance profiles are very similar, 

even in the bottom clay layer. For all cases, L/D = 0.25–0.5 is smaller than t/D = 0.62. The 

virtual foundation, including the skirted foundation and the sand plug below the skirt tip, could 
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be considered to have a total height below the flat base of L + 0.9tr = 0.9t + 0.1L, as the sand 

plug height below a spudcan is 0.9 times the sand layer thickness (Hu et al., 2014b). At the 

prototype scale, this varies between 6.96 m (F025) and 7.26 m (F050), with the difference being 

4%. As such, the heights of the virtual foundations for various skirt lengths were similar, leading 

to similar penetration resistances. The only difference noted was that around the periphery of 

the skirt, friction would occur between the aluminium surface and sand or clay, while around 

the sand plug, friction would occur between sand and sand or between sand and clay. In addition, 

the plug beneath the skirt tip generally forms a truncated cone with the side angle equal to the 

dilation angle of the sand (Lee et al., 2013a, 2013b). Somehow, they compensate each other. 

 

2.4.4 Design chart for hP-T/D 

For this dense sand (relative density = 93%)-over-clay (su,avg = 20.4 kPa), out of the measures 

of the severity (i.e., ) and distance (i.e. hP-T/D) of punch-through, the results did not show a 

remarkable reduction in post-peak gradient,  (summarised in Table 2-3). A more obvious 

reduction can be quantified in terms of punch-through distance, hP-T/D. Hossain et al. (2014) 

carried out tests on medium-dense (44%)-over-clay (su,avg = 23.5 kPa) deposits with tr/D = 0–

0.17, Gan et al. (2011) on dense (95%)-over-clay (su,avg = 15.3 kPa) deposits with tr/D = 0 and 

0.34, and Li et al. (2019) on medium-dense (50–60%)-over-clay (su,avg = 25.4 kPa) deposits 

with tr/D = 0.53; the details are given in Table 2-3. The values of hP-T/D and Leff/D were selected 

from all the presented results. The values of hP-T/D and the percentage of mitigation of punch-

through distance, Mh%, compared with the results for the SGEN are plotted in Figure 2-14 as a 

function of tr-eff/D (= t/D - Leff/D). Regardless of the variation of the density of the sand layer 

and su,avg, all values fall in a trend and can be presented as 

ℎP−T

𝐷
= 1.805 (

𝑡r−eff

𝐷
)

2
+ 0.088 (

𝑡r−eff

𝐷
)           (2-1) 
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𝑀h% = 100 − 12.392 (
𝑡r−eff

𝐷
) − 237.74 (

𝑡r−eff

𝐷
)

2
          (2-2) 

 

2.5 CONCLUDING REMARKS 

The effect of foundation shape on mitigating spudcan punch-through in a sand-over-clay 

deposit has been investigated logically and systematically by varying the spudcan bottom 

profile, making holes through the foundation and adding skirts around the periphery. A total of 

thirteen tests were carried out at 200g in a drum centrifuge. A set of retrospective LDFE 

analyses were carried out to understand the associated soil failure mechanisms. The results have 

led to the following conclusions. 

1. Sand did not flow through the holes of the foundations. 

2. The spudcan bottom profile and holes through the foundation did not show any 

remarkable influence on mitigating the spudcan punch-through apart from reducing the 

punch-through distance to some extent. 

3. Skirts showed a positive effect at mitigating spudcan punch-through, as they allowed for 

reducing the effective thickness of the sand layer. 

4. The performance of the foundations at reducing punch-through distance can be calculated 

using Equations 2-1 and 2-2. 
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Table 2-1. List of model geometries for drum centrifuge tests and summary of test results 

Test D: m Number of 

holes / slot 

L/D Leff/D tsk/D: % Ar: % qpeak: kPa hP-T/D Remarks 

SGEN 12 - - - - - 561.93 0.75 Reference 

S6HB 12 - - 0.04 - - 583.19 0.68 Bottom profile 

S4HB 12 - - 0.04 - 12 545.58 0.53  

S6HO 12 6 - 0.04 - - 586.32 0.66 Holes or slots (area reduction) 

S4HO 12 4 - 0.04 - 12 558.20 0.60  

S4SO 12 4 0.13 0.07 0.8 24 579.71 0.77  

F025 12 - 0.25 0.25 0.8 - 391.53 0.22 Skirt length 

F030 12 - 0.3 0.3 0.8 - 390.17 0.18  

F040 12 - 0.4 0.4 0.8 - 349.01 0.12  

F050 12 - 0.5 0.5 0.8 - 302.26 0.06  

F6HO 12 6 0.25 0.25 0.8 12 391.44 0.24 Holes w/ skirt 

F4HO 12 4 0.25 0.25 0.8 12 447.68 0.24  

FSBP 12 - 0.25 0.21 0.8 - 522.89 0.47 Bottom profile w/ skirt 

  t/D = 0.62, ID = 93%, s  = 11 kN/m3, sus = 12 kPa, k = 2.8 kPa/m, c = 7.5 kN/m3 

  Fxxx: skirted foundations 

  Sxxx: spudcan-based shape without skirt 

  xGEN: generic spudcan 

  xSBP: bottom profile similar to the SGEN 

  xNxx: shapes based on N number of holes 

  xxHO: open holes (circular) 

  xxHB: blocked holes 

  xxSO: open slots (part of donut shape) 

  x025 – x050: skirt length ratio L/D   
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Table 2-2. Engineering properties of super-fine silica sand and kaolin clay 

Material Property Value 

Super-fine silica sand Specific gravity, Gs 2.65 

 Average particle size, d50: mm 0.190 

 Particle size, d10: mm 0.099 

 Maximum void ration, emax 0.7472 

 Minimum void ration, emin 0.4485 

 Critical state friction angle, φcv: deg 32 

Kaolin clay Liquid limit, LL 0.61 

 Plastic limit, PL 0.27 

 Plasticity index, IP 0.34 

 Specific gravity, Gs 2.6 

 Consolidation coefficient, cv: m2/yr ~2.6 

Superfine silica sand: after Cheong (2002) and O’Loughlin & Lehane (2003) 

Kaolin clay: after Stewart (1992) 
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Table 2-3. List of centrifuge model tests and the mitigation of punch-through failure 

Test D: m L/D Leff/D t/D tr/D tr-eff/D ID: % 
sus:  

kPa 

k:  

kPa/m 
 

M%:  

% 
hP-T/D 

Mh%:  

% 
Remarks 

SGEN* 12 - - 0.62  0.62  0.62  93 12 2.8 -39.74   0.751   This study 

S6HB 12 - 0.04  0.62  0.62  0.58  93 12 2.8 -61.64  0.00  0.681  9.32  

S4HB 12 - 0.04  0.62  0.62  0.58  93 12 2.8 -49.49  0.00  0.532  29.19  

S6HO 12 - 0.04  0.62  0.62  0.58  93 12 2.8 -56.86  0.00  0.661  11.99  

S4HO 12 - 0.04  0.62  0.62  0.58  93 12 2.8 -49.84  0.00  0.600  20.09  

S4SO 12 0.13 0.07  0.62  0.49  0.55  93 12 2.8 -38.48  3.18  0.773  0.00  

F025 12 0.25  0.25  0.62  0.37  0.37  93 12 2.8 -44.13  0.00  0.218  71.03  

F030 12 0.30  0.30  0.62  0.32  0.32  93 12 2.8 -37.60  5.39  0.182  75.80  

F040 12 0.40  0.40  0.62  0.22  0.22  93 12 2.8 -39.97  0.00  0.115  84.68  

F050 12 0.50  0.50  0.62  0.12  0.12  93 12 2.8 -23.64  40.51  0.055  92.67  

F6HO 12 0.25  0.25  0.62  0.37  0.37  93 12 2.8 -39.10  1.61  0.242  67.81  

F4HO 12 0.25  0.25  0.62  0.37  0.37  93 12 2.8 -38.40  3.37  0.240  68.04  

FSBP 12 0.25  0.21  0.62  0.41  0.41  93 12 2.8 -55.18  0.00  0.467  37.85  

Spudcan 8 - - 0.68  0.68 0.68  95 12 1.65 -34.22  0.619   Gan et al. 

(2011) Skirted footing 1 8 0.34  0.34  0.68  0.34  0.34  95 12 1.65 -24.44 28.58  0.113  81.82  

Skirted footing 2 8 0.68  0.68  0.68  0.00  0.00  95 12 1.65 -3.25 90.50  0.000  100.00  

P1 12 - - 0.67  0.67  0.67  50 - 60 20 1.8 -33.4  0.542   Li et al. 

(2019) P5 12 0.14  0.14  0.67  0.53  0.53  50 - 60 20 1.8 -16.71 49.97  0.375  30.77  

SP1 12 - - 0.42  0.42  0.42  44 23.50  0.00  -3.19   1.100   Hossain et 

al. (2014) SK1 12 0.25  0.25  0.42  0.17  0.17  44 23.50  0.00  2.75  100.00  0.000  100.00  

SP2 12 - - 0.50  0.50  0.50  44 23.50  0.00  -9.12   0.700   

SK2 12 0.50  0.50  0.50  0.00  0.00  44 23.50  0.00  6.14  100.00  0.000  100.00  

SP3 12 - - 0.58  0.58  0.58  44 23.50  0.00  -19.62   1.700   

SK3 12 0.50  0.50  0.58  0.08  0.08  44 23.50  0.00  3.74  100.00  0.000  100.00  

SK4 12 0.25  0.25  0.25  0.00  0.00  44 23.50  0.00  5.90   0.000   

* italic: SGEN case, non-italic: Skirted foundation case 
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Figure 2-1. Model foundations used in drum centrifuge tests (unit in metres, unless 

otherwise specified) 
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Figure 2-2. Failure mechanism of spudcan punch-through in sand-over-clay: PIV 

(particle image velocimetry) result at peak depth (Teh et al., 2008a) 

 

 

 

 

 

 
 

Figure 2-3. Schematic diagram of mobilised sand plugs with various footing shapes: (a) 

SGEN (Teh et al. 2008a); (b) spudcan with holes (hypothesised); (c) skirted foundation 

(hypothesised) 
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(c) 

Figure 2-4. Drum centrifuge in UWA: (a) sand-over-clay soil sample before tests; (b) 

sand-over-clay sample after tests; (c) test set-up 
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Figure 2-5. Shear strength profile of underlying clay from T-bar penetration tests  
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Figure 2-6. Penetration resistance profile of an SGEN and the corresponding failure 

mechanisms 
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Figure 2-7. Effects of bottom profile and holes on mitigating punch-through 
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(a)       (b) 

Figure 2-8. Visual observation of foundations penetrating into soil sample: (a) S4HO at 

d/D = 0.07; (b) F4HO at d/D = 0.12 

 

 

 

 

 

 

 
Figure 2-9. Determination of failure mechanism of S6HO by retrospective LDFE 

analysis: (a) d/D = 0.07; (b) d/D = 0.32; (c) d/D = 0.62 (layer interface) 
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Figure 2-10. Effect of bottom profile with skirt on mitigating punch-through 
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Figure 2-11. Definition of the effective skirt length, Leff 

RP RP

Vvac = 275.59 m3

Leff = 2.52 mL = 3 m
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Figure 2-12. Effect of holes with skirt on mitigating punch-through 
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Figure 2-13. Effect of skirt length on mitigating punch-through 
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 (b) 

 

Figure 2-14. Performance at mitigating punch-through: (a) normalised punch-through 

distance, hP-T/D, against normalised effective sand layer thickness, tr-eff/D; (b) mitigation 

percent of hP-T/D, Mh%
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CHAPTER 3 MITIGATING PUNCH-THROUGH ON SAND-OVER-

CLAY USING SKIRTED FOUNDATIONS 

ABSTRACT 

Changing spudcan shape has been proposed as one of the solutions to decrease the risk of 

punch-through failure, including the addition of a skirt on the perimeter of the footing. This 

chapter reports on a study on the effect of the skirt length on reducing the potential for punch-

through in sand-over-clay seabed sediments. The results from a series of numerical analyses on 

the skirt length were presented in combination with different conditions of sand-over-clay soils. 

Using a 3D large deformation finite element (LDFE) and coupled Eulerian-Lagrangian 

approach the sand was represented with a modified Mohr-Coulomb model and the clay with 

the extended Tresca model. The results showed that the likelihood and severity of punch-

through increased with (i) increasing the thickness of the sand layer, (ii) increasing the strength 

of the clay layer and (iii) reducing the strength non-homogeneity of the clay layer. The degree 

of mitigation was increased with increasing the length of the skirt. An optimal skirt length of 

0.25D was suggested accounting for the rig towing constraint. Prediction models have been 

proposed for assessing (i) the potential for punch-through failure and (ii) the resistance profile 

for skirted foundations penetrating sand-over-clay deposits.  
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3.1 INTRODUCTION 

Jack-up rigs are one of the most commonly used offshore drilling platforms in the offshore oil 

and gas industry, especially for site exploration and drilling in water depths up to 150 m. A 

jack-up rig is comprised of a buoyant hull with three or four K-lattice legs. The legs are 

retractable, mobilised vertically by rack-and-pinion jacking systems and connected to a footing, 

which is called a spudcan. Typical spudcans have an effective diameter up to 20 metres 

(Menzies & Roper, 2008). Spudcans interact with the seabed subsoil to support the platform 

standing safely during service.  

Jack-ups are installed on a site with no intervening auxiliary equipment. During the installation 

of a jack-up rig footings are lowered to the seabed by jacking down the legs while the hull floats. 

After lowering the legs to the seabed, seawater is pumped into the vacant ballast tanks in the 

hull to fill in the tanks and pre-load the footings. The footings are then pushed into the seabed, 

based on the established installation procedure, such as all legs penetrating simultaneously or a 

one-by-one installation order. The aim of pre-loading is to ensure the sufficient reserve capacity 

from the seabed for the footings under any extreme storm conditions.  

For the jack-up industry, punch-through failure, defined as the unexpected rapid penetration of 

the footings, is one of the major concerns related to geotechnical/structural failures during the 

installation and preloading process. Excessive uncontrolled rapid leg plunge can lead to 

buckling of the leg, effectively decommissioning the platform or even toppling the jack-up unit 

(Aust, 1997; Kostelnik et al., 2007; Jack et al., 2007, 2013). Punch-through incidents occur 

mostly in stratified soil conditions with a surface or interbedded strong (sand or stiff clay/silt) 

layer overlying a weak layer. The scope of this chapter is restricted to the two-layer, sand-over-

clay deposits.  
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Once the risk of punch-through failure is identified at a site, the mitigation methods are required 

to allow a safer installation of the rig. Conventionally, installation procedures (such as leg-by-

leg preloading; InSafeJIP, 2011) have been used for easing punch-through or controlling leg 

penetration. Recently, several other mitigation methods have been discussed: (a) application of 

cyclic loading on the strong soil layer to degrade the strength (Erbrich, 2005); (b) perforation 

drilling through the strong soil layer prior to the installation of a spudcan (Maung & Ahmad, 

2000; Brennan et al., 2006; Kostelnik et al., 2007; Chan et al., 2008; Hossain et al., 2010, 2011; 

InSafeJIP, 2011); and (c) a foundation with a peripheral skirt on its bottom side (Svanø & Tjelta, 

1996; Jostad & Andersen, 2006; Teh et al., 2008b; Gan et al., 2011; Hossain et al., 2014; Li et 

al., 2019). Although those methods have been tried and used in practice, there has been no 

systematic study and guidance on the optimum selection among these approaches. In addition, 

the former two methods are not applicable for sand-over-clay deposits.  

In Chapter 2, a systematic series of centrifuge model tests were carried out on thirteen spudcan 

shapes; varying bottom profile, holes through the foundation, and skirt length; to assess their 

performance at mitigating spudcan punch-through in sand-over-clay deposits. The thickness 

and relative density of the sand layer and the strength of the clay layer were fixed. The results 

demonstrated that only skirt length is effective at mitigating punch-through. Therefore, in this 

study, the performance of optimised skirted foundations will be focused. 

Penetration of spudcan foundations in sand-over-clay deposits has been addressed by a number 

of researchers, with particular interest on punch-through and development of corresponding 

design approaches for predicting the depth and the peak capacity at punch-through (e.g., Teh et 

al., 2008a, 2008b, 2010; Qiu & Henke, 2011; Yu et al. 2012; Dean, 2013; Lee et al., 2013a, 

2013b; Hu et al., 2014a, 2014b, 2015a, 2016; Hossain et al., 2014; Li et al., 2015, 2018; Hu & 

Cassidy, 2017). In an attempt to assess the potential of using skirted foundations to mitigate 

punch-through failure, Teh et al. (2008b), Gan et al. (2011) and Hossain et al. (2014) have 
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carried out a series of centrifuge model tests on medium-dense and dense (relative density; ID 

= 44%, 50% and 95%) sand-over-soft clay with varying the skirt length (L = 0–0.5D; see Figure 

3-1). They concluded that the risk of punch-through can be significantly reduced by using the 

foundation with the skirt length equal to or close to the sand thickness. However, skirts longer 

than 0.25D may not be suitable for a smooth rig towing (Purwana, personal communication, 

2010 in Hossain et al. (2014)).  

The main aim of this chapter is to provide a systematic assessment of skirt length and its effect 

on mitigating punch-through failure in sites with sand-over-clay deposits. For this purpose,  

(i) a series of 3D large deformation finite element (LDFE) analyses carried out on 

skirted foundation penetrating sand-over-clay deposits are reported. An extensive 

parametric investigation was undertaken, varying the skirt length, thickness and 

relative density of the sand layer, and strength of the bottom clay layer.  

(ii) a conceptual analytical prediction model is proposed. It can be used to predict the 

punch-through load as well as the full load-penetration curve for skirted footings. 

 

3.2 NUMERICAL ANALYSIS 

3.2.1 Foundation shapes 

A saucer-shaped ‘generic spudcan’ was used as a reference for each case of analysis, similar to 

the spudcans of the ‘Keppel LeTourneau Design, Class 82-SDC’ jack-up rig, as illustrated by 

Menzies & Roper (2008). Skirted foundations were designed with a flat base surrounded by a 

skirt (see Figure 3-1). The skirt length of skirted foundation (L) was varied relative to the 

spudcan diameter, up to 0.5D, but the thickness of the skirt (tsk) was constant 0.008D to keep 

the skirt thickness in the typical range of 0.1–1% of the foundation diameter (Hossain et al., 
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2014). The penetration depth of the spudcan base with largest area relative to the original seabed 

surface was denoted as d. 

 

3.2.2 Analysis details and model set-up 

3D LDFE analyses were carried out using the coupled Eulerian-Lagrangian (CEL) approach in 

the commercial package ABAQUS/Explicit (Dassault Systèmes, 2012). Extensive background 

information about the spudcan penetration in sand-over-clay can be found in Hu et al. (2014b, 

2015a) and is not repeated here. 

Considering the symmetry of the problem, only a quarter spudcan and soil domain were 

modelled. A typical mesh is shown in Figure 3-2. The spudcan was modelled as a rigid body 

and controlled to remain vertical during the penetration process. The mesh was comprised of 

8-noded linear brick elements with reduced integration. As obtained from previous convergence 

studies (e.g. Hu et al., 2014b, 2015a), the radius of the soil domain was 3.25D, and the typical 

soil element size along the trajectory of the spudcan was 0.025D (fine mesh zone in Figure 3-

2). The penetration rate of the spudcan was set at 0.2 m/s. The penetration rate was testified as 

sufficiently slow to avoid inertial effect and to ensure drained conditions in typical sands and 

undrained conditions in typical clays. This is consistent with the conclusions drawn by Qiu & 

Henke (2011), Tho et al. (2012), Hu et al. (2015a), and Zheng et al. (2017), who adopted a 

penetration rate of 0.5, 0.2, 0.1672 and 0.1 m/s, respectively. A sand layer of thickness t and 

relative density ID was underlain by a soft clay layer of intact undrained shear strength su (= sus 

+ k(z-t)), and effective unit weight, γc (Figure 3-1). 

It was reasonably assumed that the foundation penetrated in the sand layer under drained 

conditions, while in the clay layer under undrained conditions (e.g. Hu et al., 2015a). For the 

sand layer, the traditional Mohr-Coulomb model was modified by varying ϕ and ψ with respect 
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to the accumulated plastic shear strain, ξ, as shown schematically in Figure 3-3. This 

modification was performed to consider the hardening-softening shear strength of the sand to 

better model the response of medium-dense and dense sand. The threshold shear strains of ξp = 

4% and ξcv = 10% were selected based on the triaxial compression tests of super-fine silica sand 

(Pucker et al., 2013). The peak friction, ϕp and dilation, ψp, angles were derived from the 

formulation of Bolton (1986). The initial friction angle, ϕini, was assumed to be identical to 

ϕcv (Hu et al., 2015a).  

For the clay layer, the Tresca soil model was extended following Einav & Randolph (2005), to 

consider the gradual softening. The undrained shear strength at individual Gaussian points was 

modified at the beginning of each time step, according to the average rate of maximum shear 

strain in the previous increments and the current accumulated absolute plastic shear strain, 

expressed as  

𝑠uc = [𝛿rem + (1 − 𝛿rem)𝑒−3𝜉 𝜉95⁄ ]𝑠u                (3-1) 

Equation 3-1 models the degraded clay strength according to an exponential function of 

cumulative shear strain, ξ, from the intact condition to a fully remoulded ratio, δrem (= 1/St = α). 

The relative ductility is controlled by the parameter, ξ95, which represents the cumulative shear 

strain required for 95% remoulding. An estimated value of ξ95 was considered within the range 

of 10–50 for marine clays (Zhou & Randolph, 2009). Further details of the soil models can be 

found in Hossain & Randolph (2009), Hu et al. (2015a) and Zheng et al. (2017). 

The soil-spudcan interface was modelled by the Coulomb friction law, with the coefficient of 

friction (μ) equal to αtan ϕcv (where α is the footing roughness factor). In this study, α = 0.5 was 

adopted, which was within the range of 0.3–0.5 suggested by SNAME (2008), and used in 

similar analyses by Qiu & Henke (2011), Qiu & Grabe (2012) and Hu et al. (2015a). 
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3.3 VALIDATION AGAINST CENTRIFUGE TEST DATA 

The LDFE results were first validated against centrifuge test data. Hossain et al. (2014) carried 

out a series of centrifuge tests on a generic spudcan and two skirted foundations in sand-over-

clay deposits. For the validation exercise, tests SP3 (generic spudcan) and SK3 (skirted 

foundation with L/D = 0.5) were selected. For the sand layer, the thickness, relative to the 

foundation diameter, t/D was 0.58 and the relative density (ID) was 44%. For the clay layer, the 

undrained shear strength of su = 23.5 kPa was deduced from T-bar penetration tests. In the 

LDFE simulations, these parameters and ϕini = ϕcv = 32°; ϕp = 35.6°; ψp= 7.5° δrem = 1/St = 1/3; 

ξ95 = 20 were used referring to the soil properties in Hossain et al. (2014; see Group I in Table 

3-1).  

Figure 3-4 shows the penetration resistance profiles from the centrifuge tests and LDFE 

analyses. Interestingly, in the sand layer, the profiles for the spudcan showed a local peak 

followed by a drastic drop in resistance, indicating a punch-through at a depth of about 0.13D. 

In contrast, the penetration resistances for the skirted foundation increased more or less 

monotonically with penetration depth. The formation of resistance profile and (hence) the 

likelihood and severity of punch-through are dictated by the thickness of the effective sand 

layer, tr/D (where tr = t – L; see Figure 3-1). The peak resistance is induced by the full shear 

band formation in the sand layer between the spudcan foundation and the underlying clay. For 

the generic spudcan, the full shear band formed when the spudcan initial penetration is at 0.13D, 

or 0.45D to the underlying clay. For the skirted foundation, the skirt has reduced the distance 

between the skirt tip to the underlying clay to 0.08D when d = 0. Since the foundation needs 

initial penetration to form a shear band, the tr/D = 0.08 is not enough to make this happen. Thus, 

there is no peak resistance observed for the skirted foundation tested. 
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Overall, the LDFE result followed a similar trend with the centrifuge test data, although the 

peak resistance, qpeak, of the generic spudcan was underestimated. The reason for this 

underestimation of qpeak is that the mean stress along the sand failure surface is moderately 

lower than 150 kPa when qpeak is mobilised, thus the ϕp and ψp corresponding to such lower 

stress level will be higher than those calculated using Bolton’s equation (White et al., 2008). 

Underestimation of qpeak compared to centrifuge test data has consistently been reported by Qiu 

& Grabe (2012), Bienen & Qiu (2015), Hu et al. (2015b) and Zheng et al. (2017), with the 

differences being 4–27%. For the skirted foundation, reasonable agreement can be seen over 

the full penetration profile. This exercise the validity of the CEL approach with the modified 

Mohr-Coulomb sand underlain by the extended Tresca clay model, in assessing the penetration 

resistance in sand-over-clay deposits. 

 

3.4 RESULTS AND DISCUSSION: PARAMETRIC STUDY 

To examine the effect of a skirted foundation on the mitigation of punch-through failure, an 

extensive parametric study was carried out varying the (a) skirt length (L/D = 0–0.5), (b) 

thickness of the sand layer (t/D = 0.3–0.7), (c) relative density of the sand layer (ID = 44%–

92%) and (d) undrained shear strength of the clay layer (sus = 13.5–33.5; k = 0–2.54). Parameters 

in terms of the hardening-softening were taken as ϕini = ϕcv = 32° δrem = 1/St = 1/3; ξ95 = 20, as 

they typically provided a good match with the centrifuge test data. The severity of punch-

through is quantified by two measures: (a) the post-peak bearing reduction,  (= 

[qu/(d/D)]/su,avg; where su,avg is the undrained shear strength of the clay layer averaged over 

0.5D below the sand-clay interface); and (b) the punch-through distance, hP-T/D (Hossain et al., 

2014). Note, in most of the cases, the peak bearing capacity is not re-established in the bottom 

clay layer within the penetration depth. As such, punch-through distance was not studied. As 
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depicted in Figure 3-4, the value of  less than zero indicates the risk of punch-through failure 

(because there is a reduction in the load carrying capacity of the soil), otherwise where  is 

larger than zero, punch-through would not occur (increasing capacity of the soil). All the 

variables and  from this parametric study are summarised in Table 3-1.  

 

3.4.1 Effect of skirt length 

Figure 3-5 shows typical penetration resistance profiles for various skirt lengths of L/D = 0–

0.5, but with t/D = 0.58, ID = 44%, su = 23.5 kPa (Group II, Table 3-1). The profile for the 

generic spudcan is also added for comparison. The results indicate that the potential for severe 

punch-through that associated with the generic spudcan reduces i.e. the values of  reduces and 

eventually turns from  < 0 to  > 0 as the length of the skirt, L/D, increases and (hence) the 

thickness of the effective sand layer, tr/D, decreases. The peak resistances, qpeak, for the skirted 

foundations are lower, and they decrease with increasing L/D. In the clay layer, the penetration 

resistances for L/D = 0–0.25 fall in a narrow band, and slightly lower than that for the generic 

spudcan. The resistance for L/D = 0.5 is significantly lower. To investigate the reason, 

instantaneous velocity vectors and mobilised friction angle contours at four critical penetration 

stages: (a) sand surface, (b) peak depth, dpeak, (c) original sand-clay interface, (d) 0.42D below 

the sand-clay interface are depicted in Figure 3-6. For discussion, L/D = 0.25 is selected, which 

is an upper bound skirt length complying with the rig towing constraint.  

In the sand layer, for the generic spudcan, the soil deformation is predominantly directed to the 

lower clay layer from the onset of penetration, leading to deformation of the layer interface 

(d/D = 0; Figure 3-6a). At the depth of peak resistance, dpeak/D = 0.2 (Figure 3-6b), a truncated 

cone-shaped sand plug, with an inclined shear plane and a bowl-shaped base, is formed at the 

base of the advancing spudcan. The mobilised friction angle along the shear plane is high and 
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close to the peak friction angle. For L/D = 0.09 and tr/D = 0.49, the degree of deformation of 

the layer interface is less. A truncated cone-shaped plug is formed beneath the skirt tip, but the 

inclination and length of the shear plane are lower. The base is semi-bowl shaped. The 

mobilised friction angle along the slip plane is also lower. For L/D = 0.25 and tr/D = 0.33, the 

plug shape is cylindrical with a flat base, and mobilised friction angle is even lower.  

In the clay layer (Figures 3-6c and 3-6d), the total height of the sand plug, Hplug, and the trapped 

soil inside the skirt (if any) is greater for the spudcan. In addition, even after the penetration of 

0.42D in the clay layer, the plug and spudcan shoulder side have not been detached from the 

top sand layer. This leads to sand-clay friction around the periphery of the plug. In contrast, for 

the skirted foundation with L/D = 0.25 and tr/D = 0.33, the total height of the sand plug and the 

trapped sand is lower, and the plug and skirt side have been detached from the top sand layer 

immediately after penetration into the clay layer, leading to mainly skirt-clay friction. 

 

3.4.2 Effect of sand layer: thickness t/D and relative density ID 

To investigate the effect of the relative thickness of the sand layer, penetration resistance 

profiles are plotted in Figure 3-7a for t/D = 0.3, 0.58 and 0.7, but with identical ID = 44% and 

su = 23.5 kPa (in Groups I and II, Table 3-1). The likelihood and severity of punch-through 

increases with increasing t/D. For example, for the generic spudcan with the thickness of the 

effective sand layer tr/D = t/D, the values of  is 0.96 for t/D = 0.3, -9.24 for t/D = 0.58 and -

15.35 for t/D = 0.7. The potential punch-through has been eliminated by the skirted foundation 

with L/D = 0.25 for t/D = 0.58 and nearly mitigated even for t/D = 0.7. The corresponding  

were 3.41 and -4.14 respectively. This is due to the reduced tr/D of 0.33 (for t/D = 0.58) and 

0.45 (for t/D = 0.7); and associated lower sand plug height (see the inset figures). 
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To demonstrate the effect of the relative density of the sand layer, penetration resistance profiles 

are plotted in Figure 3-7b for ID = 44%, 74% and 92%, but with identical t/D = 0.58 and su = 

23.5 kPa (in Groups I and II, Table 3-1). It can be seen that for the generic spudcan with tr/D = 

0.58, punch-through potential exists for all cases, but the effect of ID on  is less obvious:   = 

-9.24, -5.73, -6.54 for ID = 44%, 74%, 92%, respectively. This is partly because all the values 

of ID  44% (i.e. medium-dense to dense sand), and partly the effect of denser sand was 

compensated by the higher frictional resistance around the stronger sand plug. The potential 

punch-through has been eliminated or eased by the skirted foundation with L/D = 0.25 (tr/D = 

0.33),  = 3.41, -3.85, -1.9, respectively.  

 

3.4.3 Effect of clay layer: clay soil strength 

The effect of the lower clay layer was investigated, varying the undrained shear strength at the 

interface (sus) and strength gradient (k), but keeping the other parameters for the upper sand 

layer such as relative thickness (t/d = 0.58) and density (ID = 44%) constant (in Groups I, IV 

and V; Table 3-1). Figure 3-8a shows the penetration resistance profiles for sus/γcD = 0.15, 0.26 

and 0.37 (kD/sus = 0). Overall, the penetration resistance and the likelihood and severity of 

punch-through all reduce with decreasing sus. For the generic spudcan with tr/D = 0.58, punch-

through occurs for all case with  = -6.55, -9.24, -4.12 for sus/γcD = 0.15, 0.26, 0.37, 

respectively. The skirted foundation with L/D = 0.25 and tr/D = 0.33, the punch-through 

potential has been eliminated or eased with  = 2.05, 3.41, -0.3 for sus/γcD = 0.15, 0.26, 0.37, 

respectively. 

To explore the influence of strength non-homogeneity on the form of the penetration resistance 

profile, the results of various non-homogeneity factors kD/sus = 0, 0.78 and 1.30 are plotted in 

Figure 3-8b. Overall, the penetration resistance for kD/sus  0.78 is greater than that for kD/sus 



 

Chapter 3 

68 

 

= 0 owing to the greater ‘average’ strength of the lower layer. The severity of punch-through 

reduces substantially as kD/sus increases. It is evident from Figure 3-8b that, for the generic 

spudcan with tr/D = 0.58, while severe punch-through happens for kD/sus = 0 ( = -9.24), very 

mild or even no reduction in penetration resistance occurs for kD/sus = 1.30 ( = -1.56). No 

punch-through happens for the skirted foundation with L/D = 0.25 and tr/D = 0.33 ( > 0). 

 

3.4.4  λ correlation to predict likelihood of punch-through 

The influence of various parameters on  has been discussed previously. In order to establish a 

correlation to be used in practice, the values of  have been picked from all the analyses and 

listed in Table 3-1. Following Hossain et al. (2014), Figure 3-9a plots the values of  as a 

function of tr/D. For comparison, Figure 3-9a includes previously published centrifuge test data: 

(i) Teh et al. (2008b, 2010): sand relative density, ID = 50–95%, sus/γcD = 0.13–0.28, kD/sus = 

2.08–2.6; (ii) Lee et al. (2013a): ID = 92%, sus/γcD = 0.15–0.24, kD/sus = 2.8–4.5; (iii) Hu et al. 

(2014a, 2016): ID = 43%, 74%, sus/γcD = 0.11–0.18, kD/sus = 2.17–3.47; (iv) Hossain et al. 

(2014): ID = 44%, sus/γcD = 0.26, kD/sus = 0; (v) Gan et al. (2011): ID = 95%, sus/γcD = 0.23, 

kD/sus = 2.03; (vi) Li et al. (2019): ID = 55%, sus/γcD = 0.28, kD/sus = 1.08; (vii) This study 

(Chapter 2): ID = 93%, sus/γcD = 0.13, kD/sus = 2.8. The values of  are calculated from their 

plotted penetration resistance profiles and tabulated in Table 3-2.  

Figure 3-9a shows that the computed and measured values of  in  – tr/D space are scattered, 

although they show a general trend of decreasing  with increasing tr/D. This is because of the 

difference in the relative density of the sand layer, and normalised undrained shear strength and 

non-homogeneity of the clay layer used in these studies. To remove the dependence of these 

variables, the values of  are plotted in Figure 3-9b as a function of [(tr/D)1.2(ID)3(1+kD/sus)] 
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accounting for the properties of the sand and clay layers. All data show reasonably a unique 

trend and can be represented as  

       (3-2) 

 > 0 indicates no punch-through and  < 0 shows potential for punch-through. The critical 

thickness of the effective sand layer, (tr/D)cr, for  = 0 can be calculated knowing the other two 

parameters ID and sus/γcD. For the plotted data, (tr/D)cr can be found as 0.02–0.34 for both 

spudcan and skirted foundations, providing a quantitative guidance on assessing the risk of 

punch-through failure on medium-dense to dense sand-over-clay deposits.  

 

3.5 PREDICTION MODEL FOR SKIRTED FOUNDATIONS 

For generic spudcans and flat-based foundations penetration in sand-over-clay deposits, several 

deterministic prediction models have been developed in the last decade (Teh et al., 2008a, 

2008b, 2010; Lee, 2009; Lee et al., 2013a, 2013b; Hu et al., 2014a, 2014b, 2015a, 2016; Hu & 

Cassidy, 2017) to assess the peak resistance in the sand layer, and the penetration resistance in 

the clay layer, based on the punch-through occurring conditions. Recently, Li et al. (2018) 

proposed a probabilistic approach to estimate the peak resistance and the corresponding depth. 

Li et al. (2015, 2018) demonstrated the effect of the spatial variability of random soil on the 

failure mechanism and the ultimate bearing capacity of foundations and proposed a Bayesian 

method of incorporating real time installation data to update the predictions. However, previous 

prediction models did not consider skirted foundations. In this section, a model that allows 

prediction of the load-displacement curve during installation of a skirted foundation through 

sand-over-clay is introduced. It is a modified version of the Hu et al. model and Lee et al. model, 

both of which were not suggested to predict the penetration resistance of skirted foundations in 

λ = 1.2 − 52.2 (
𝑡r

𝐷
)

1.2

(𝐼D)3 (1 +
𝑘𝐷

𝑠us
) 
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sand-over-clay. Lee et al. (2013b) proposed a failure stress dependent model for predicting the 

peak resistance of circular flat-based footings and spudcans in the sand layer. The footing base 

was considered at the surface of the sand layer, meaning dpeak = 0. The stress dependent 

mechanism is schematically shown in Figure 3-10a. A distribution factor DF was introduced to 

represent the ratio of the effective normal stress over the mean vertical stress of the sand 

truncated cone under the foundation. The model was calibrated against the centrifuge test data 

presented by Lee et al. (2013a). Hu et al. (2014a) modified the model to account for (i) dpeak = 

0.12t, (ii) extended centrifuge test data with corresponding DF, as schematically shown in 

Figure 3-10b. Hu et al. (2014b, 2015a) added results from large deformation finite element 

analyses, and extended the model adding a simple expression for predicting penetration 

resistance in the clay layer. Based on centrifuge test data, Hu & Cassidy (2017) improved the 

prediction model of the clay layer accounting for stiff clay and strength increasing with depth. 

The models are sequentially listed in Table 3-3. 

 

3.5.1 Penetration resistance in sand layer 

For developing a conceptual model for skirted foundations, a schematic diagram is drawn in 

Figure 3-11a for the peak resistance in the sand layer. Considering the trapped sand inside the 

skirt, a virtual foundation is considered as a flat-based cylinder. Based on the punch-through 

failure mechanism at dpeak (see Figure 3-6) and following Figure 3-10, the truncated cone plug 

with the side angle equal to the dilation angle of the sand, ψ, is shifted down by the length of 

the skirt i.e. to the tip of the skirt or the base of the virtual footing. However, penetration depth, 

d, still refers to the depth of the original base of the foundation. The base of the plug with a 

diameter D + 2(tr - dpeak)tanψ is assumed at the interface. The frictional resistance around the 

outer periphery of the skirt, qf, and the weight of the trapped sand inside the skirt, γsL, are 
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additionally considered. Following the Lee et al. and Hu et al. models, the model for skirted 

foundations can be presented according to  

   (3-3) 

The first term represents the bearing capacity of the clay layer at the base of the frustum plug 

at the sand-clay interface, qclay. The second term calculates the frictional resistance along the 

slip lines of the frustum plug. The depth of the peak resistance is obtained from the results of 

this study as  

dpeak = 0.12tr           (3-4) 

Nc0 is the bearing capacity factor for a flat-based circular foundation in clay, which can be 

obtained, as a function of clay strength non-homogeneity, from the lower bound solutions 

tabulated by Houlsby & Martin (2003), and now adopted in ISO (2016). It can simply be 

presented as (Houlsby & Martin, 2003; Lee et al., 2013b; Hu et al., 2015b)  

𝑁c0 = 6.34 + 0.56
𝑘(𝐷+2(𝑡r−𝑑peak) tan )

𝑠us
       (3-5) 

q0 is the effective overburden pressure on the surface of the sand layer, which is zero for this 

sand-over-clay deposit. However, if there is another soil layer above the sand layer, the current 

model can still be used replacing that layer by an equivalent q0. 

E* is a parameter to simplify the algebra as 

𝐸∗ = 2 [1 + 𝐷𝐹 (
tan∗

tan
− 1)]          (3-6) 

𝑞peak = (𝑁𝑐0𝑠ub + 𝑞0 + 𝛾s
′(𝑑peak + 𝐿)) (1 +

2(𝑡r − 𝑑peak)

𝐷
tan 𝜓)

𝐸∗

 

     +
𝛾s

′𝐷

2 tan 𝜓(𝐸∗+1)
[1 − (1 −

2(𝑡r−𝑑peak)

𝐷
𝐸∗ tan 𝜓) (1 +

2(𝑡r−𝑑peak)

𝐷
tan 𝜓)

𝐸∗

] + 𝑞f − 𝛾s
′𝐿 
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where * is a reduced friction angle caused by non-associated flow rule that can be expressed 

as (Drescher & Detournay, 1993) 

 tan∗ =
sincos

1−sincos
              (3-7) 

qf was calculated according to the -method in API (2011).  

The values of qpeak from all the analyses for skirted foundations have been picked, and by 

knowing all other terms using Equations 3-4 to 3-7, the values of the distribution factor DF have 

been back calculated using Equation 3-3 and plotted in Figure 3-12 as a function of tr/D. The 

values of DF have also been back calculated from the centrifuge test data for skirted foundations 

presented by Teh et al. (2008b), Gan et al. (2011), Li et al. (2019) and this study (Chapter 2). 

The values for flat-based footings and spudcans reported by Hu et al. (2014a) are also included 

in Figure 3-12 for comparison. It can be seen that the spudcans have higher DF values than flat 

footings for the same tr/D, with the gap being reduced with increasing tr/D. The reason may be 

that higher radial stress and thus resistance along the assumed slip surface in the sand are 

invoked by the conical underside of the spudcans. This is more prominent for thicker sand 

layers. The values for skirted foundations lie close to those for spudcans for tr/D  ~0.4, and 

then merges gradually with the values for flat-based footings. This is perhaps due to the 

similarity of corresponding radial stress.  

For skirted foundations, the rapidly dropping trend of DF with increasing tr/D can be attributed 

to the progressive failure (e.g. shearing of the sand prior to the peak resistance) resulted from 

the penetration of the thin skirt wall. Although the data are somewhat scattered as they are from 

various sources (various centrifuge testing and numerical analyses), the trend of DF can be 

presented (following Hu et al., 2014a) as 
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    (3-8) 

To assess the penetration resistance, 𝑞tr, at depth d = tr (i.e. the skirt tip at the sand-clay interface) 

after dpeak or in general for the case with no peak resistance in the sand layer or potential for 

punch-through (which has occurred for L/D ≥ 0.25 for the cases investigated in this study, and 

can be assessed using Equation 3-2), a model can be proposed as schematically shown in Figure 

3-11b. A cylindrical sand plug of height Hplug = 0.9tr was assumed below the skirt tip or in the 

clay layer i.e. the base of the virtual foundation is located at 0.9tr below the interface. The sand 

starts to collapse immediately after the base plate penetrating into the sand layer. Looking at 

the mechanisms presented by Teh et al. (2008), a sand layer of effective thickness = 0.8d was 

considered above the top of the skirted foundation. The model can be presented as  

𝑞tr = 𝑁c,𝑡r
𝑠ub + 𝑞o − 𝛾s

′0.7𝑡r + 𝛾s
′ 𝑉emb

𝐴
+ 𝛾c

′0.9𝑡r + 𝑞f + 𝑞f,plug           (3-9) 

In the right hand side, the first term represents the bearing capacity of the clay layer at the base 

of the plug, the 3rd–5th terms represent overburden pressure, taking away the weight of the 

collapsed, trapped and plugged sand, where Vemb is the volume of the embedded skirted 

foundation including the shaft. The last term, qf,plug, friction around the sand plug in the clay 

layer. Although a sand layer may be dragged with the plug, it was conservatively assumed that 

the friction was mobilised between the sand plug and the adjacent clay. qf,plug was calculated 

according to su, where  is the inverse of the sensitivity (API, 2011). 

The values of qtr from all the analyses for skirted foundations have been picked, and by knowing 

all other terms of Equation 3-9, the values of Nc,tr have been back calculated. The values of Nc,tr 

have also been back calculated from the centrifuge test data for skirted foundations presented 

by Teh et al. (2008b), Gan et al. (2011), Hossain et al. (2014), Li et al. (2019) and this study 

𝐷F = 0.44 (
𝑡𝑟

𝐷
)

−0.887

 for skirted foundations (0.09 ≤
𝐿

𝐷
≤ 0.5) 
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(Chapter 2). The data can be presented as a function of tr/D and kD/sus (Figure 3-13) according 

to  

             (3-10) 

 

3.5.2 Penetration resistance in clay layer 

Figure 3-11c shows the schematic diagram of the prediction model in the clay layer, which can 

be presented according to  

𝑞clay = 𝑁c𝑠ub + 𝑞o + 𝛾s
′(0.02𝑡r − 0.8𝐷) + 𝛾c

′𝐷 + 𝛾s
′ 𝑉emb

𝐴
+ 𝑞f + 𝑞f,plug            (3-11) 

where Nc and sub are the bearing capacity factor and undrained shear strength at the base of the 

sand plug. Knowing all the parameters and the profiles of qclay (Figure 3-14) from all the LDFE 

analyses and centrifuge tests presented by Teh et al. (2008b), Gan et al. (2011), Hossain et al. 

(2014), Li et al. (2019) and this study (Chapter 2), a profile for Nc can be presented as  

              (3-12) 

 

3.5.3 Prediction procedure and example applications 

A suggested prediction procedure is outlined here and also presented in Figure 3-15. 

(1) Determine soil parameters such as ID, sus and k. 

(2) Calculate the peak depth (dpeak) using Equation 3-4. 

(3) Calculate the penetration resistance at dpeak (qpeak) using Equation 3-3 (Point 1 in 

Figure 3-15).  

𝑁c,𝑡r
= (1 +

𝑘𝐷

𝑠us
)

0.36

(10.3
𝑡r

𝐷
+ 7.38)  for 0.06 ≤

𝑡r

𝐷
≤ 0.61 

𝑁c = (1 +
𝑘𝐷

𝑠us
)

0.36

(7.95
𝑡r

𝐷
+ 9)  for 0.06 ≤

𝑡r

𝐷
≤ 0.61 
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(4) Calculate the penetration resistance at tr (qtr) using Equations 3-9 and 3-10 (Point 2 

in Figure 3-15).  

(5) Calculate the penetration resistance on the layer interface (qclay1) using Equations 

3-11 and 3-12 (Point 3 in Figure 3-15) 

(6) Calculate the penetration resistance at the target depth (qclay2) using Equations 3-11 

and 3-12 (Point 4 in Figure 3-15) 

(7) Draw lines joining two neighbour points starting from the origin. 

As discussed previously, Gan et al. (2011), Hossain et al. (2014) and this study in Chapter 2 

reported a series of centrifuge test data on skirted foundations in sand-over-clay (see Table 3-

2). Three penetration profiles were selected for the example exercise. The penetration resistance 

profiles along the depth were calculated using the proposed prediction methods just discussed, 

and the results are plotted together with the test data (see Figure 3-16). In general, the prediction 

model proposed in this chapter is universally applicable to capture the trend of penetration 

resistance profiles of various configurations of skirted foundations in sand-over-clay deposits. 

For the case of L/D = 0.5, tr/D = 0.08 from Hossain et al. (2014), the prediction by the new 

method shows reasonable agreement with the test result. No peak resistance is assumed in the 

prediction as the  determination is positive. Instead, the penetration resistance of one point in 

the sand layer at the depth of d/D = tr/D = 0.8 is predicted and shows good agreement with the 

centrifuge test result. For the case from Chapter 2, the peak point was well predicted in terms 

of both the peak resistance and the peak depth. In the clay layer, for all the cases, the predicted 

penetration resistance profiles are is reasonable agreement with the measured data. Note, this 

model is intended and calibrated to estimate the penetration resistances at predefined discrete 

depths, and hence it is not suitable to predict the punch-through distance. 

In this study, a spudcan penetration rate of 0.2 m/s was considered. In the field, spudcan 

penetration rate may be estimated to lie between 0.4 and 4 m/h (InSafeJIP, 2011). It is expected 
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that this rate difference will not make any considerable difference in penetration resistance in 

sand. 

 

3.6 CONCLUDING REMARKS 

The penetration of skirted foundations into sand-over-clay soil conditions was investigated. The 

punch-through trend due to different soil conditions and skirt length are reported, based on 3D 

large deformation finite element analyses using the CEL approach in ABAQUS/Explicit. A 

modified Mohr-Coulomb sand model was used along with the Extended Tresca clay model. 

The former enabled the consideration of sand behaviour varying depending on the deviatoric 

plastic strain. The latter was found to be useful to consider strain softening effects. LDFE 

analysis based on these models was found to be comparable to geotechnical centrifuge 

measurements. The following conclusions can be drawn from the presented results. 

The likelihood and severity of punch-through increased with (i) increasing the thickness of the 

sand layer, (ii) increasing the strength of the clay layer, and (iii) reducing the strength non-

homogeneity of the clay layer. An expression (Equation 3-2) was proposed to assess the severity 

of punch-through.  

The degree of mitigation was increased with increasing the length of the skirt, reassuring the 

validity of the concept that the likelihood and severity of punch-through reduces with reducing 

the thickness of the effective sand layer by the skirt length. An optimised skirt length of 0.25D 

was suggested accounting for the rig towing constraint. 

For assessing load-penetration profile of skirted foundations, a conceptual analytical model was 

proposed calibrating against computed and measured data (Equations 3-3 to 3-12). The model 

was validated against measured centrifuge test results, with reasonable agreement achieved. 
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Table 3-1. Summary of skirted foundation penetration and generic spudcan (L/D = 0) penetration numerical analyses 

Group 

Foundation First layer sand Second layer clay 

λ Remarks 
D: m L/D ID: % t: m t/D tr/D ϕcv: deg ϕp: deg p: deg sus: kPa k: kPa/m 

I 12 0* 44 7 0.58 0.58 32 35.6 7.5 23.5 0 -9.24 Validation against 

centrifuge tests reported 

by Hossain et al. (2014) 
12 0.5 44 7 0.58 0.08 32 35.6 7.5 23.5 0 0.90 

II 12 0* 44 3.6 0.3 0.05 32 35.6 7.5 23.5 0 0.96 Effect of t/D 

 12 0.25 44 3.6 0.3 0.05 32 35.6 7.5 23.5 0 3.98  

 12 0.15 44 3.6 0.3 0.15 32 35.6 7.5 23.5 0 3.32  

 12 0.09 44 3.6 0.3 0.21 32 35.6 7.5 23.5 0 3.08  

 12 0.25 44 7 0.58 0.33 32 35.6 7.5 23.5 0 -1.38  

 12 0.2** 44 7 0.58 0.38 32 35.6 7.5 23.5 0 -2.55  

 12 0.15 44 7 0.58 0.43 32 35.6 7.5 23.5 0 -4.87  

 12 0.09 44 7 0.58 0.49 32 35.6 7.5 23.5 0 -2.80  

 12 0* 44 8.4 0.7 0.2 32 35.6 7.5 23.5 0 -15.35 

 12 0.5 44 8.4 0.7 0.2 32 35.6 7.5 23.5 0 1.51  

 12 0.25 44 8.4 0.7 0.45 32 35.6 7.5 23.5 0 -3.77  

 12 0.15 44 8.4 0.7 0.55 32 35.6 7.5 23.5 0 -8.23  

 12 0.09 44 8.4 0.7 0.61 32 35.6 7.5 23.5 0 -10.60 

III 12 0* 74 7 0.58 0.08 32 40.1 16.9 23.5 0 -6.85  Effect of ID 

 12 0.5 74 7 0.58 0.08 32 40.1 16.9 23.5 0 0.52   

 12 0.25 74 7 0.58 0.33 32 40.1 16.9 23.5 0 -4.26   

 12 0.15 74 7 0.58 0.43 32 40.1 16.9 23.5 0 -4.26   

 12 0.09 74 7 0.58 0.49 32 40.1 16.9 23.5 0 -5.00   

 12 0* 92 7 0.58 0.08 32 42.8 22.5 23.5 0 -8.54   

 12 0.5 92 7 0.58 0.08 32 42.8 22.5 23.5 0 0.41   

 12 0.25 92 7 0.58 0.33 32 42.8 22.5 23.5 0 -2.49   

 12 0.15 92 7 0.58 0.43 32 42.8 22.5 23.5 0 -5.92   

 12 0.09 92 7 0.58 0.49 32 42.8 22.5 23.5 0 -8.51   
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IV 12 0* 44 7 0.58 0.08 32 35.6 7.5 13.5 0 -16.51 Effect of sus 

 12 0.5 44 7 0.58 0.08 32 35.6 7.5 13.5 0 1.38  

 12 0.25 44 7 0.58 0.33 32 35.6 7.5 13.5 0 0.34  

 12 0.15 44 7 0.58 0.43 32 35.6 7.5 13.5 0 -8.44  

 12 0.09 44 7 0.58 0.49 32 35.6 7.5 13.5 0 -9.66  

 12 0* 44 7 0.58 0.08 32 35.6 7.5 33.5 0 -5.08  

 12 0.5 44 7 0.58 0.08 32 35.6 7.5 33.5 0 0.03  

 12 0.25 44 7 0.58 0.33 32 35.6 7.5 33.5 0 -1.55  

 12 0.15 44 7 0.58 0.43 32 35.6 7.5 33.5 0 -3.16  

 12 0.09 44 7 0.58 0.49 32 35.6 7.5 33.5 0 -4.63  

V 12 0* 44 7 0.58 0.08 32 35.6 7.5 23.5 1.54 -7.02  Effect of k 

 12 0.5 44 7 0.58 0.08 32 35.6 7.5 23.5 1.54 4.51  

 12 0.25 44 7 0.58 0.33 32 35.6 7.5 23.5 1.54 0.25  

 12 0.15 44 7 0.58 0.43 32 35.6 7.5 23.5 1.54 -2.85  

 12 0.09 44 7 0.58 0.49 32 35.6 7.5 23.5 1.54 -4.25  

 12 0* 44 7 0.58 0.08 32 35.6 7.5 23.5 2.54 -2.69  

 12 0.5 44 7 0.58 0.08 32 35.6 7.5 23.5 2.54 5.99  

 12 0.25 44 7 0.58 0.33 32 35.6 7.5 23.5 2.54 0.58  

 12 0.15 44 7 0.58 0.43 32 35.6 7.5 23.5 2.54 -0.66  

 12 0.09 44 7 0.58 0.49 32 35.6 7.5 23.5 2.54 -2.05  

* Generic spudcan  

** L/D = 0.2: included in t/D = 0.58 case of Group II 

N.B.: p and p were calculated by Bolton’s correlations (Bolton, 1986)   
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Table 3-2. Summary of sand-over-clay centrifuge test results reported 

Reference Name 

Foundation First layer sand Second layer clay 

λ  

D: m Type L/D ID: % t: m t/D tr/D γs: kN/m3 sus: kPa k: kPa/m 

Teh et al. 

(2008b) 

 8 Generic spudcan 0 50 5 0.63 0.63 10 13 1.56 -20.92 

 8 Skirted foundation 0.56 50 5 0.63 0.06 10 13 1.56 -4.86 

Teh et al. 

(2010) 

UWA_F1  2 Generic spudcan 0 99% 3.5 1.75 1.75 11.15 7.22 1.2 -80.38  

UWA_F2 3 Generic spudcan 0 99% 3.5 1.17 1.17 11.15 7.22 1.2 -74.65  

 UWA_F3 4 Generic spudcan 0 99% 3.5 0.88 0.88 11.15 7.22 1.2 -113.8  

 UWA_F4 6 Generic spudcan 0 99% 3.5 0.58 0.58 11.15 7.22 1.2 -80.64  

 UWA_F5 2 Generic spudcan 0 77% 7 3.50 3.50 10.67 13.82 1.2 -74.56  

 UWA_F6 4 Generic spudcan 0 77% 7 1.75 1.75 10.67 13.82 1.2 -81.10  

 UWA_F8 6 Generic spudcan 0 77% 7 1.17 1.17 10.67 13.82 1.2 -155.9  

Lee et al. 

(2013a) 

D1F30a 6 Flat-based foundation 0 92 6.2 1.03 1.03 11 31 17.7 -70.13 

D1F40a 8 Flat-based foundation 0 92 6.2 0.78 0.78 11 31 17.7 -68.72 

 D1F50a 10 Flat-based foundation 0 92 6.2 0.62 0.62 11 31 17.7 -53.54 

 D1F60a 12 Flat-based foundation 0 92 6.2 0.52 0.52 11 31 17.7 -51.06 

 D1F70a 14 Flat-based foundation 0 92 6.2 0.44 0.44 11 31 17.7 -33.57 

 D1F80a 16 Flat-based foundation 0 92 6.2 0.39 0.39 11 31 17.7 -31.62 

 D1F40b 8 Flat-based foundation 0 92 4.1 0.51 0.51 11 31 17.7 -43.74 

 D1F50b 10 Flat-based foundation 0 92 4.1 0.41 0.41 11 31 17.7 -27.67 

 D1F60b 12 Flat-based foundation 0 92 4.1 0.34 0.34 11 31 17.7 -49.25 

 D2F30a 6 Flat-based foundation 0 92 6.7 1.12 1.12 11 31 17.7 -93.74 

 D2F40a 8 Flat-based foundation 0 92 6.7 0.84 0.84 11 31 17.7 -46.29 

 D2F60a 12 Flat-based foundation 0 92 6.7 0.56 0.56 11 31 17.7 -37.71 

 D2F80a 16 Flat-based foundation 0 92 6.7 0.42 0.42 11 31 17.7 -35.39 

 D2F30b 6 Flat-based foundation 0 92 5.8 0.97 0.97 11 31 17.7 -67.61 

 D2F40b 8 Flat-based foundation 0 92 5.8 0.73 0.73 11 31 17.7 -46.09 

 D2F60b 12 Flat-based foundation 0 92 5.8 0.48 0.48 11 31 17.7 -47.48 

 D2F80b 16 Flat-based foundation 0 92 5.8 0.36 0.36 11 31 17.7 -27.48 

 D2F30c 6 Flat-based foundation 0 92 4.8 0.80 0.80 11 31 17.7 -57.27 
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 D2F40c 8 Flat-based foundation 0 92 4.8 0.60 0.60 11 31 17.7 -39.16 

 D2F60c 12 Flat-based foundation 0 92 4.8 0.40 0.40 11 31 17.7 -25.08 

 D2F80c 16 Flat-based foundation 0 92 4.8 0.30 0.30 11 31 17.7 -18.08 

 D2F30d 6 Flat-based foundation 0 92 3.4 0.57 0.57 11 31 17.7 -24.75 

 D2F40d 8 Flat-based foundation 0 92 3.4 0.43 0.43 11 31 17.7 -23.37 

 D2F60d 12 Flat-based foundation 0 92 3.4 0.28 0.28 11 31 17.7 -24.26 

 D2F80d 16 Flat-based foundation 0 92 3.4 0.21 0.21 11 31 17.7 -9.876 

 D1SP40a 8 Generic spudcan 0 92 6.2 0.78 0.78 11 31 17.7 -67.59 

 D1SP50a 10 Generic spudcan 0 92 6.2 0.62 0.62 11 31 17.7 -34.43 

 D1SP60a 12 Generic spudcan 0 92 6.2 0.52 0.52 11 31 17.7 -33.58 

 D1SP70a 14 Generic spudcan 0 92 6.2 0.44 0.44 11 31 17.7 -22.64 

 D1SP80a 16 Generic spudcan 0 92 6.2 0.39 0.39 11 31 17.7 -28.36 

Hu et al. 

(2014a) 

L1SP1 6 Generic spudcan 0 43% 6 1.00 1.00 9.96 12.96 1.54 -15.57  

L1SP2 8 Generic spudcan 0 43% 6 0.75 0.75 9.96 12.96 1.54 -8.90  

 L1SP3 10 Generic spudcan 0 43% 6 0.60 0.60 9.96 12.96 1.54 -7.63  

 L1SP4 12 Generic spudcan 0 43% 6 0.50 0.50 9.96 12.96 1.54 -14.76  

 L1SP5 14 Generic spudcan 0 43% 6 0.43 0.43 9.96 12.96 1.54 -10.47  

 L2SP1 6 Generic spudcan 0 43% 5 0.83 0.83 9.96 12.36 1.54 -14.08  

 L2SP2 10 Generic spudcan 0 43% 5 0.50 0.50 9.96 12.36 1.54 -10.29  

 L2SP3 14 Generic spudcan 0 43% 5 0.36 0.36 9.96 12.36 1.54 -12.20  

 L2SP4 16 Generic spudcan 0 43% 5 0.31 0.31 9.96 12.36 1.54 -5.38  

 L2SP5 20 Generic spudcan 0 43% 5 0.25 0.25 9.96 12.36 1.54 -8.87  

 L3SP1 6 Generic spudcan 0 43% 3.2 0.53 0.53 9.96 11.01 1.55 -12.57  

 L3SP2 8 Generic spudcan 0 43% 3.2 0.40 0.40 9.96 11.01 1.55 -10.67  

 L3SP3 12 Generic spudcan 0 43% 3.2 0.27 0.27 9.96 11.01 1.55 -9.38  

 L3SP4 16 Generic spudcan 0 43% 3.2 0.20 0.20 9.96 11.01 1.55 -4.17  

 L3SP5 20 Generic spudcan 0 43% 3.2 0.16 0.16 9.96 11.01 1.55 -4.73  

Hu et al. 

(2016) 

H7C7 8 Generic spudcan 0 74% 6.89 0.86 0.86 10.6 21.86 2.09 -9.03  

H7C14 8 Generic spudcan 0 74% 7.11 0.89 0.89 10.6 22.24 2.11 -16.58  

 H7C21 8 Generic spudcan 0 74% 7.25 0.91 0.91 10.6 22.22 2.09 -8.19  

 H5C0 8 Flat-based foundation 0 74% 4.91 0.61 0.61 10.6 19.29 2.08 -3.41  

 H5C7 8 Generic spudcan 0 74% 5.09 0.64 0.64 10.6 16.66 1.8 -14.55  
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 H5S13 8 Generic spudcan 0 74% 5.13 0.64 0.64 10.6 19.58 2.08 -3.37  

 H5C14 8 Generic spudcan 0 74% 5.41 0.68 0.68 10.6 20.72 2.13 -13.40  

 H5C21 8 Generic spudcan 0 74% 5.25 0.66 0.66 10.6 20.55 2.13 -3.07  

 H3C7 8 Generic spudcan 0 74% 3.05 0.38 0.38 10.6 11.34 1.51 -4.07  

 H3C14 8 Generic spudcan 0 74% 3.03 0.38 0.38 10.6 11.31 1.51 -9.81  

 H3C21 8 Generic spudcan 0 74% 3.18 0.40 0.40 10.6 13.93 1.83 -3.71  

Hossain et 

al. (2014) 

SP1 12 Generic spudcan 0 44% 5 0.42 0.42 10 23.5 0 -3.19  

SP2 12 Generic spudcan 0 44% 6 0.50 0.50 10 23.5 0 -9.12  

 SP3 12 Generic spudcan 0 44% 7 0.58 0.58 10 23.5 0 -19.62  

 SK1 12 Skirted foundation 0.25 44% 5 0.42 0.17 10 23.5 0 2.75  

 SK2 12 Skirted foundation 0.5 44% 6 0.50 0.00 10 23.5 0 6.14  

 SK3 12 Skirted foundation 0.5 44% 7 0.58 0.08 10 23.5 0 3.74  

 SK4 12 Skirted foundation 0.25 44% 3 0.25 0.00 10 23.5 0 5.90  

 SK5 12 Skirted foundation 0.5 44% 6 0.50 0.00 10 23.5 0 3.36  

Gan et al. 

(2011) 

 8 Generic spudcan 0 95 5.4 0.68 0.68 11 12 1.65 -34.22  

 8 Skirted foundation 0.27 95 5.4 0.68 0.34 11 12 1.65 -24.44  

Li et al. 

(2019) 

P1 12 Generic spudcan 0 55 8 0.67 0.67 10.2 32 20 -33.4 

P5 12 Skirted foundation 0.14 55 8 0.67 0.53 10.2 32 20 -16.71 

This study 

(Chapter 2) 

F025 12 Skirted foundation 0.25 93% 7.4 0.62 0.37 11 12 2.8 -44.13  

F030 12 Skirted foundation 0.3 0.93 7.4 0.62 0.32 11 12 2.8 -37.60  

 F040 12 Skirted foundation 0.4 0.93 7.4 0.62 0.22 11 12 2.8 -39.97  

 F050 12 Skirted foundation 0.5 0.93 7.4 0.62 0.12 11 12 2.8 -23.64  
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Table 3-3. Prediction models for assessing foundation penetration resistance in sand-over-clay 

Method Prediction models Parameters* 

Lee et al. 

method 
𝒒𝐩𝐞𝐚𝐤 = (𝑁𝑐0𝑠us + 𝑞0) (1 +

2𝑡

𝐷
tan 𝜓)

𝐸∗

  

+
𝛾s

′𝐷

2 tan 𝜓(𝐸∗+1)
[1 − (1 −

2𝑡

𝐷
𝐸∗ tan 𝜓) (1 +

2𝑡

𝐷
tan 𝜓)

𝐸∗

]  

Flat-based foundation 

 
Generic spudcan 

 
 𝒒𝐜𝐥𝐚𝐲 = 𝑁𝑐𝑠u0  

 
Hu et al. 

method 𝒒𝐩𝐞𝐚𝐤 = (𝑁𝑐0𝑠us + 𝑞0 + 𝛾s
′𝑑peak) (1 +

2(𝑡−𝑑peak)

𝐷
tan 𝜓)

𝐸∗

  

+
𝛾s

′𝐷

2 tan 𝜓(𝐸∗+1)
[1 − (1 −

2(𝑡−𝑑peak)

𝐷
𝐸∗ tan 𝜓) (1 +

2(𝑡−𝑑peak)

𝐷
tan 𝜓)

𝐸∗

]  

Flat-based foundation 

 
Generic spudcan 

 
 

𝒒𝐜𝐥𝐚𝐲 = 𝑁c𝑠u0 + 𝐻plug𝛾c
′

= 𝑁c𝑠u0 + 0.9𝑡𝛾c
′
  𝑁c = 11

𝑡

𝐷
+ 9  

This 

study 𝒒𝐩𝐞𝐚𝐤 = (𝑁𝑐0𝑠ub + 𝑞0 + 𝛾s
′(𝐿 + 𝑑peak )) (1 +

2(𝑡r−𝑑peak)

𝐷
tan 𝜓)

𝐸∗

  

+
𝛾s

′𝐷

2 tan 𝜓(𝐸∗+1)
[1 − (1 −

2(𝑡r−𝑑peak)

𝐷
𝐸∗ tan 𝜓) (1 +

2(𝑡r−𝑑peak)

𝐷
tan 𝜓)

𝐸∗

] + 𝑞f − 𝛾s
′𝐿  

Skirted foundation 

 
 

𝑠ub = 𝑠us for qpeak 

𝑞f according to β −
method for sand and α −
method for clay in API (2011) 

 
𝒒𝐭𝐫 = 𝑁c,𝑡r

𝑠ub + 𝑞o − 𝛾s
′
0.7𝑡r + 𝛾s

′ 𝑉

𝐴
+ 𝛾c

′
0.9𝑡r + 𝑞f + 𝑞f,plug  

 

 𝒒𝐜𝐥𝐚𝐲 = 𝑁c𝑠ub + 𝑞o + 𝛾s
′
(0.02𝑡r − 0.8𝐷) + 𝛾c

′
𝐷 + 𝛾s

′ 𝑉

𝐴
+ 𝑞f + 𝑞f,plug  𝑁c = (1 +

𝑘𝐷

𝑠us
)

0.36
(7.95

𝑡r

𝐷
+ 9)  

  𝑞f,plug by α-method in API (2011) 

 * DF is for Equation 3-6 and common for all methods  

𝐷F = 1.333 − 0.889
𝑡

𝐷
 (

𝑡

𝐷
≤ 0.9)  

𝐷F = 0.726 − 0.219
𝑡

𝐷
 (

𝑡

𝐷
≤ 1.12)  

𝑁c = 14
𝑡

𝐷
+ 9.5  

𝐷𝐹 = 0.642 (
𝑡

𝐷
)

−0.576
  (0.16 ≤

𝑡

𝐷
≤ 1.0)   

 

 

𝐷𝐹 = 0.623 (
𝑡

𝐷
)

−0.174
  (0.21 ≤

𝑡

𝐷
≤ 1.12)   

𝐷F = 0.44 (
𝑡r

𝐷
)

−0.887
 (0.06 ≤

𝑡r

𝐷
≤ 0.61)  

𝑁c,𝑡r
= (1 +

𝑘𝐷

𝑠us
)

0.36
(10.3

𝑡r

𝐷
+ 7.38)  
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Figure 3-1. Schematic diagram of foundation penetration in sand-over-clay: (a) generic 

spudcan; (b) skirted foundation 
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Figure 3-2. Numerical model used in parametric study 
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Figure 3-3. Variation of the friction angle and dilation angle in modified Mohr-Coulomb 

model 
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Figure 3-4. Comparison of centrifuge test and numerical analysis (Group I; Table 3-1) 

and definition of post-peak gradient λ 
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Figure 3-5. LDFE results from t/D = 0.58 case in Group II (Table 3-1) 
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(d) 

Figure 3-6. Failure mechanism for skirted foundation (L/D = 0.25) and generic spudcan 

during penetration (t/D = 0.58 case from Group II, Table 3-1): (a) d/D = 0; (b) d/D = 0.2 

(peak); (c) d/D = 0.58 (interface); (d) d/D = 1.0 

  

Skirted foundation (L/D = 0.25)

Deep 

failure
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Deep 

failure
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(a) 

Spudcan

tr/D = 0.7

L/D = 0.25

tr/D = 0.45

L/D = 0.9

tr/D = 0.61
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(b) 

Figure 3-7. Effect of sand layer on penetration resistance for different skirt lengths: (a) 

normalised sand layer thickness t/D (Group II, Table 3-1); (b) relative density ID (Group 

III, Table 3-1) 
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(a) 
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(b) 

Figure 3-8. Effect of clay layer on penetration resistance for different skirt lengths: (a) 

undrained shear strength at interface sus (Group IV, Table 3-1); (b) strength 

inhomogeneity k (Group V, Table 3-1) 
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(a) 

  
(b) 

Figure 3-9. Comparison of  distribution between this study and previous centrifuge test 

cases: (a)  versus tr/D; (b)  versus (tr/D)1.2(ID)3(1+kD/sus) 
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(a) 

 

  

(b) 

Figure 3-10. Previous prediction models for flat-based foundations and generic 

spudcans: (a) Lee et al. (2013b) model; (b) Hu et al. (2014b) model 
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(c) 

  

Figure 3-11. Prediction model for skirted foundations: (a) qpeak; (b) qtr; (c) qclay 
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Figure 3-12. Back-calculated distribution factor DF for skirted foundations, flat-based 

foundations and generic spudcans 

 

 

Equation 3-8
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Figure 3-13. Bearing capacity factor Nc,tr design chart in stiff-soft clay interface for 

skirted foundation penetrations in stiff-over-soft clay 
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Figure 3-14. Bearing capacity factor Nc design chart in soft clay layer for skirted 

foundation penetrations in stiff-over-soft clay 
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Figure 3-15. Prediction procedure of proposed method for penetration resistance profile 
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Figure 3-16. Comparison of the proposed design method on skirted foundations against 

centrifuge test results  
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CHAPTER 4 EFFECT OF FOUNDATION SHAPES ON PUNCH-

THROUGH MITIGATION IN STIFF-OVER-SOFT CLAY 

ABSTRACT 

Punch-through failure during installation and preloading of jack-up rigs in stratified seabed 

sediments is the first major concern for the jack-up industry, costing $5–50 million per incident. 

This chapter focuses on elimination or easing punch-through in two-layer stiff-over-soft clay 

deposits, proposing a skirted spudcan shape. The effectiveness of the skirted spudcan, compared 

to a generic spudcan, is confirmed through a series of centrifuge model tests; varying the 

strength of the two layers, the thickness of the top layer relative to the spudcan diameter; and 

considering a spudcan base with and without holes through it. Overall, the results of eighteen 

penetration tests show that the skirted foundation without holes is very effective in easing or 

even eliminating (for some cases) the punch-through that was measured during the penetration 

of the generic spudcan currently used in industry. The extraction resistance of the skirted 

spudcan was somewhat similar to the generic spudcan. 
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4.1 INTRODUCTION 

Mobile offshore drilling (jack-up) rigs consist of a buoyant triangular platform supported by 

three vertically retractable independent K-lattice legs, each connected to a 10–20 m diameter 

spudcan (Young et al., 1984). During installation and preloading of a rig in layered seabed 

sediments, spudcan punch-through has been a key concern to the jack-up industry. The presence 

of a weak layer under a strong layer in the seabed stratification can lead to pushing a plug of 

the strong layer suddenly and rapidly into the weak layer. This can lead to plunging of the leg 

which has been measured offshore to 16 m, and a sudden reduction in load-penetration profile, 

as schematically shown in Figure 1-5. This can lead to buckling of the leg, effectively 

decommissioning the platform, or even result in toppling of the unit (Young et al., 1984; Aust, 

1997; Maung & Ahmad, 2000; Brennan et al., 2006; Kostelnik et al., 2007; Chan et al., 2008). 

The consequential cost has been estimated at $5–50 million per incident. 

The strong-over-weak soil deposits with potential for punch-through failure can broadly be 

categorised as: (i) stiff-over-soft clay, and (ii) sand-over-clay, with the former being the focus 

of this study. Stiff-over-soft clay profiles result from various geological processes, including 

previous crustal desiccation and evolving depositional environments associated with changing 

sea level (McClelland et al., 1981; Castleberry II & Prebaharan, 1985; Paisley & Chan, 2006). 

These deposits are encountered in the Sunda Shelf, offshore Malaysia, Java Sea, and even in 

the Gulf of Mexico (Young et al., 1984; Maung & Ahmad, 2000; Handidjaja et al., 2004; 

Kostelnik et al., 2007; Chan et al., 2008; InSafeJIP, 2011). Some example profiles are plotted 

in Figures 4-1a and 4-1b. Another explanation for the formation of the crust on highly plastic 

clay in the Gulf of Guinea has been provided by Kuo & Bolton (2013). The activity of 

invertebrates such as polychaete worms results in a significant proportion of faecal pellets in 

the shallow sediments, with unconfined compressive strength in the range 2–24 kPa. This value 

is high enough to explain soil strength one to two orders of magnitude higher than the expected 



 

Effect of foundation shapes on punch-through mitigation in stiff-over-soft clay 

111 

 

strength for normally consolidated sediments. The thickness of the stiff layer ranges from 1.5 

to 5 m and the strength ratio between the strength of the stiff layer and the strength of the soft 

layer at the stiff-soft interface varies between 0.2 and 0.7. 

The behaviour of conventional or generic spudcans in stiff-over-soft or in interbedded stiff clay 

deposits has been investigated extensively through centrifuge tests and large deformation finite 

element analyses by, amongst others, Hossain et al. (2005, 2011a, 2011b), Hossain & Randolph 

(2010a, 2010b, 2010c), Hossain (2014) and Zheng et al. (2015a, 2015b, 2016, 2018). An 

example of punch-through failure mechanisms revealed by Hossain et al. (2005) and Hossain 

& Randolph (2010a, 2010c) is illustrated in Figure 4-2. Design approaches for predicting 

spudcan load-penetration profile, and hence the likelihood and severity of punch-through can 

be found in ISO (2016) and Zheng et al. (2015b, 2016, 2018). This chapter rather focuses on 

the mitigation measures of punch-through. 

For mitigating punch-through in stiff-over-soft clay sediments, some methods have been 

trialled or studied including (i) application of vertical cyclic preloading (Erbrich, 2005), (ii) 

perforation drilling (Maung & Ahmad, 2000; Brennan et al., 2006; Kostelnik et al., 2007; Chan 

et al., 2008; Hossain et al., 2010, 2011a) and (iii) excavation of the strong layer. This study 

considers adjusting foundation shape, as this could be a cost-saving solution to reduce, or even 

eliminate the potential of the failure. It has an additional advantage of avoiding the huge costs 

associated with executing perforation drilling or removing the strong layer in the offshore 

environment. 

The main aim of this chapter is to experimentally assess the effectiveness of spudcan shapes in 

terms of eliminating or easing punch-through in stiff-over-soft clay deposits. A series of 

geotechnical centrifuge tests was carried out to compare the performance of the selected shapes 

with those of a generic spudcan, varying the characteristics of the soil samples, such as the 
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thickness of the stiff layer relative to the spudcan diameter and the strength ratio between the 

stiff and soft layers. 

 

4.2 CENTRIFUGE MODELLING 

4.2.1 Experimental programme 

The experimental programme comprised centrifuge modelling of installation and extraction of 

spudcans in stiff-over-soft clay deposits. The work was carried out at 200g in the beam 

centrifuge at the University of Western Australia (Randolph et al., 1991). It has a swinging 

platform radius of 1.8 m with a nominal working radius of 1.55 m. In this study, the soil samples 

were confined within two different strongboxes: (a) regular strongbox - 650 (length) x 390 

(width) x 325 (depth) mm; (b) small strongbox - 337 (length) x 225 (width) x 300 (depth) mm. 

A typical test set-up is shown in Figure 4-3.  

Tests were conducted using a displacement-controlled system with a constant penetration-

extraction rate of v = 1 mm/s for the T-bar and 0.188 mm/s for the spudcans. The normalised 

velocity index V = vDe/cv of around 140 (where De is the area equivalent diameter and cv is the 

coefficient of consolidation of the clay) allowed for balancing rate effects ensuring undrained 

behaviour in clay (Chung et al., 2006; Low et al., 2008). Spudcans were penetrated into soil 

samples no deeper than one diameter above the base of the clay sample to avoid boundary 

effects (Ullah et al., 2014). Table 4-1 provides a summary of all the tests. 

 

4.2.2 Model spudcans 

Based on the revealed punch-through mechanisms of a generic spudcan in stiff-over-soft clay 

deposits (Figure 4-2) and on the studies of changing spudcan shape in sand-over-clay deposits 
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(Chapters 2 and 3), two shapes of spudcan foundation were selected: (a) skirted foundation 

(SKT) and (b) skirted foundation with holes (SKH), for comparison with a generic spudcan 

(SPC), as illustrated in Figure 4-4. The model spudcans were 60 mm (12 m in prototype scale 

at 200g) in diameter (D). The shape of the generic spudcan (SPC) was chosen similar to the 

spudcans of the ‘Keppel LeTourneau Design, Class 82-SDC’ jack-up rig, as illustrated by 

Menzies & Roper (2008) and Hossain et al. (2014).  

The skirted spudcans (SKT and SKH) consisted of a skirt length L = 0.23D (i.e. up to the tip of 

the spudcan) around the periphery of the generic spudcan (Figures 4-4b and 4-4c). The skirt 

length was limited up to the tip level to ensure smooth rig moving after the completion of 

construction in a shipyard. The thickness of the skirt was tsk = 0.008D which is within the typical 

range of 0.1–1% of the foundation diameter (Hossain et al., 2014). The hypothesis on this shape 

change is that at the beginning of penetration the soil will flow into the skirt as opposed to being 

pushed downward as in the penetration of a generic spudcan (see Figure 4-2), reducing the 

effective thickness of the stiff clay layer under the effective base of the advancing foundation. 

Four equally spaced rectangular holes were introduced in the model SKH to allow trapped stiff 

clay to flow through the base, with the aim being to further reduce the effective thickness of the 

stiff clay layer. The total hole area was 24% of the total spudcan plan area (or the net or effective 

spudcan base area was 76%). 

 

4.2.3 Preparation of sample and strength determination 

Soil samples were prepared from kaolin slurry (Table 4-2) by performing consolidation at 1g 

on the laboratory floor in two separate strongboxes. The samples were consolidated under two 

different final pressures to obtain relatively soft and stiff clay respectively. The test samples 

were prepared by cutting a layer from the pre-consolidated stiff clay sample according to the 
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planned thickness of the stiff layer and placing that layer on top of the pre-consolidated soft 

sample. The total depth of the test samples was ~300 mm. 

Soil characterisation tests were performed in-flight using a T-bar penetrometer with model 

dimensions of 5 mm in diameter and 20 mm long. T-bar penetration tests were performed before 

and after the spudcan tests on each sample, although there were no noticeable differences in the 

strength profiles over the course of one to two days of the testing per sample. The measured T-

bar resistance was interpreted using the analysis method suggested by White et al. (2010) with 

a deep T-bar factor of 10.5. The thicknesses of the stiff clay layer were not sufficient to mobilise 

the full (or stable) resistance of the T-bar in that layer. As such, an adjustment factor was applied 

as suggested by Wang et al. (2018). The strength profiles for each sample are plotted in Figure 

4-5 as a function of both depth d (where d is the penetration depth of the largest area of the T-

bar) and normalised depth d/D. The undrained shear strengths are summarised in Table 4-1. 

 

4.3 RESULTS AND DISCUSSION 

A total of six test samples were prepared, varying the thickness ratio of the stiff layer as t/D = 

0.75, 1.0 and 1.5; and the strength ratio between the soft (averaged over a depth 0.5D below the 

interface to consider the effect of the strength non-homogeneity of the soft layer) and stiff layer 

as sub,avg/sut = 0.26–0.80; as summarised in Table 4-1. On each sample, three penetration-

extraction tests were carried out using the three model spudcans. The results are presented as 

ultimate bearing pressure, qu = F/Atotal (where F is the penetration resistance and Atotal is the 

total spudcan plan area), as a function of normalised penetration depth of the base, d/D (where 

d is the penetration depth of the foundation base). The results are discussed below grouping in 

terms of t/D and sub,avg/sut and comparing the performance of the skirted spudcans and the 

generic spudcan. The likelihood and severity of punch-through failure are quantified by two 
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measures: (a) degree of post-peak bearing reduction,  (= [qu(d/D)]sub,avg) and (b) punch-

through distance, hP-T/D. The values of    indicate potential for punch-through failure, and 

   indicate potential for (controllable) rapid leg run or no punch-through failure. 

 

4.3.1 Effect of strength ratio, sub,avg/sut 

To illustrate the effect of strength ratio on the form of the penetration resistance profile, the 

results of various strength ratios sub,avg/sut = 0.39, 0.52 and 0.80, but with identical thickness 

ratio of t/D = 1.0 are displayed in Figures 4-5a to 4-5c. For the generic spudcan (SPC), as 

expected, the peak resistance in the stiff clay layer decreased with increasing sub,avg/sut. The 

severity of punch-through, in terms of both  and hP-T/D, also reduced with increasing sub,avg/sut. 

For instance,  = -6.61 for sub,avg/sut = 0.39 reduced to -0.60 for sub,avg/sut = 0.80; and hP-T/D = 

7.3 (projected) for sub,avg/sut = 0.39 reduced to 0.22 for sub,avg/sut = 0.80. The skirted spudcans 

(SKT and SKH) have eased the severity punch-through for sub,avg/sut = 0.39 and 0.52; and 

eliminated for sub,avg/sut = 0.80. The values of  was reduced by 8–100% and hP-T/D by 45–89%.  

Similar influence of strength ratio can be found in Figures 4-5d and 4-5e that plot the response 

profiles for sub,avg/sut = 0.54 and 0.56, but with identical thickness ratio of t/D = 0.75. The severe 

punch-through that occurred for the generic spudcan was eased by the skirted spudcan SKH 

and nearly eliminated by the skirted spudcan SKT. For instance, the skirted spudcan SKT 

reduced  by 16–29% and hP-T/D by 51–69%.  

This effect of strength ratio in stiff-over-clay deposits is consistent with the effect of sand 

relative density in sand-over-clay deposits obtained from numerical modelling in Chapter 3. 
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4.3.2 Effect of thickness ratio, t/D 

To show the effect of the relative thickness of the stiff layer, penetration resistance profiles are 

plotted in Figures 4-5a, 4-5e and 4-5f for a range of t/D from 0.75 to 1.5. Although the strength 

ratios are also different (0.39, 0.56 and 0.26), punch-through failure occurred for all cases of 

the generic spudcan, with the severity being increased with increasing t/D. For example,  = -

3.75 for t/D = 0.75 increased to -6.61 for t/D = 1.0; and hP-T/D = 2.2 for t/D = 0.75 increased to 

7.3 for t/D = 1.0. The skirted spudcans (SKT and SKH) have eased the severity of punch-

through even for t/D = 1.5. The values of  was reduced by 8–46% and hP-T/D by 51–89%. 

Similar effect of thickness ratio has been noted in Chapter 3 for sand-over-clay deposits.  

 

4.3.3 Effect of skirt 

The reason for reducing punch-through severity using the skirted foundations is discussed 

below. For the cases with lower strength ratio (sub,avg/sut  0.39 i.e. tests T1 and T6), the peak 

penetration resistance occurred in the stiff layer. The reduction in resistance followed by the 

peak was due to the formation of a truncated cone (followed by a nearly cylindrical) shaped 

plug and attraction of the soft layer, as explained by Hossain et al. (2005) and Hossain & 

Randolph (2010a, 2010b, 2010c). During the penetration of a skirted foundation, as shown 

schematically in Figure 4-6, the height of the stiff clay layer below the (effective) base of the 

foundation is reduced by the skirt length. After the completion of the penetration of the skirt, 

the stiff clay trapped inside the skirt allowed for shifting the base down to the skirt tip level. 

Therefore, compared to the generic spudcan (SPC), the height of the soil plug and the length of 

the slip planes were lower for the skirted spudcans (SKT and SKH), leading to less severe or 

easing punch-through.  
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For the cases with higher strength ratio (sub,avg/sut  0.52 i.e. tests T2–T5), the peak appeared in 

the soft layer. A bowl shaped, relatively small, stiff soil plug was formed at the base of the 

foundations (Hossain & Randolph, 2010b). Compared to the generic spudcan (SPC), the plug 

was held by the skirted spudcan without holes (SKT) for a longer distance, resulting in a higher 

resistance and easing or eliminating punch-through (see Figure 4-7). The positive effect of skirt 

length at mitigating punch-through is consistent for both sand-over-clay and stiff-over-soft clay.  

 

4.3.4 Effect of holes 

For the cases with lower strength ratio (sub,avg/sut  0.39 i.e. tests T1 and T6), where punch-

though occurred in the top layer, the size of the trapped stiff clay plug showed to have negative 

influence on the severity of punch-through. This is because a longer plug allowed for sensing 

the bottom soft layer earlier and attracting more contribution from that layer, resulting in a 

degree of reduction in the penetration resistance. Compared to the skirted spudcan without holes 

(SKT), the height of the plug size was lower for the skirted spudcan with holes (SKH). This is 

attributed due to the fact that some of the trapped soil flowed through the holes, as evidenced 

from the images captured by a camera (see Figure 4-8). As such, the performance at reducing 

hP-T was better. For the cases with higher strength ratio (sub,avg/sut  0.52 i.e. tests T2–T5), where 

punch-through occurred in the bottom layer, the influence of the size of the trapped stiff clay 

plug was positive. This is because the punch-through or reduction in resistance was associated 

with sudden breaking of the trapped plug and soil flowing back on top of the advancing spudcan.  

The holes of the skirted spudcan (SKH) did not allow for holding the plug for a longer distance, 

and hence the performance of the spudcan without holes (SKT) was better at easing or 

eliminating punch-through.  
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It should be noted that the lower resistance for the spudcan with holes (SKH) is due to the net 

area reduction of 24% by the holes while the total area has been used for normalisation. There 

is a clear trend that the gap was gradually reduced and diminished with the progress of 

penetration as the backfilled soil above the spudcan blocked the holes.  

For sand-over-clay deposits (discussed in Chapters 2 and 3), punch-through occurred in the top 

layer. As such, the results can be compared with those from tests T1 and T6 on stiff-over-soft 

clay deposits. Consistently, the soil of the plug flowed through the holes assisted in reducing 

hP-T for stiff-over-soft clay deposits, whilst no sand flow through the holes (due to dilation) 

resulted no effect of holes for sand-over-clay deposits.         

 

4.3.5 Assessment of mitigation level of punch-through 

First all the measured values of  and hP-T/D for spudcan penetration in stiff-over-soft clay 

seabeds have been assembled from Hossain et al. (2005, 2011a, 2011b), Hossain & Randolph 

(2010a, 2010c) and from this study. They are plotted in Figures 4-9a and 4-9b as a function of 

[(t/D)/(sub,avg/sut)/(subs/bD)](1-k/b). Although the data did not fall tightly on a narrow band, an 

upper bound and lower bound lines can be drawn according to 

𝜆 = −0.3[(𝑡/𝐷)/(𝑠ub,avg/𝑠ut)/(𝑠ubs/𝛾′𝑏𝐷)]
(1−𝑘/𝛾′𝑏)

  (Upper bound)            (4-1a) 

𝜆 = −1.0[(𝑡/𝐷)/(𝑠ub,avg/𝑠ut)/(𝑠ubs/𝛾′𝑏𝐷)]
(1−𝑘/𝛾′𝑏)

 (Lower bound)            (4-1b) 

ℎ𝑃−𝑇 = 0.5𝐷[(𝑡/𝐷)/(𝑠/𝑠)/(𝑠/𝛾′
𝑏

𝐷)]
(1−𝑘/𝛾′

𝑏
)
 (Upper bound)          (4-2a) 

ℎ𝑃−𝑇 = 0.05𝐷[(𝑡/𝐷)/(𝑠/𝑠)/(𝑠/𝛾′
𝑏

𝐷)]
(1−𝑘/𝛾′

𝑏
)
 (Lower bound)           (4-2b) 
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In order to illustrate the degree of mitigation by using the skirted spudcans, the results from this 

study are plotted in Figure 4-10 as function of the test number. It can be seen that the values of 

 has been increased reasonably in negative or turned to positive, and the values of hP-T/D have 

been reduced significantly, both by the skirted spudcans. The values of  and hP-T/D for the 

skirted spudcans can also be plotted according to 

𝑀λ =
λ of new shape

λ of generic spudcan
         (4-3) 

𝑀h =
ℎP−T of new shape

ℎP−T of generic spudcan
         (4-4) 

Figure 4-11 shows a design chart for evaluation of the mitigation level. Each of M and Mh was 

ranged from 0 (no mitigation) and 1 (complete elimination). If the data points locate on the 

same contour line, it can be expected same level of punch-through mitigation in terms of 

combined  and hP-T/D. Therefore, a simple index to represent the amount of punch-through 

failure mitigation is proposed as 

𝑀P−T =
1

√2
(𝑀λ

2 + 𝑀h
2)

0.5
         (4-5) 

For the sake of convenience, MP-T was scaled up to 1 for the full mitigation or elimination of 

punch-through failure. MP-T values against the test number are plotted in Figure 4-12. From the 

comparison of the two skirted spudcans, the spudcan without holes (SKT) shows a better 

performance to reduce the likelihood and severity of the punch-through failure that occurred 

with the generic spudcan (SPC). For example, the averaged MP-T for the skirted spudcan SKT 

(0.57) is larger than that (0.49) for the skirted spudcan SKH. Therefore, the skirted foundation 

without holes (SKT) can be regarded as a better solution for the foundation shape against the 

risk of punch-through. 
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4.4 OTHER ADVANTAGES AND EXTRACTION RESISTANCE 

From Figure 4-5, in general, the penetration resistance of the skirted spudcan (SKT) in the soft 

layer is higher compared to that of the generic spudcan. This means, if the spudcan penetrates 

in the bottom layer, the skirted spudcan will allow to reduce the required leg length. Under 

operational loadings, the use of skirted foundations allows for a greater combined vertical-

horizontal-moment load capacity (Cassidy et al., 2004; Hu et al., 2017). Skirted foundations 

also have a stiffer response and additional horizontal capacity at the foundation level. However, 

a question arises if the extraction resistance will increase significantly because of using skirted 

foundations.  

To answer that question all the extraction resistance profiles are plotted in Figure 4-13. In all 

the tests, as discussed previously, a spudcan was installed using a displacement-controlled 

system. It was then switched to a load-controlled system. The operation period was then 

commenced after reducing the installation load (maximum penetration resistance) on the 

spudcan by 25% (consistent with Purwana et al., 2005) to an operational working load. The 

operation stage was simulated by maintaining a constant vertical load on the spudcan for a 

duration of 6.5 min (~6 months in prototype, which is typical for short term operations). The 

spudcan was then extracted using a displacement-controlled system. It can be seen from Figure 

4-13 that the extraction resistance for the skirted spudcan (SKT) was more or less similar to the 

generic spudcan. 

 

4.5 CONCLUDING REMARKS 

A total of eighteen penetration tests were performed on six stiff-over-soft clay soil samples. 

Two skirted spudcan with and without holes were tested to assess their performance in 

mitigating punch-through that occurred with the penetration of a generic spudcan. Overall, the 
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skirted spudcans were shown to be effective at either easing or eliminating the punch-through 

failure. The effect of the holes was not so obvious but disadvantageous with the reduced load 

carrying capacity. As such, the skirted spudcan without holes was recommended as it also did 

not increase extraction resistance. A simple index to evaluate the amount of punch-through 

failure mitigation was also proposed for two skirted spudcan models (Equations 4-1 to 4-5).  
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Table 4-1. Summary of beam centrifuge test results 

Test Spudcan t/D 
sut:  

kPa 

subs:  

kPa 

k:  

kPa/m 

qpeak:  

kPa 
hP-T/D Mh  M MP-T 

subs/sut 

(sub,avg/sut) 
kD/subs 

T1 SPC 1 36 14 0 202.18  7.3 -  -6.61 - - 0.39 0 

 SKT     151.89  0.78 > 0.129  -6.07 0.69  0.50  (0.39)  

 SKH     137.68  1.41 > 0.202  -3.57 0.51  0.39    

T2 SPC 1 16.6 7.8 0.26 126.07  2.3 -  -8.25 - - 0.47 0.4 

 SKT     135.22  1.27 0.235  -1.96 0.77  0.57  (0.52)  

 SKH     113.29  0.83 0.514  -1.77 0.69  0.61    

T3 SPC 1 16.8 12 0.46 152.47  0.22 -  -0.60 - - 0.71 0.46 

 SKT     - 0.22 1.000  6.48 1.00 1.00  (0.80)  

 SKH     - 0.22 1.000  10.46 1.00 1.00    

T4 SPC 0.75 29 14 0.52 174.78  0.96 -  -3.69 - - 0.48 0.45 

 SKT     176.11  0.47 0.551  -3.69 0.21  0.42  (0.54)  

 SKH     162.25  0.96 0.042  -3.01 0.28  0.20    

T5 SPC 0.75 14.8 7.8 0.14 111.41  2.2 - -3.75 - - 0.53 0.22 

 SKT     142.36  0.69 0.529  -2.68 0.69  0.61  (0.56)  

 SKH     94.24  0.88 0.501  -3.02 0.53  0.52   

T6 SPC 1.5 38.6 10 0 253.77  3.72 -  -3.88 - - 0.26 0 

 SKT     213.25  1.51 > 0.360  -3.40 0.26  0.31  (0.26)  

 SKH     166.47  1.51 > 0.313 -6.20 0.00  0.22    
  * D = 12 m (prototype), tsk = 0.008D (SKT, SKH), L/D = 0.23 (SKT, SKH), area reduction: 24% (SKH) 

   SPC: generic spudcan 

   SKT: skirted foundations without holes 

   SKH: skirted foundations with holes 
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Table 4-2. Engineering properties of kaolin clay (after Stewart, 1992) 

Property Value 

Liquid limit, LL 0.61 

Plastic limit, PL 0.27 

Plasticity index, IP 0.34 

Specific gravity, Gs 2.6 

Consolidation coefficient, cv: m2/yr ~2.6 
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(a) 

 

(b) 

Figure 4-1. Typical layered seabed with strong layer: (a) uniform over uniform clays; (b) 

uniform over nonuniform clays 
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Figure 4-2. Example of punch-through failure mechanisms for stiff-over-soft clay 
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Figure 4-3. Experimental set-up 
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Figure 4-4. Foundation models: (a) generic spudcan; (b) skirted foundation; (c) skirted 

foundation with through-holes 
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(a) T1 

 

 
(b) T2 
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(c) T3 

 

 
(d) T4 
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(e) T5 

 

 
(f) T6 

 

Figure 4-5. Undrained shear strength and load-penetration response of tests: (a) T1; (b) 

T2; (c) T3; (d) T4; (e) T5; (f) T6 
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Figure 4-6. Schematic diagram of mobilised stiff clay plug with low strength ratio 

(subs/sut) when d/D ~ 0.1: (a) generic spudcan (SPC); (b) skirted spudcan (SKT)  

 

 

 

 

 

 

 

 

 
 

Figure 4-7. Schematic diagram of mobilised stiff clay plug with high strength ratio 

(subs/sut) when d/D = t/D: (a) generic spudcan (SPC); (b) skirted spudcan (SKT)  
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Figure 4-8. Soil flow mechanisms during the penetration of SKH (T1 in Table 4-1): (a) 

d/D = 0; (b) d/D = 0.16; (c) d/D = 0.45; (d) d/D = 1.71 
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(a) 

 

  
(b) 

Figure 4-9. Comparison with previous test data for generic spudcan: (a)  ;(b) hP-T/D 
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(a) 

 
(b) 

Figure 4-10. Summary of mitigation level of punch-through: (a)  ;(b) hP-T/D 
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Figure 4-11. Evaluation of the mitigation of punch-through for all cases 
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Figure 4-12. Performance of SKT and SKH to mitigate punch-through for all cases 
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Figure 4-13. Extraction resistance for all cases: (a) T1; (b) T2; (c) T3; (d) T4; (e) T5; (f) 

T6 
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CHAPTER 5 SPUDCAN GEOMETRY TO MITIGATE PUNCH-

THROUGH ON STIFF-OVER-SOFT CLAYS 

ABSTRACT 

This chapter reports results from a series of numerical analysis undertaken to assess the effect 

of various shapes of spudcan at mitigating punch-through in stiff-over-soft clay deposits. Three-

dimensional large deformation finite element (LDFE) analyses were carried out varying the 

length of the skirt on the periphery, number of holes through the spudcan base and spudcan 

base profile. The analyses concentrated on two representative stiff-over-soft clay conditions; 

one that causes a local peak in the penetration resistance in the top stiff layer and another that 

occurs this in the bottom soft layer. Based on the results including the soil failure mechanisms 

and penetration resistance profiles, the skirt on the periphery of the spudcan was shown to be 

most effective in eliminating or easing the punch-through which occurred during the 

penetration of the generic spudcan. To assess the penetration resistance profiles of a skirted 

foundation in stiff-over-soft clay deposits, an improved analytical model was proposed, with 

the LDFE data used to calibrate the model. 
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5.1 INTRODUCTION 

Jack-up rigs, one of the most frequently used platforms in the offshore oil and gas industry, 

have been experiencing catastrophic ‘punch-through’ failures under the load-controlled 

installation process, especially in stratified seabed sediments with a strong layer overlying a 

weak layer, as schematically shown in Figure 1-5. Punch-through failure is critical as it can end 

up with effectively decommissioning or even toppling of the platform due to the buckling of 

the legs (Young et al., 1984; Aust, 1997; Brennan et al., 2006; Kostelnik et al., 2007). The 

strong-over-weak soil deposits with potential for punch-through failure can be broadly 

categorised as: (i) stiff-over-soft clay and (ii) sand-over-clay, with the former being the focus 

of this chapter. 

Spudcan punch-through potential in stiff-over-soft clay has been explored by several 

researchers (Dean, 2008; Hossain & Randolph, 2010a, 2010b; Hossain et al., 2011; Hossain, 

2014; Zheng et al., 2016), and the corresponding design approaches for assessing penetration 

resistance profiles have been provided in ISO (ISO 19905-1, 2016) and InSafeJIP (2011). In 

terms of mitigating punch-through, several methods have been trialed including (i) application 

of vertical cyclic preloading, (ii) perforation drilling on the seabed, (iii) excavation of the strong 

layer and (iv) attaching a skirt on the bottom perimeter of the foundations (Svanø & Tjelta, 

1996; Erbrich, 2005; Brennan et al., 2006; Jostad & Andersen, 2006; Teh et al., 2008; Hossain 

et al., 2010, 2011; InSafeJIP, 2011; Gan et al., 2011; Hossain et al., 2014; Zhang et al., 2015; 

Li et al., 2019). The former three methods are related to seabed remediation, requiring 

additional mechanical works to be carried out offshore. Adding a skirt around the periphery of 

the spudcan has been proven to be effective in mitigating punch-through for sand-over-clay 

deposits (Chapters 2 and 3). In Chapter 4, a series of geotechnical centrifuge tests was carried 

out on model spudcans that showed a skirted spudcan being also effective at mitigating punch-

through in stiff-over-soft clay deposits.  
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The purpose of this chapter is to optimise the shape of a skirted spudcan in mitigating punch-

through in two stiff-over-soft clay deposits that represent peak and punch-through loads 

occurring in the upper and lower layers respectively. Extensive parametric LDFE analyses were 

carried out, encompassing the relevant range of various parameters related to the skirt length, 

underside profile and configuration of holes through the spudcan. An improved rational design 

approach is then proposed for assessing penetration resistance profile of skirted spudcan in stiff-

over-soft clays. 

 

5.2 NUMERICAL ANALYSIS 

5.2.1 Analysis details 

3D LDFE analyses were carried out using the Coupled Eulerian-Lagrangian (CEL) approach in 

the commercial finite element package ABAQUS/Explicit (Version 6.12, Dassault Systèmes, 

2012). Extensive background information about modelling of spudcan installation in multilayer 

clays can be found in Zheng et al. (2015, 2016), which is not repeated here. 

Considering the symmetry of the problem, only a quarter of the spudcan and the soil domain 

were modelled, with a typical mesh shown in Figure 5-1. The mesh was comprised of 8-noded 

linear brick elements with reduced integration. From previous convergence studies (e.g. Zheng 

et al., 2015, 2016), the radius of the soil domain was decided as 5D and the typical soil element 

size along the trajectory of the spudcan as 0.025D (fine mesh zone in Figure 5-1). The spudcan 

was modelled as a rigid body and penetrated at a rate of 0.2 m/s. Two different contact 

properties were applied for the bottom of and the skirt of the spudcan, respectively. The spudcan 

base-soil was modelled as a rough contact, while the side friction of skirt and holes adopted a 

frictional contact with a limiting shear stress (max) along the interfaces. A stiff clay layer of 

thickness t and uniform undrained shear strength sut was underlain by a soft clay layer of intact 
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undrained shear strength sub (= subs + k(z-t)). The effective unit weights of the top and bottom 

layers were γt and γb respectively. 

The soil was modelled as an elastoplastic material obeying a Tresca yield criterion, but extended 

following Einav & Randolph (2005) to account for the combined effects of rate dependency 

and softening according to  

𝑠uc = {1 + 𝜇 log [
max(|�̇�|, �̇�ref )

�̇�ref
]} [𝛿rem + (1 − 𝛿rem)𝑒−3𝜉 𝜉95⁄ ]𝑠u    (5-1) 

The first bracketed term in Equation 5-1 augments the strength according to the maximum strain 

rate relative to a reference value, �̇�ref of 1.5%/h from triaxial tests (Lunne et al., 2006). It 

follows a logarithmic law with rate parameter μ of 0.1 for circular spudcans (Low et al., 2008). 

The second part of Equation 5-1 models the degradation of clay strength according to an 

exponential function of cumulative shear strain, ξ, from the intact condition to a fully remoulded 

ratio, δrem (= 1/St = α). The relative ductility is controlled by the parameter, ξ95, which represents 

the cumulative shear strain required for 95% remoulding. An estimated value of ξ95 was 

considered within the range of 10 to 50 for marine clays (Zhou & Randolph, 2009). Further 

details of the soil models can be found in Hossain & Randolph (2009) and Zheng et al. (2015, 

2016). 

 

5.2.2 Validation against centrifuge tests 

Zheng et al. (2013, 2015, 2016) used the identical clay model, contact properties and element 

size and carried out benchmarking analyses against centrifuge tests for spudcan penetration in 

stiff-over-soft clays and in three-layer clays. Therefore, in this study, numerical analyses were 

only performed to validate the numerical model against two centrifuge tests reported by Hossain 

& Randolph (2010a). In the retrospective LDFE simulations, two sets of undrained shear 
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strength profiles and  = 0.1, rem = 1/St = 1/3; 95 = 20; and �̇�ref= 1.5% h-1 were considered. 

Figure 5-2 shows the penetration resistance profiles from the centrifuge tests and LDFE 

analyses. Overall, in both cases, good agreements can be seen over the full penetration profiles. 

These validation exercises have confirmed the accuracy of the CEL approach with the extended 

Tresca clay model, in assessing the penetration resistance in stiff-over-soft clay deposits 

 

5.3 RESULTS AND DISCUSSION: PARAMETRIC STUDY 

A systematic parametric study of spudcan geometry was performed by varying (a) the length 

of the skirt (L), (b) the configuration of the holes through the spudcan base related to the total 

area reduction ratio (Ar) and (c) the conical angle of the spudcan underside profile, as shown in 

Figure 5-3. For the comparison of various spudcan shapes, outer diameter of the spudcan (D = 

20 m) was fixed. Hossain & Randolph (2010a, 2010b) presented generic spudcan penetration 

resistance profiles in stiff-over-soft clay deposits from centrifuge model tests and LDFE 

analyses. Interestingly, it was found that punch-through or a sudden reduction in penetration 

resistance forming a local peak occurs in the top stiff layer for some cases, while in the bottom 

soft layer for others. Based on that finding, in this parametric study, the soil strength profiles 

have been divided into two groups depending on the depth of the local peak resistance for a 

generic spudcan: (a) Group I - peak resistance at a depth below the layer interface (dpeak/D > 

t/D); and (b) Group II - peak resistance at a depth above the layer interface (dpeak/D ≤ t/D). The 

soil strength parameters for each group were selected from previous studies (Hossain & 

Randolph, 2010a, 2010b). The input parameters and results from this parametric study are listed 

in Table 5-1. 

 



 

Chapter 5 

148 

 

5.3.1 Peak occurring below the layer interface (dpeak/D > t/D; Group I in Table 5-1) 

Figure 5-4 shows all the penetration resistance profiles, as a function of normalised penetration 

depth d/D, from Group I analyses with t/D = 1, subs/sut = 0.35, kD/subs = 0.86, subs/bD = 0.25. 

As expected, for the generic spudcan (spudcan A), the peak resistance occurs below the 

interface (dpeak/D = 1.1 > t/D = 1). By comparing with this profile for the generic spudcan, the 

effect of various spudcan shapes are discussed below.  

 

Effect of skirt length: The effect of the skirt length (L) was investigated varying L/D from 0 to 

0.23 (Groups I, Table 5-1). Figure 5-4a shows a comparison of performance of the generic 

spudcan (spudcan A: L/D = 0) and two skirted spudcans (spudcan S1: L/D = 0.115 and spudcan 

S2: L/D = 0.23). Overall, the skirt on the periphery of the spudcan shows apparent mitigation of 

the punch-through that occurred for the generic spudcan in terms of both  and hP-T/D. The 

longer the skirt is the greater the positive influence. The value of  is reduced by 48-80 % and 

hP-T/D by up to 100%. To investigate the reason, instantaneous velocity vectors at three critical 

penetration stages are depicted as inset figures in Figure 5-4a: (a) at an intermediate depth in 

the top layer (d/D = 0.5); (b) at the layer interface (d/D = 1.0); and (c) at 0.7D below the interface 

(d/D = 1.7). For discussion, the longest skirt length (L/D = 0.23) is selected. The height of the 

stiff soil plug trapped at the base of a spudcan reduces as the spudcan advances in the bottom 

soft layer, with the rate of reduction with the penetration depth being higher for the generic 

spudcan. For instance, at d/D = 1.7, the height of the trapped soil plug at the base of the generic 

spudcan is negligible while that at the base of the skirted spudcan is still profound. This resulted 

the difference in corresponding the penetration resistance profiles. Overall penetration 

resistance in top and bottom layers are also higher for the skirted spudcan with L/D = 0.23 

(spudcan S2). In the field, this means under a given preload, the spudcan penetration depth will 

be shallower or the required leg length will be shorter.  
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As the performance of the skirted spudcan with L/D = 0.23 (spudcan S2) in mitigating punch-

through potential is better than that of the skirted spudcan with L/D = 0.115 (spudcan S1), yet 

the length of the skirt is within the practical towing range of L/D = 0.25 (Purwana, 2010; 

personal communication), the skirt length was kept at 0.23 for further case studies in Group I. 

 

Effect of hole size: The effect of the hole size on mitigating punch-through is explored in Figure 

5-4b (t/D = 1, subs/sut = 0.35, kD/subs = 0.86, subs/bD = 0.25; Group I, Table 5-1). The trend is 

obvious that the larger the hole size (hence, large area reduction ratio Ar = (area of holes) / A) 

more adverse the effect of mitigation. Interestingly, although the penetration resistance profiles 

have been normalised by the total area (qu = load/A) not the net area (Anet), all the profiles are 

consistent in the top layer except for the spudcan with Ar = 24% (spudcan H3). Significant soil 

flow through the holes resulted a lower penetration resistance profile. However, the penetration 

resistance profiles in the bottom layer after the peak diverge owing to the difference in the 

height of the trapped soil plug at the base of the advancing spudcans. The failure mechanisms 

at two different depths of d/D = 0.5 and 1.7 are illustrated in in the inset figures. In the top layer 

(d/D = 0.5), although the soil flowed through the holes, the height of the stiff soil plug at the 

base of all the spudcans are very similar. In the bottom layer after the peak resistance (d/D = 

1.7), the height of the trapped soil plug reduces remarkably with the hole size, explaining the 

difference in the penetration resistance profiles in the bottom layer. It confirms the skirted 

spudcan without holes results in more degrees of mitigation of punch-through. 

 

Effect of bottom profiles: So far, the skirted spudcan without holes has been the best shape at 

mitigating punch-through failure, and soil flow through the holes provided adverse effect. The 

spudcan base slope was kept constant at αb = 13. To force more soil flow through the holes, an 

additional analysis was carried out on a spudcan H2, but with a greater base slope of αb = 26 



 

Chapter 5 

150 

 

(spudcan U1). For a direct comparison with previous parametric cases, hole size (or area 

reduction) and skirt length were maintained constant at Ar = 18% and L/D = 0.23, respectively 

(t/D = 1, subs/sut = 0.35, kD/subs = 0.86, subs/bD = 0.25; Group I, Table 5-1). The results of these 

spudcans, the generic spudcan (spudcan A) and a no-hole skirted spudcan (spudcan S2) are 

shown in Figure 5-4c. The effect of the base slope angle on the penetration resistance profile 

can be found as minimal, although the peak resistance somewhat reduces with a steeper slope 

angle (i.e. for αb = 26). 

 

5.3.2 Peak occurring above the layer interface (dpeak/D < t/D; Group II in Table 5-1) 

The penetration resistance profiles from the analyses in Group II (t/D = 0.6, subs/sut = 0.8, kD/subs 

= 1.67, subs/bD = 0.07; Table 5-1) are depicted in Figure 5-5. Punch-through occurs for the 

generic spudcan (spudcan A), with a local peak in the penetration resistance profile at a depth 

above the layer interface (dpeak/D = 0.28 < t/D = 0.6) according to the expectation. By comparing 

with this profile for the generic spudcan, the effect of various spudcan shapes are discussed 

below. 

 

Effect of skirt length: Figure 5-5a shows a comparison of the performance of two skirted 

spudcans (spudcan S1: L/D = 0.115 and spudcan S2: L/D = 0.23) in terms of mitigating punch-

through (t/D = 0.6, subs/sut = 0.8, kD/subs = 1.67, subs/bD = 0.07; Group II, Table 5-1). In contrast 

to Group I (Figure 5-4a), both skirted spudcans completely eliminate the punch-through that 

associate with the generic spudcan. As displayed in the inset figures, the stiff clay plug trapped 

at the base of the generic spudcan squeeze out quickly, which is resisted by the skirt of the 

skirted spudcans. The difference in penetration resistance between the two skirted spudcans is 

constituted by the difference in the height of the trapped soil plug.  
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Effect of hole size: The effect of hole size is illustrated in Figure 5-5b plotting the resistance 

profiles for the generic spudcan (spudcan A), the skirted spudcan with L/D = 0.23 and Ar = 0 

(spudcan S2), the skirted spudcan with L/D = 0.23 and Ar = 12% (spudcan H1), and the skirted 

spudcan with L/D = 0.23 and Ar = 24% (spudcan H3). As shown in, the effect of hole size (or 

Ar) over the full penetration resistance profile is more obvious for Group II compared to that 

for Group I (see Figure 5-4b). The obvious mitigation by the skirted spudcan with Ar = 0 was 

muddied by the increase in Ar. More precisely, this adverse effect on the degree of mitigating 

punch-through is caused by the soil flows through the holes, reducing the height of the soil plug. 

Consequently, the resistance profile the skirted spudcan with Ar = 24% gradually merges with 

that for the generic spudcan.  

 

Effect of bottom profiles: The results presented thus far are for the spudcans with base slope 

angle αb = 13. To explore the effect of base slope angle, an analysis was carried on a skirted 

spudcan with L/D = 0.23, Ar = 24%, and αb = 26 (spudcan U2). Figure 5-5c plots the results 

with those for the generic spudcan and the skirted spudcan with L/D = 0.23, Ar = 24%, and αb 

= 13, indicating trivial effect of base slope angle.  

 

5.3.3 Optimised spudcan shape to mitigate punch-through failure 

From the results of the parametric study just presented, the effectiveness of each shape factor 

in mitigating punch-through can be summarised. Overall, the hole through the base of the 

spudcan showed negative effect, whereas the skirt on the periphery of the spudcan has shown 

positive effect. The effect of the underside profile or base slope angle was trivial. As such, the 

no-holed skirted spudcan with the skirt length equivalent to the tip height (spudcan S2 in Table 

5-1 and SKT in Table 5-2) is selected as the optimum spudcan shape at mitigating punch-
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through regardless of stiff-over-soft clay strength profile. This finding also complies with the 

result from centrifuge model tests (in Chapter 4). 

 

5.4 DESIGN APPROACH FOR SKIRTED FOUNDATIONS  

For generic spudcan, Hossain & Randolph (2010a) reported centrifuge test results of spudcan 

penetration in stiff-over-soft clay. Zheng et al. (2016) expanded the range of test data from 

Hossain & Randolph (2010a) through 3D LDFE simulations. Table 5-2 provides a summary of 

these existing results. For assessing spudcan penetration resistance profile, Zheng et al. (2016) 

proposed a semi-empirical design approach, consisting calculation of (a) normalised peak depth 

dpeak/D; (b) normalised peak resistance qpeak/subs; (c) normalised penetration resistance at the 

interface qint/subs; and (d) bearing capacity factor of soft clay layer Ncd according to  

𝑑peak

𝐷
= 1.3 (

𝑠ubs

𝑠ut
)

1.5
(

𝑡

𝐷
) (1 +

𝑘𝐷

𝑠ubs
)

0.5
≤

𝑡

𝐷
       (5-2) 

𝑞peak
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= 6.35 + 5 [(

𝑠ubs

𝑠ut
)

−1
(

𝑡

𝐷
)

0.75
(1 +

𝑘𝐷
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)

0.5
]
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     (5-3) 

𝑞int

𝑠ubs
= 10.2 [(

𝑠ubs

𝑠ut
)

−0.5
(

𝑡

𝐷
)

0.25
(1 +

𝑘𝐷

𝑠ubs
)

0.25
]

0.85

      (5-4) 

𝑁cd = 9.8 + 1.3 (
𝑠ubs

𝑠ut
)

−1
min [(

𝑡

𝐷
)

0.5
, 1.0] (1 +

𝑘𝐷

𝑠ubs
)

−1
     (5-5) 

In this study, the Zheng et al. approach has been extended for assessing skirted spudcan 

penetration response. All the load resistance calculations were based on the net penetration 

resistance, qnet, which was calculated as  

𝑞net = 𝑞u − 𝜸
𝑉

𝐴
          (5-6) 
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5.4.1 Depth of peak resistance, dpeak 

The depths of peak resistance for generic and skirted spudcans, and from centrifuge tests 

(Hossain & Randolph, 2010a; this study in Chapter 4) and numerical analyses (Zhang et al., 

2016), as listed in Table 5-2 and those presented in Table 5-1 are collectively depicted in Figure 

5-6, as a function of normalised parameters of subs/sut, t/D, kD/subs and the normalised skirt 

length L/D. The best fit through the data can be expressed as 

𝑑peak

𝐷
= 1.3 (

𝑠ubs

𝑠ut
)

1.5
(

𝑡

𝐷
) (1 +

𝑘𝐷

𝑠ubs
)

0.5
(1 −

𝐿

𝐷
)

−3.5
      (5-7) 

For L/D = 0 i.e. without any skirt, Equation 5-7 becomes identical to the original Zheng et al. 

equation (Equation 5-2). As the data include the depth of peak resistance in both top and bottom 

layer, the prediction should not be limited to the top layer i.e. can be taken as robust. 

 

5.4.2 Peak resistance, qpeak 

The values of normalised peak resistance are also plotted against a combination of subs/sut, t/D, 

kD/subs and L/D in Figure 5-7, which can be expressed as  

𝑞peak

𝑠ubs
= 6.35 + 5 [(

𝑠ubs

𝑠ut
)

−1
(

𝑡

𝐷
)

0.75
(1 +

𝑘𝐷

𝑠ubs
)

0.5
(1 −

𝐿

𝐷
)]

0.77

    (5-8) 

 

5.4.3 Resistance at layer interface, qint 

With the progress of penetration of a skirted spudcan, the soil first flow into the skirt and fills 

the void space. Once the space inside the skirt is filled, the skirted spudcan acts as a flat-based 

foundation with the base at the skirt tip level. As such, for skirted spudcans with L/D  t/D, qint 
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is mobilised when the skirt tip is at the interface. The values of normalised resistance, qint/subs, 

are plotted in Figure 5-8. The best fit through the data can be expressed as 

𝑞int

𝑠ubs
= 10.2 [(

𝑠ubs

𝑠ut
)

−0.5
(

𝑡

𝐷
)

0.25
(1 +

𝑘𝐷

𝑠ubs
)

0.25
(1 −

𝐿

𝐷
)

0.5
]

0.85

    (5-9) 

𝑑int

𝐷
=

𝑡

𝐷
−

𝐿

𝐷
  `                 (5-10) 

 

5.4.4 Deep bearing capacity factor, Ncd 

For the bottom soft layer, the values of deep bearing capacity factor Ncd are plotted in Figure 5-

9, which can be represented as 

𝑁cd = 9.8 + 1.3 (
𝑠ubs

𝑠ut
)

−1
min [(

𝑡

𝐷
)

0.5
, 1.0] (1 +

𝑘𝐷

𝑠ubs
)

−1
(1 −

𝐿

𝐷
)             (5-11) 

 

5.4.5 Additional consideration: extended ISO method for qpeak 

For assessing generic spudcan penetration response in stiff-over-soft clay deposits, ISO (2016) 

suggest using a punching shear method. It is suggested that the plug base, where the end bearing 

is mobilised, should always be considered at the interface regardless of the spudcan penetration 

depth in the top layer. This means the height of the soil plug at the base of the advancing 

spudcan decreases with the progress of spudcan penetration. Zheng et al. (2016) suggested an 

improved ISO method considering the movement of the plug base in the bottom soft layer. 

However, both the original and improved ISO methods are limited to the peak resistance 

occurring in the top layer. In this study, the improved ISO method has been extended 

considering (i) skirted spudcans and (ii) mobilising peak resistance in the bottom layer.  
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The conceptual analytical model is shown in Figure 5-10. For peak resistance occurring in the 

top layer (Figure 5-10a), the model is identical to Zheng et al. (2016)’s model. For peak 

resistance occurring bottom layer, the model is presented schematically in Figure 5-10b, which 

become identical to the improved ISO method in Zheng et al. when the skirt length L = 0.  

𝑄v,peak = 𝐴 {3
𝑇

𝐷
𝑠ut + min [6 (1 + 0.2

𝑡

𝐷
) , 9] 𝑠ub,avg + 𝑝0

′ + 4.2
𝑇′

𝐷
𝑠ub,tip − 𝛾𝑏

′ max[(𝑑peak −

𝐻cav), 0]}                     (5-12) 
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𝐷
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𝑘𝐷
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)

2
]
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𝐿

𝐷
)

3
             (5-13) 

where, Hcav is the cavity depth and can be calculated according to Hossain & Randolph (2010b). 

 

5.4.6 Calculation procedure 

Figure 5-11 shows the flow chart for predicting the penetration resistance profile for skirted and 

generic spudcans penetration in stiff-over-soft clays. The approach allows for calculating four 

key points, which then can be connected by drawing straight lines (see insets). This prediction 

model starts from the shallowest point to the points deep in the bottom layer. The shallowest 

point can be either the point of peak resistance or the point of the resistance at the layer interface. 

When dpeak calculated by Equation 5-7 is smaller than dint, the first and shallowest point is the 

peak point, and vice versa. In this approach, unlike the Zheng et al. (2016) approach, peak 

points are not assumed to occur only in the top layer. As such, the comparison between dpeak 

and dint is critical. Then qpeak and qint need to be calculated, after deciding the method to calculate 

the peak resistance. After the first two points ((qpeak, dpeak) and (qint, dint)) are set, the other points 

to decide are for penetration resistance in the bottom layer, qu = Ncdsub, with Ncd calculated using 

Equation 5-11. 
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5.4.7 Example application 

As discussed previously, Chapter 4 has reported a series of centrifuge tests on skirted spudcans 

in stiff-over-soft clays. For the selected soil conditions of T6, T5 and T4 (Table 5-2), the 

penetration resistance profiles have been calculated using the proposed design approaches, and 

the results are plotted together in Figure 5-12. The estimated profiles provide a reasonable 

estimate to the measured profiles.  

 

5.5 CONCLUDING REMARKS  

Changing the shape of spudcan and its subsequent effect was tested as a potential solution to 

ease the risk of punch-through failure in stiff-over-soft clay deposits. Different shape factors 

were considered including the skirt length, the holes through the base to force the stiff clay to 

flow through, and the base slope for facilitating more soil to flow through the holes. Only the 

skirt on the bottom periphery of the spudcan was shown to be effective at easing or mitigating 

punch-through, by trapping more stiff clay than the generic spudcan. The holes through the base 

showed no or adverse effect despite the fact that some stiff clay flowed through the holes. The 

effect of the base slope was found to be minimal. These have led to optimise a spudcan shape 

for mitigating punch-through in stiff-over-soft clay as a skirted spudcan with the skirt length of 

0.23 of diameter.  

A universal and robust design approach was proposed for assessing full penetration resistance 

profiles (not just the peak) (i) for generic and skirted spudcans and (ii) for peak resistance 

occurring in the top and bottom layers, by suggesting Equations 5-7 to 5-11. In addition, an 

extended improved ISO method was also suggested (Equations 5-12 and 5-13). They provided 

reasonable estimations against measured centrifuge test data. 
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Table 5-1. Summary of 3D LDFE analyses performed in this study 

Group Model L/D 
Ar: 

% 

Conical 

angle: deg 
t/D subs/sut kD/subs subs/γbD dpeak/D qpeak/subs qint/subs hP-T/D λ MP-T Remarks 

I Spudcan A 0 0 13 1 0.35 0.86 0.25 1.07 21.07 20.86 0.88 -15.84  
Generic 

spudcan 

 Spudcan S1 0.12 0 13 1 0.35 0.86 0.25 1.06 21.08 20.33 0.56 -4.10 0.59 Skirt length 

 Spudcan S2 0.23 0 13 1 0.35 0.86 0.25 1.12 22.16 21.13 0.31 -3.33 0.72 

 Spudcan H1 0.23 12 13 1 0.35 0.86 0.25 1.07 21.50 21.20 0.42 -6.63 0.55 Area 

reduction  Spudcan H2 0.23 18 13 1 0.35 0.86 0.25 1.12 21.78 21.00 0.93 -6.60 0.41 

 Spudcan H3 0.23 24 13 1 0.35 0.86 0.25 0.75 19.90 19.78 NA -3.22 0.56 

 Spudcan U1 0.23 18 26 1 0.35 0.86 0.25 1.55 21.16 20.48 0.36 -8.30 0.54 Bottom slope 

II Spudcan A 0 0 13 0.6 0.8 1.67 0.07 0.36 14.93 14.69 0.33 -2.24  
Generic 

spudcan 

 Spudcan S1 0.12 0 13 0.6 0.8 1.67 0.07 0.38 16.35 16.29 0.12 -1.47 0.51 Skirt length 

 Spudcan S2 0.23 0 13 0.6 0.8 1.67 0.07   18.23  1.73 1.00 

 Spudcan H1 0.23 12 13 0.6 0.8 1.67 0.07 0.61 18.13 16.47 0.11 -5.48 0.46 Area 

reduction  Spudcan H3 0.23 24 13 0.6 0.8 1.67 0.07 0.42 14.19 13.70 0.21 -5.19 0.26 

 Spudcan U2 0.23 24 26 0.6 0.8 1.67 0.07 0.49 21.07 13.28 0.12 -2.66 0.44 Bottom slope 

 * D = 20 m 
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Table 5-2. Summary of previous centrifuge test and numerical analysis results 

Test Model D: m L/D Ar: % t/D subs/sut kD/subs subs/γbD dpeak/D qpeak/subs qint/subs Remarks 

T1SPC Generic spudcan 12 0 0 1 0.389 0 0.162 0.67 14.44 13.22 Centrifuge test 

by this study 

(Chapter 4) 
T2SPC Generic spudcan 12 0 0 1 0.47 0.4 0.096 0.91 16.16 16.73 

T3SPC Generic spudcan 12 0 0 1 0.714 0.46 0.138 1.17 12.71 12.81 

T4SPC Generic spudcan 12 0 0 0.75 0.483 0.446 0.162 0.98 12.48 11.97 

T5SPC Generic spudcan 12 0 0 0.75 0.527 0.215 0.095 0.67 14.28 14.84  

T6SPC Generic spudcan 12 0 0 1.5 0.259 0 0.116 0.47 25.38 22.12  

T1SKT Skirted foundation 12 0.23 0 1 0.389 0 0.162 0.62 10.85 10.67  

T2SKT Skirted foundation 12 0.23 0 1 0.47 0.4 0.096 1.02 17.34 18.07  

T3SKT Skirted foundation 12 0.23 0 1 0.714 0.46 0.138 - - 13.96  

T4SKT Skirted foundation 12 0.23 0 0.75 0.483 0.446 0.162 1.04 12.58 12.36  

T5SKT Skirted foundation 12 0.23 0 0.75 0.527 0.215 0.095 1.44 18.25 17.09  

T6SKT Skirted foundation 12 0.23 0 1.5 0.259 0 0.116 1.17 21.33 21.35  

T1SKH Skirted w/ holes 12 0.23 24 1 0.389 0 0.162 0.83 9.83 10.03  

T2SKH Skirted w/ holes 12 0.23 24 1 0.47 0.4 0.096 1.14 14.52 15.14  

T3SKH Skirted w/ holes 12 0.23 24 1 0.714 0.46 0.138 - - 12.07  

T4SKH Skirted w/ holes 12 0.23 24 0.75 0.483 0.446 0.162 0.77 11.59 11.99  

T5SKH Skirted w/ holes 12 0.23 24 0.75 0.527 0.215 0.095 0.87 12.08 12.67  

T6SKH Skirted w/ holes 12 0.23 24 1.5 0.259 0 0.116 1.23 16.65 16.83  

E2UU-I-T2 Generic spudcan 6 0 0 0.25 0.527 0 0.311 0.05 9.36 8.89 Centrifuge test 

by Hossain & 

Randolph 

(2010a) 

E2UU-I-T3 Generic spudcan 3 0 0 0.25 0.749 0 0.621 0.23 10.09 9.44 

E2UU-II-T5 Generic spudcan 6 0 0 0.75 0.287 0 0.247 0.07 16.23 13.38 

E2UU-II-T6 Generic spudcan 3 0 0 0.75 0.512 0 0.556 0.52 14.74 11.96 

E1UU-II-T5 Generic spudcan 6 0 0 0.75 0.64 0 0.303 0.37 10.77 10.85 

E2UNU-II-T6 Generic spudcan 3 0 0 0.75 0.278 0.616 0.333 0.61 30.48 24.14  

E2UNU-II-T5 Generic spudcan 6 0 0 0.75 0.28 0.642 0.256 0.06 20.12 15.63  

E1UNU-II-T5 Generic spudcan 6 0 0 0.75 0.405 1.88 0.191 0.63 19.89 19.58  

E2UU-III-T8 Generic spudcan 6 0 0 1 0.316 0 0.3 0.14 18.85 13.94  

E2UU-III-T9 Generic spudcan 3 0 0 1 0.515 0 0.609 0.81 18.36 13.32  

E2UU-IV-T11 Generic spudcan 6 0 0 1.25 0.311 0 0.316 0.24 21.72 16.55  



 

Chapter 5 

162 

 

E2UU-IV-T12 Generic spudcan 3 0 0 1.25 0.618 0 0.731 1.4 16.02 12.65  

E1UU-IV-T11 Generic spudcan 6 0 0 1.25 0.68 0 0.311 0.99 12.92 12.8  

E1UU-II-T6 Generic spudcan 3 0 0 1.5 0.753 0 0.583 1.26 12.09 11.96  

E1UNU-II-T6 Generic spudcan 3 0 0 1.5 0.597 0.75 0.368 1.45 18.48 18.41  

E1UU-IV-T12 Generic spudcan 3 0 0 2.5 0.726 0 0.58 2.37 15.13 13.16  

 Generic spudcan 6 0 0 0.25 0.25 0 0.31 0.16 12.89 12.25 Numerical 

analysis by 

Zheng et al. 

(2016) 

 Generic spudcan 6 0 0 0.25 0.5 0 0.31 - - 10.27 

 Generic spudcan 6 0 0 0.5 0.25 0 0.31 0.18 16.13 15.35 

 Generic spudcan 6 0 0 0.5 0.5 0 0.31 0.84 12.43 11.87 

 Generic spudcan 6 0 0 0.5 0.25 0.25 0.31 0.2 17.25 15.7  

 Generic spudcan 6 0 0 0.5 0.25 0.5 0.31 0.17 17.82 16.62  

 Generic spudcan 6 0 0 0.5 0.25 3 0.31 0.44 23.52 21.27  

 Generic spudcan 6 0 0 0.75 0.25 0 0.31 0.18 19.72 16.9  

 Generic spudcan 6 0 0 0.75 0.5 0 0.31 0.71 13.82 13.72  

 Generic spudcan 6 0 0 0.75 0.25 0.5 0.31 0.16 21.41 18.87  

 Generic spudcan 6 0 0 0.75 0.3 0.5 0.31 0.19 18.66 17.89  

 Generic spudcan 6 0 0 0.75 0.4 0.5 0.31 0.55 16.06 15.63  

 Generic spudcan 6 0 0 0.75 0.5 0.5 0.31 0.54 14.65 14.37  

 Generic spudcan 6 0 0 0.75 0.75 0.5 0.31 0.72 12.11 11.83  

 Generic spudcan 6 0 0 1 0.25 0 0.31 0.16 22.68 18.59  

 Generic spudcan 6 0 0 1 0.5 0 0.31 0.8 14.9 14.69  

 Generic spudcan 6 0 0 1 0.25 0.25 0.31 0.2 23.37 20.36  

 Generic spudcan 6 0 0 1 0.25 0.5 0.31 0.25 24.05 21.31  

 Generic spudcan 6 0 0 1 0.25 3 0.31 0.34 28.78 25.77  
  * tsk = 0.008D (SKT, SKH)
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Figure 5-1. LDFE model used in the case study 
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(a) 
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(b) 

Figure 5-2. Evaluation of the 3D LDFE method against centrifuge test results: (a) 

E1UNU-II-T5; (b) E1UU-IV-T11 (both from Hossain & Randolph, 2010a) 
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Figure 5-3. Spudcan models used in parametric study: (a) generic spudcan; (b) various 

skirted spudcans 
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(c) 

Figure 5-4. Case study on Group I: (a) effect of skirt length; (b) effect of area reduction; (c) effect of bottom profile 

Spudcan A

αb = 13°
(Ar = 0%)

Spudcan U1

αb = 26°
(Ar = 18%)

Location (b): d/D = 1.7

Location (a): d/D = 0.5

Spudcan H2

αb = 13°
(Ar = 18%)

Spudcan S2

αb = 13°
(Ar = 0%)

Stiff clay

Soft clay



 

Chapter 5 

170 

 

 

 

 
(a) 

 

Stiff clay

Soft clay

Location (b): d/D = 0.9

Location (a): d/D = 0.31

Spudcan A

Generic spudcan

Spudcan S2

L/D = 0.23



 

Spudcan geometry to mitigate punch-through on stiff-over-soft clays 

171 

 

 
(b) 
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(c) 

Figure 5-5. Case study on Group II: (a) effect of skirt length; (b) effect of area 

reduction; (c) effect of bottom profile 
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Figure 5-6. Design chart for normalised peak resistance depth of skirted foundations, 

dpeak/D 
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Figure 5-7. Design chart for normalised peak resistance of skirted foundations, qpeak/subs 
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Figure 5-8. Design chart for normalised resistance at layer interface of skirted 

foundations, qint/subs 
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Figure 5-9. Design chart for bearing capacity factor, Ncd 

 

 

 

 



 

Spudcan geometry to mitigate punch-through on stiff-over-soft clays 

177 

 

 

 

Figure 5-10. Conceptual model for skirted spudcan when: (a) dpeak < t; (b) dpeak > t 

 

 

 

 

 

(a) dpeak (< t)

Stiff clay

t

d

L

T’

d
Soil plug in the 

stiff layer

Soft clay

1

k

subs sub

(d – t)

(b) dpeak (> t)

T’

T
Hcav

(> t)

L
Shear

resistance

3T’sut/D

Shear

resistance

3Tsut/D

Soil plug in the

soft layer

Soil plug in the 

soft layer

sub,tip sub,av g



 

Chapter 5 

178 

 

 
Figure 5-11. Flow chart for full penetration resistance profile prediction  
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(c) 

Figure 5-12. Comparison between predicted profiles against centrifuge test results: (a) 

T6SPC & T6SKT; (b) T5SPC & T5SKT; (c) T4SPC & T4SKT (Table 5-2) 
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CHAPTER 6 CONCLUDING REMARKS 

6.1 INTRODUCTION 

Geotechnical failure that causes spudcan punch-through is a major concern, costing $5–50 

million/incident to the jack-up industry. In this thesis, the effect of changing spudcan foundation 

shape in mitigating punch-through has been studied. In the field, punch-through failure have 

occurred in the stratified seabed sediments, where a strong layer overlays weaker soil. Two 

typical stratifications of sand-over-clay and stiff-over-soft clay were considered, with 

centrifuge experiments and parametric large deformation finite element (LDFE) analyses used 

to study each. The main findings from this research are summarised in this chapter. 

 

6.2 MAIN FINDINGS FROM THE STUDIES ON SAND-OVER-CLAY 

6.2.1 From centrifuge tests 

The effect of foundation shape on mitigating spudcan punch-through in a sand-over-clay 

deposit has been investigated logically and systematically by using a total of thirteen different 

spudcan shapes. The measured data, explained by the soil flow mechanisms through LDFE 

analyses, have led to the following conclusions: 

1. Sand did not flow through the holes of the foundations. 

2. The spudcan bottom profile and holes through the foundation base did not show any 

remarkable influence on mitigating punch-through, apart from reducing the punch-

through distance to a small degree. 

3. The skirt around the bottom periphery showed a positive effect at mitigating punch-

through, as they allowed for reducing the effective thickness of the sand layer. 
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4. The performance of the foundations at reducing punch-through distance can be calculated 

using Equations 2-1 and 2-2. This prediction was calibrated with sand of relative density 

44–95% and clay of averaged undrained shear strength 15.3–25.4 kPa. 

 

6.2.2 From numerical analyses 

3D large deformation finite element analyses using the CEL approach in ABAQUS/Explicit 

were performed with a modified Mohr-Coulomb sand model and the Extended Tresca clay 

model. The likelihood and severity of punch-through were found to increase with (i) increasing 

the thickness of the sand layer, (ii) increasing the strength of the clay layer and (iii) reducing 

the strength non-homogeneity of the clay layer. An expression (Equation 3-2) was proposed to 

assess the severity of punch-through.  

The degree of mitigation was increased by increasing the length of the skirt, as it was shown 

that the likelihood and severity of punch-through decreases by reducing the thickness of the 

effective sand layer by the skirt length. An optimised skirt length of 0.25D was suggested as 

this is the maximum allowed due to the rig towing constraint. 

For assessing load-penetration profile of skirted foundations, a conceptual analytical model was 

proposed and calibrated against computed and measured data (Equations 3-3 to 3-12). The 

model was validated against measured centrifuge test results, with reasonable agreement 

achieved. The prediction model was calibrated against the results for the generic and skirted 

spudcans. Addition of the test data for spudcan shapes, and subsequent recalibration of 

coefficients would extend the validity of the model. 
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6.2.3 Overall  

In general, the results from the centrifuge model tests and LDFE analyses are consistent in 

terms of the effect of spudcan shapes at mitigating punch-through. Sand has not flowed through 

the holes both in centrifuge testing and numerical analyses due to sand dilation. Only the skirt 

around the bottom periphery of the spudcan showed positive influence. An optimised skirt 

length of 0.25D was suggested accounting for jack-up rig towing issues. 

 

6.3 MAIN FINDINGS FROM THE STUDIES ON STIFF-OVER-SOFT CLAY 

6.3.1 From centrifuge tests 

A total of eighteen penetration tests were performed on six stiff-over-soft clay soil samples. 

Two skirted spudcans with and without holes were tested to assess their performance in 

mitigating punch-through that occurred with the penetration of a generic spudcan. Overall, the 

skirted spudcans were shown to be effective at either easing or eliminating the punch-through 

failure. The effect of the holes was not so obvious but disadvantageous with the reduced load 

carrying capacity. As such, the skirted spudcan without holes was recommended as it also did 

not increase extraction resistance. A simple index to evaluate the amount of punch-through 

failure mitigation was also proposed for two skirted spudcan models (Equations 4-1 to 4-5). 

The assessment model for mitigating punch-through failure was developed based on the limited 

results from this study. More test results would be helpful to augment the robustness of the 

model. 
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6.3.2 From numerical analyses 

Changing the shape of spudcan and its subsequent effect was tested. The different shape factors 

included the skirt length, the holes through the base, and the base slope. Only the skirt on the 

periphery of the spudcan bottom showed positive effect in mitigating punch-through. The skirt 

allowed for reducing the effective thickness of the stiff layer and also for holding the stiff soil 

plug over a longer penetration depth in the bottom soft layer. An optimised skirted spudcan 

with the skirt length 0.23 of the diameter was proposed.  

A universal and robust design approach was proposed for assessing full penetration resistance 

profiles (not just the peak) (i) for generic and skirted spudcans and (ii) for peak resistance 

occurring in the top and bottom layers, by suggesting Equations 5-7 to 5-11. In addition, an 

extended ISO method was also suggested (Equations 5-12 and 5-13). They provided reasonable 

estimations against measured centrifuge test data.  

 

6.3.3 Overall  

Similar trend can be seen between the results from the centrifuge model tests and LDFE 

analyses in terms of the effect of stiff clay layer thickness ratio and strength ratio between the 

two layers on the form of penetration resistance profile, and the effect of spudcan shapes at 

mitigating punch-through. Stiff clay flowed through the holes both in centrifuge testing and 

numerical analyses, which showed to have positive influence where punch-through occurred in 

the top stiff layer and negative effect where punch-through occurred in the bottom soft layer. 

The skirt around the bottom periphery of the spudcan showed positive influence in both cases. 

Combining these and accounting for all practical issues, an optimised skirt length of 0.23D was 

proposed.  
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6.4 GENERAL FINDINGS FROM THE STUDIES ON SAND-OVER-CLAY AND 

STIFF-OVER-SOFT CLAY 

The effects of various factors of spudcan shape at mitigating punch-through from the centrifuge 

tests and numerical analyses, and in the sand-over-clay and stiff-over-soft clay deposits, are in 

general consistent. From the centrifuge tests and numerical analyses, it was found that sand did 

not flow through the holes due to dilation. Stiff clay flowed through the holes, but showed 

positive and negative influence depending on whether punch-through occurred in the top or 

bottom layer. The skirt around the bottom periphery of the spudcan showed positive influence 

for the sand-over-clay and stiff-over-soft clay deposits. 

In summary, it can be seen that the skirted spudcan with 0.23–0.25D skirt length is effective in 

mitigating punch-through for both sand-over-clay and stiff-over-soft clay deposits. As such, the 

shape can be taken as a universal shape for mitigating punch-through in stratified seabed 

sediments, at least for the two layered conditions with t/D < 1, as tested in this thesis.  

 

6.5 RECOMMENDATION FOR FUTURE WORK: PERFORMANCE OF THE 

PROPOSED SKIRTED SPUDCAN 

6.5.1 Penetration in multilayer seabed sediments 

In this study, two-layered sand-over-clay and stiff-over-soft clay configurations were 

considered. Multilayer stratifications are often encountered in the field. As such, the 

effectiveness of the proposed skirted spudcan should be tested for multilayer seabed sediments. 

Note, for generic spudcans, there have been several studies (e.g. Hossain, 2014; Zheng et al., 

2017; Ullah et al., 2017a, 2017b). However, these just studied with a generic spudcan, and 

further study in layered soil with the proposed spudcan shape is needed. 
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6.5.2 Penetration in thick sand-over-clay deposits  

In this study, for sand-over-clay deposits, the thickness of the sand layer was limited to < 0.75 

foundation diameter. However, in the field, if the thickness of the sand layer is > 1.0 diameter, 

the generic or conventional spudcan may sit on the surface of the sand layer with limited 

penetration, but the proposed skirted spudcan may create a potential punch-through scenario by 

reducing the thickness of the effective sand layer beneath the effective base of the spudcan. As 

such, a series of tests can be performed in sand-over-clay deposits with the thickness of the sand 

layer = 0.75–1.5 diameter. 

 

6.5.3 Performance under operational loading  

This study has focused on mitigating punch-through and on vertical penetration response. The 

performance of the proposed skirted spudcan under operational V-H-M loading should be 

investigated. It is expected that the capacity will be higher for the skirted spudcan compared to 

that for a generic spudcan. As a starting point, for generic spudcans and skirted footings under 

operational V-H-M loading, there have been several studies (e.g. Bransby & Randolph, 1998; 

Gourvenec & Barnett, 2011; Zhang et al., 2012). 

 

6.5.4 Performance during extraction 

This study has focused on mitigating punch-through and on vertical penetration response. A 

key question is “will the extraction resistance or the required jacking capacity be increased 

significantly for retrieving the skirted spudcan?” For sand-over-clay deposits, Hossain et al. 

(2017) showed that the extraction resistance for a skirted spudcan can be similar to or larger 

than that of a generic spudcan depending on the vent hole condition on the skirted spudcan. For 
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stiff-over-soft clay deposits, it was shown in Chapter 4 that the extraction resistance for the 

skirted spudcan is similar to the generic spudcan. Further detailed investigations are required. 

These could include parametric study on the effect of number and size of vent holes and the 

optimum relative skirt length to the sand layer thickness to avoid sealing effect which increases 

the breakout force for skirted spudcans in sand-over-clay. 
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