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Abstract 

Skirted foundations are a type of offshore shallow foundations, which consist of a plate 

resting on the seabed and a peripheral skirt (often supplemented by internal skirts) 

penetrating into the seabed and confining a soil plug. Skirted foundations are widely 

used for shallow and deep water oil and gas developments, and are often required to 

resist uplift loads or significant overturning moments. When skirted foundations are 

subjected to uplift, suction is developed between the underside of the foundation top 

plate and the soil plug confined by the skirts, which enables mobilisation of resistance 

from end bearing. Uncertainty exists over several aspects of this reverse end bearing 

potential such as its magnitude in comparison with compression capacity, the duration 

over which suction can be maintained and the effect of a gap at the skirt-soil interface. 

The main focus of the research presented in this thesis is to explore the behaviour of 

skirted foundations subjected to vertical uplift loading. The study was conducted 

through a series of centrifuge model tests and numerical analysis.  

Firstly, the bearing capacity factors in compression were determined for a range of 

foundation geometries, interface roughness and soil conditions using small strain finite 

element (SSFE) analysis. Further, centrifuge model tests were conducted to determine 

the bearing response of skirted foundations having skirt embedment to diameter ratios 

0.1 to 0.5, subjected to short-term compression and uplift loading in lightly over 

consolidated clay. Large deformation finite element (LDFE) analysis was also used to 

model the undrained response. The centrifuge test results showed that peak uplift 

capacity equivalent to compression capacity could be mobilised for a fully sealed 

foundation and suction required for reverse end bearing could be maintained through 
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considerable foundation displacement, even for low skirt embedment ratio. LDFE 

analysis method could replicate the load-displacement response of the foundations over 

large displacements, pre- and post-yield. 

Kinematic soil failure mechanisms around skirted foundations subjected to undrained 

compression and tension were investigated through digital image analysis of drum 

centrifuge tests and compared with predictions from finite element analyses. Analysis of 

images captured in the centrifuge tests showed that rather different kinematic 

mechanisms govern failure in uplift and compression, and a reverse end bearing 

mechanism was mobilised even for the shallowest embedment ratio studied. LDFE 

analysis could capture differences in the soil deformation patterns in uplift and 

compression whereas SSFE analysis failed to capture the differences. 

The presence of a vertical gap along the external skirt-soil interface on the short- and 

long-term uplift response was investigated using centrifuge model tests. It was observed 

that under short-term loading, the presence of a gap caused abrupt loss of suction 

beneath the top plate after minimal foundation displacement, with subsequent uplift 

capacity being markedly reduced. Under long-term loading, the gap caused up to a two 

fold increase in the rate of displacement.  

In order to assess the potential to mitigate the effect of gapping on uplift capacity, a 

flexible mat was provided around the periphery of skirted shallow foundations, a so-

called ‘gap arrestor’. Results from a series of drum centrifuge tests show that the 

provision of an effective gap arrestor preserved suction over larger foundation 

displacements and reduced the rate of displacement under long-term uplift compared 

with the case of a gapped interface without arrestor.  

SSFE analyses were undertaken to determine the rate of displacement of skirted 
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foundations subjected to long-term uplift loading, due to combined swelling and 

seepage. The results are compared with available theoretical solutions and experimental 

results, and expressions are provided for calculating the equivalent seepage lengths and 

resulting uplift velocities for skirt embedment ratios from 0.1 to 1. The effect on the 

seepage behaviour of the presence of a gap down the external skirt-soil interface is also 

discussed. 

Finite element limit analysis (FELA) was used to identify the critical internal skirt 

spacing for undrained failure of shallow skirted foundations under conditions of plane 

strain, based on the criterion that the confined soil plug should ideally displace as a rigid 

block, such that optimal bearing capacity is realised. The results explicitly identify the 

number of internal skirts required to ensure soil plug rigidity under combined vertical, 

horizontal and moment loading.  

The research presented in this thesis provides a comprehensive and systematic 

assessment of reverse end bearing potential of skirted foundations across a range of 

embedment ratio in soft clay under short-term and long-term uplift loading and general 

loading. Centrifuge modelling is complemented with small strain and large deformation 

numerical analysis.  

The research findings advance understanding of the response of shallow skirted 

foundations for offshore applications and the results are presented in a manner that can 

be immediately translated for application in industry.  
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Chapter 1. Introduction 

1.1. General 

Shallow skirted foundations are used to support a variety of offshore infrastructure, as 

shown in Figure 1.1, and may experience combined vertical, horizontal and moment 

loading, including uplift due to overturning or buoyancy. Shallow skirted foundations 

comprise a foundation plate that rests on the seabed with peripheral and often internal 

skirting that penetrates into the seabed confining a soil plug. During uplift, suction 

(relative to ambient pressure) can be generated at the interface of the foundation plate 

and the confined soil plug enabling a reverse end bearing mechanism to be mobilised. A 

reverse end bearing mechanism is similar to a general shear failure mechanism in 

compression, but in the reverse direction (Figure 1.2). Uplift resistance of a shallow 

foundation is typically taken as the sum of the weight of the foundation and frictional 

resistance mobilised along the embedded portion of the foundation. The research 

presented in this thesis demonstrates that enhanced uplift resistance due to ‘reverse end 

bearing’ can be mobilised through development of suction underneath the foundation 

top plate. The potential for ‘full reverse end bearing’, i.e. an uplift resistance equivalent 

to the resistance in compression, of the skirted foundations is investigated through 

centrifuge model tests. The effect of the presence of a vertical gap at the skirt-soil 

interface on the reverse end bearing potential and a technique to mitigate this effect of 

gapping are also presented. Numerical methods are used to accurately predict the 

bearing capacity factors for a wide range of foundation and soil conditions, to determine 

internal skirt spacing for optimal capacity under combined vertical, horizontal and 

moment loading and to model the long-term loading behaviour of skirted foundations.   
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The remainder of this chapter sets out 

• an overview of offshore shallow foundations; 

• the historical context of the use of  shallow skirted foundations;  

• a literature review of previous studies on offshore shallow foundations;  

• a summary of the purpose of this research; and 

• an outline of the subsequent chapters of this thesis.  

1.2. Offshore shallow foundations 

Offshore shallow foundations may rest on the seabed or be embedded. Embedment is 

achieved by peripheral and often internal skirts extending from a foundation base plate 

to penetrate the seabed. The foundation skirts constrain the lateral movement of the soil 

beneath the plate and transfer the loads to the soil at skirt tip level. Internal skirts are 

provided to increase foundation stiffness and the effective rigidity of the soil plug. 

Skirted foundations are an attractive alternative to deep foundations in offshore fields 

with soft surficial soils, because of their ability to confine surface soil and transfer loads 

to stronger soils at skirt tip level. The skirts also assist in foundation installation by 

constraining the lateral movement as the foundation approaches the seabed, 

compensating for seabed irregularities and reducing scour around the foundation 

periphery. Another key benefit of skirted foundations is their ability to resist tensile 

uplift loads due to generation of negative excess pore pressure, also referred to as 

suction (relative to ambient pore pressure), between the skirt top plate and the confined 

soil plug.  
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1.3. History of use 

For the past few decades, skirted foundations have been used widely in offshore wind 

farms and oil and gas fields to support gravity based structures (GBS), jackets, tension 

leg platforms (TLP) and a range of subsea infrastructure including pipeline end 

terminations/manifolds (PLETs) and valve protection systems (Figure 1.1).  Example 

details of previously installed offshore skirted foundations are summarised in Table 1.1. 

Figure 1.3 shows a schematic of the Yolla A platform with a hybrid jacket structure, 

Figure 1.4 shows the Draupner E jacket structure with steel skirted foundations, prior to 

installation, Figure 1.5 shows a schematic of the Heidrum TLP and Figure 1.6 shows a 

subsea facility equipped with skirted foundations.  

1.4. Previous studies on offshore shallow foundations 

Several studies have been conducted for the safe and economic design of skirted 

foundations in the offshore field. These broadly include studies to determine the vertical 

bearing capacity, pullout or uplift capacity, cyclic load capacity and capacity under 

combinations of vertical (V), horizontal (H) and moment (M) loads, for a range of 

skirted foundation geometries, soil types and shear strength profiles and subjected to 

drained or undrained loading. The studies were performed either through rigorous 

theoretical, numerical or experimental investigations or a combination of two or more of 

the approaches. For the theoretical and numerical studies, the skirted foundation 

geometry is generally idealised in three different ways, as shown in Figure 1.7 in 

descending order of sophistication: (a) as a skirted foundation with a deformable soil 

plug inside the skirt (rarely) (b) as an embedded foundation with the soil inside skirt 

considered rigid or (c) as a surface foundation at the skirt tip level. Again these 

foundation models have been studied as either strip foundations (plane strain) or 
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circular foundations. In this section, some significant studies conducted on essentially 

vertical loading, both in compression and uplift, of surface, embedded and skirted 

foundations are discussed, since the research presented in this thesis is mainly focused 

on the vertical loading of skirted foundations. 

1.4.1. Undrained vertical bearing capacity 

Prandtl (1921) originally gave the theoretical exact solution for the undrained vertical 

bearing capacity of a rigid strip punch in uniform perfectly plastic material: Vult = (π + 

2)Bsu, where Vult is the ultimate load bearing capacity per unit length of the foundation, 

B is the foundation width and su is the undrained shear strength of the material. Further 

theoretical studies (Shield, 1955; Eason & Shield, 1960; Cox et al., 1961) provided the 

exact solution for a rigid circular surface foundation in uniform Tresca material, Vult = 

6.05Asufor a rough foundation-soil interface and 5.69Asu for a smooth foundation-soil 

interface, where A is the base area of the foundation.  

Davis & Booker (1973) first gave solutions for foundations in soil with increasing shear 

strength with depth. The bearing capacity of smooth and rough rigid strip surface 

footings resting on cohesive soil with increasing shear strength with depth (kB/sum of 0 

(uniform) to ∞ (normally consolidated, NC)) can be calculated from 

( ) ⎥⎦
⎤

⎢⎣
⎡ +π+=

4
kBs2F

B
V

um
ult  where, sum is the shear strength at mudline, k is the gradient 

of increase in shear strength with depth and B is the breadth of the footing. F is a 

correction factor, the values of which can be read from Figure 1.8. In the figure, ρ 

corresponds to k and cu corresponds to su.  

Salençon & Matar (1982) provided exact solutions for vertical bearing capacity factors 

of circular foundations in soil with varying shear strength with depth using limit 
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equilibrium calculations and theory of yield design. They provided values of shape 

factors (Nc,circular/Nc,strip) for foundations in soil with kD/sum 0 to 600, where D is the 

diameter of the foundation (Figure 1.9).  

A similar study was conducted by Houlsby & Wroth (1983) using the method of 

characteristics. They presented lower bound (LB) solutions of  vertical bearing capacity 

factors and shape factors for both smooth and rough circular foundations in soil with 

linearly increasing shear strength with depth (kD/sum of 0 to 10). It was observed that 

for kD/sum > 2 or for large diameter foundations, the values of shape factor were less 

than 1. All the above studies give solutions for surface foundations in cohesive soil.  

Tani & Craig (1995) computed the vertical bearing capacity of embedded skirted 

foundations by idealising it as a surface foundation at the skirt tip level, ignoring the 

effect of soil above that level. They computed the vertical bearing capacity of circular 

and strip foundations using plasticity theory and developed a simple method to calculate 

the bearing capacity, shape factors and depth factors using a set of charts for embedded 

foundations in soil with shear strength increasing with depth (kD/sum of 0 to 30). The 

results were validated using data from centrifuge tests.  

Bransby & Randolph (1999) conducted upper bound (UB) analysis and finite element 

analysis (FEA) of embedded strip foundations to study the effect of foundation 

embedment depth (d) on the bearing capacity factors compared to idealised surface 

foundations given by Tani & Craig (1995). They observed that for the same shear 

strength at skirt tip level, the bearing capacities for foundations with different 

embedment depths were different. Hence they recommended that proper scale factors 

dependent on the foundation embedment depth should be used while analysing 

embedded foundations as surface foundations.  
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Hu et al. (1999) conducted numerical analysis, using an h-adaptive finite element 

approach, of circular skirted foundations in non-homogeneous soil to study the vertical 

bearing capacity, soil flow mechanism and large deformation response of these 

foundations. From the study, it was observed that for foundations with smooth skirts in 

homogeneous soil, the bearing capacity factors for all the foundations with embedment 

ratios ≥ 2 converged due to confinement of the failure mechanism below ground level, 

rather than extending to the soil surface. The study also pointed out that idealising the 

embedded skirted foundation as a surface foundation will underestimate the bearing 

capacity values for embedment ratios below 2.  

Martin & Randolph (2001) summarised the available bound solutions for circular 

foundations in soil where the strength increases linearly with depth and demonstrated 

methods for extending the partial stress field of LB solutions using the method of 

characteristics. They also developed a simple independent mechanism to obtain UB 

solutions within an uncertainty of less than ± 8 %.  

Martin (2001a) presented UB and LB solutions for vertical bearing capacities of circular 

embedded foundations with smooth and rough skirt-soil interface and embedment ratio 

(ratio of foundation embedment depth to diameter – d/D) varying from 0 to 2 in soil 

having shear strength linearly increasing with depth (kD/sum = 0, 1, 2, 5, 10, 20 and ∞). 

The results were compared with existing FEA results and data from physical modelling.  

Salgado et al. (2004) presented depth factors and shape factors for circular, rectangular, 

square and strip embedded foundations in uniform soil, subjected to vertical load, 

calculated using rigorous two and three dimensional finite element limit analysis.  
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Effect of a deformable soil plug 

All the above studies considered a solid, rigid embedded foundation. The potential error 

in idealising skirted foundations, containing a deformable soil plug, as a rigid embedded 

footing was investigated by Yun & Bransby (2007) using plane strain FEA and UB 

plasticity analysis in uniform and non-uniform soils. They concluded that, for 

calculating the undrained vertical capacity of skirted foundations, the soil plug inside 

the skirt can be considered as fully rigid, provided the geometry of the embedded 

foundation and the effect of soil strength variation are taken into account.  

Bransby & Yun (2009) extended this study for combined loading in normally 

consolidated soil using plane strain FEA and UB calculations and found that assuming 

the soil plug inside the skirt as rigid can significantly over estimate the foundation 

capacity. Hence they recommended adopting methods accounting for the geometry of 

the skirt, rather than assuming the soil plug as rigid. It was also observed that, with the 

introduction of an internal skirt, the skirted foundations gave similar bearing capacities 

to those obtained assuming a rigid soil plug.  

1.4.2. Failure mechanisms in compression 

Kusakabe et al. (1986) presented UB values for vertical bearing capacity factors of 

circular foundations in clay with shear strength increasing linearly with depth. The 

study assumed Hill-type failure mechanisms for smooth foundations and Prandtl-type 

failure mechanisms for rough foundations (Figure 1.10). With increasing heterogeneity 

(kD/sum >1), it was observed that the Hill-type mechanism governs failure for rough 

foundations as well, with the value of angle β  0 (β shown in Figure 1.10). The width 

and depth of the plastic failure zone decreases with increasing kD/sum (Figure 1.11).  
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Hu et al. (1999) observed, using an h-adaptive finite element (FE) approach, that the 

soil flow mechanism beneath embedded smooth foundations up to an embedment ratio 

d/D < 1, has a well defined soil failure mechanism that extends to the surface. For 

d/D = 1, the flow mechanism is in a transition stage between a well defined failure 

mechanism and a form of cavity expansion around the skirt tip. Also, it was observed 

that, for rough sided skirted foundations in non homogeneous soil, kD/su0 varying 

from 2 to 30 (where su0 is the shear strength at the skirt tip level), there is a transition of 

soil flow from 45° wedge flow to annular flow (90°) for embedment ratios between 0.2 

and 0.4.  

1.4.3. Undrained vertical uplift capacity 

When skirted foundations are subjected to uplift loads, negative excess pore pressure or 

suction can be developed between the underside of the foundation top plate and the 

confined soil plug inside the skirt compartment, provided a complete seal of the 

foundation is maintained. Generation of these negative excess pore pressures results in 

the mobilisation of ‘reverse’ end bearing – i.e. a general shear failure, as observed in 

compression, but in reverse. This reverse end bearing (REB) provides high magnitudes 

of uplift resistance, and may be an order of magnitude greater than simple frictional 

resistance between the skirt and the soil. However, when the skirt is unsealed or the 

loading is long-term drained, the REB is not mobilised and the uplift resistance will be 

solely due to the friction between the skirt walls and the soil. Several theoretical, 

numerical and experimental studies have been conducted to quantify the uplift capacity 

of skirted foundations under monotonic and cyclic, short- and long-term loading in a 

range of soil types. 
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Experimental studies include: (i) modelling the system to its actual scale – full scale 

modelling (ii) modelling the system to a reduced scale and testing at normal gravity – 

1g modelling and (iii) modelling the system to a reduced scale and testing at an 

accelerated gravity level in a centrifuge – centrifuge or Ng modelling. 

Goodman et al. (1961) first demonstrated experimentally that vacuum anchorage (or 

uplift capacity due to suction) is possible in moist soils, by conducting tests on an 

inverted cup. Wang et al. (1975, 1977) studied suction capacity under water by 

conducting 1g model tests and derived equations for the break out resistance as a 

function of foundation geometry, soil conditions, foundation-soil interface friction and 

adhesion and the suction beneath the foundation plate with the aid of Mohr-Coulomb 

failure theory and finite element analyses.  

Fuglsang & Steensen-Bach (1991) studied the undrained uplift capacity of foundations 

with embedment ratio d/D > 2 at 1g. They proposed three possible modes of failure of 

suction anchors/skirted foundations as shown in Figure 1.12. From the left, the first one 

corresponds to when the skirt compartment is unsealed when only the frictional 

resistance between the skirt wall and the soil and the reverse end bearing resistance of 

the skirt tip is mobilised. The second mode corresponds to a sealed caisson, where a 

hydraulic short-circuit prevents the suction at the skirt base; in this case the uplift 

resistance is calculated as the sum of the external wall friction and the weight of the 

confined soil plug. The third mode is when full reverse end bearing is mobilised. 

Dyvik et al. (1993) performed physical model tests to predict the behaviour of suction 

anchors that were planned to be used for the Snorre TLP. The test models were not 

exactly reduced scale models of the prototype, but the tests were conducted in an 
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onshore site with similar soil profile. The tests were aimed to verify analytical design 

procedures developed by Andersen et al. (1993).  

Andersen et al. (1993) calculated the pullout capacities of the suction anchors pulled at 

an inclination of 10° to vertical, by a limit equilibrium method assuming a failure 

surface taking account of the reverse end bearing mechanism. The theoretical results 

showed good comparison with the model test results from Dyvik et al. (1993), 

ascertaining the development of reverse end bearing mechanism beneath skirted 

foundations subjected to uplift.  

Clukey & Morrison (1993) calculated the theoretical uplift capacity of suction caissons 

as the sum of external skin friction and the reverse end bearing capacity, determined as 

equal to the end bearing capacity in compression. To account for the differences in soil 

behaviour under tension and compression, they recommended that the calculated end 

bearing capacity should be multiplied by an efficiency factor to obtain the actual uplift 

resistance. From centrifuge model tests, they observed this efficiency factor to be about 

73 % for end bearing. The skin friction was calculated as equal to 75 % of the undrained 

shear strength from cone penetration tests. 

Puech et al. (1993) observed reverse end bearing failure of a skirted foundation with 

embedment ratio d/D = 0.18 when tested at 50g in a centrifuge, but simple foundation 

pull-out when the same model was tested at 1g. This illustrates the importance of 

respecting stress similitude in physical modelling. 

Bye et al. (1995) presented the geotechnical design and analysis of two skirted plate 

foundations in very dense sand (for Europipe 16/11E and Sleipner T jackets). The study 

was aimed at understanding the tension load capacity and cyclic loading behaviour of 

skirted foundations. For the design of the Europipe foundation, field tests were 
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conducted using a smaller model (not directly scaled down) and a correlation factor was 

developed comparing the penetration resistance during suction installation to the actual 

cone penetration resistance at the prototype location. Correction factors for the sand 

dilatancy parameter used for calculating the compression and tension capacity of the 

foundation were also derived, taking account of the pore pressure accumulation and 

dissipation during loading. For the second foundation considered, scaled 1g physical 

model tests and FEA using Abaqus were adopted to study the mechanics of soil beneath 

the foundation under monotonic and cyclic loading. Correlating the model tests and 

FEA results, improved design procedures taking account of the reverse end bearing 

capacity were developed and applied to the Sleipner T platform.  

Watson et al. (2000) performed undrained centrifuge model tests on skirted foundations 

with embedment ratio d/D = 0.5 in normally consolidated kaolin clay. Full reverse end 

bearing was observed at touch down depth, identified by equal magnitudes of 

compression and tension resistance. The resistances measured were compared with that 

predicted using the bearing capacity factors from large deformation finite element 

(LDFE) analysis. It was observed that the model test results compared well with the 

predicted compression resistance for the whole depth of penetration. In tension, 

although the ultimate tension capacity compared well with the numerical prediction, at 

large displacements the observed resistance reduced to 70 % of the predicted value. This 

reduction was explained to be due to the continuous remoulding of the soil while the 

foundation is extracted.  

Randolph & House (2002) provided design parameters for calculating the shaft friction 

(interface friction factor, α) and end bearing resistance (reverse end bearing capacity 

factor, Nc) of suction caissons (d/D = 4) subjected to both short- and long-term vertical 

uplift loading through a series of centrifuge model tests. Short-term reverse bearing 
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capacity factors similar in magnitude to those in compression were observed showing 

the mobilisation of full reverse end bearing capacity. 

Gourvenec et al. (2009) presented centrifuge test results of undrained loading of skirted 

foundations with embedment ratios d/D = 0.15 and 0.3. Although both models were 

intended to be sealed, shear governed failure was observed for d/D = 0.15 and reverse 

end bearing mechanism was mobilised for d/D = 0.3. The model with d/D = 0.15 

mobilised less than 50 % of the corresponding theoretical bearing capacity whereas the 

d/D = 0.3 model mobilised around 70 % of its bearing capacity obtained from 

compression tests under similar conditions. The results presented by Puech et al. (1993) 

and Gourvenec et al. (2009) indicate normalised foundation displacements w/D > 5 % 

to mobilise peak uplift capacity, hinting at a lower limit to practical embedment ratio for 

mobilisation of reverse end bearing capacity, since loss of embedment will eventually 

lead to a loss of seal. The studies demonstrate two important criteria; the necessity of 

realistic prototype soil stress conditions and a fully sealed skirt compartment in order to 

mobilise reverse end bearing. 

Zdravkovic et al. (2001) performed three dimensional FEA to determine the pull out 

capacity of a range of skirted foundation geometries for a range of interface friction 

conditions by loading the foundation at the centre of the top plate at angles ranging from 

0° to 90° from the vertical. In their model, a row of interface elements with very low 

shear stiffness and very high normal stiffness was introduced between the foundation 

top plate and soil plug to represent trapped water inside the skirt compartment and the 

skirt compartment was assumed to be perfectly sealed. The model with trapped water 

was used as this represented the field conditions more appropriately. Another study by 

Zdravkovic et al. (1998) observed that the presence of the water elements did not cause 

any reduction in the ultimate undrained vertical uplift capacity of the foundation 
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compared to a foundation with intact soil plug beneath the top plate, although the initial 

load-displacement response was comparatively softer for the model with water.  

Cao et al. (2002) numerically modelled the suction developed beneath the foundation 

top plate using FEA and validated their results against data from centrifuge model tests. 

The soil was modelled as fully saturated normally consolidated clay and the stress-strain 

behaviour was simulated using Modified Cam-Clay model. The water trapped inside the 

skirt compartment was represented using a very soft poro-elastic material. Good 

agreement with the centrifuge results was observed for the pullout force – displacement 

response, but the magnitude of suction developed with increasing pullout displacement 

was slightly different in the FEA.     

Deng & Carter (2002) conducted FEA of suction caissons subjected to vertical uplift 

under drained, partially drained and undrained soil conditions and proposed theoretical 

expressions to calculate the vertical uplift capacity for each case in terms of the 

foundation embedment ratio.  

Al-Khafaji et al. (2003) studied numerically the reverse end bearing capacity of suction 

caissons subjected to undrained, steady and cyclic loading due to loop currents. They 

used extended Modified Cam Clay soil model for the study. The undrained loading 

results showed that an end bearing capacity factor of around 10 to 10.5 was mobilised 

for a suction caisson with d/D = 7. The study also indicated that 60 % of the maximum 

reverse end bearing capacity can be relied on for more than 30 days even under very 

high magnitudes of sustained uplift loads. As the loop current duration for the case 

studied was around 5 days, it was recommended that 60 % of the full reverse end 

bearing capacity can be considered for the design. 
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Clukey et al. (2004) compared the results from a numerical study using the same model 

presented in Al-Khafaji et al. (2003) with results from centrifuge model tests and 

obtained fairly consistent results. This study presented the effects of pore pressure 

dissipation on the reduction in uplift capacity. The results showed that there is an 

interplay of competing effects of dissipation of negative excess pore pressures on the 

uplift capacity. For the case studied, the effect of pore pressure dissipation on the 

holding capacity was negligible as the holding duration for 100 % capacity was 

significantly longer than the duration of the loop currents.    

1.4.4. Long-term loading behaviour 

Booker & Small (1986) presented theoretical solutions for the consolidation behaviour 

of smooth circular raft foundations in homogeneous clay subjected to constant 

compressive loads. The study provides the variation of contact stresses, pore pressures, 

settlements and radial moments with time beneath permeable and impermeable rafts. 

Watson et al. (2000) observed from centrifuge model tests that under long-term 

compression loads, the excess pore pressure dissipates gradually and the foundation 

reaches a constant ultimate settlement. However, in uplift, the negative excess pore 

pressure remains almost constant throughout the loading period and hence the 

displacement continues unboundedly with the seepage of water into the skirt 

compartment. The study recommended calculating the uplift capacity as the sum of 

weight of the foundation, weight of the soil plug confined inside the skirt compartment 

and the frictional resistance between the external skirt wall surface and the soil for long-

term tension loading in soils with moderate permeability. 

Gourvenec et al. (2009) performed sustained load centrifuge model tests on skirted 

foundations with d/D = 0.15 and 0.3 and observed that the time-displacement behaviour 
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is bilinear with an initial immediate displacement followed by a linear time-dependent 

displacement due to the seepage of water into the skirt compartment. The study 

presented the dependency of rate of foundation uplift displacement on the consolidation 

time allowed after installation before loading, foundation embedment ratio and the 

magnitudes of loads applied.   

Gourvenec & Randolph (2009, 2010) studied numerically the consolidation settlements 

that may occur beneath skirted foundations in compression. The study was based on 

finite element analyses of a range of foundation embedment ratios with smooth and 

rough skirt-soil interfaces and the soil modelled as an isotropic elastic material obeying 

Biot-type (Biot, 1935, 1941) consolidation behaviour. The studies reported that there 

was significant effect of the foundation embedment and interface friction on the 

consolidation behaviour. 

1.4.5. Combined VHM loading 

Bransby & Randolph (1998) studied the response of strip skirted foundations (idealised 

as equivalent surface foundations) subjected to combined vertical, horizontal and 

moment (VHM) loading in soil with varying shear strength heterogeneity, using finite 

element and upper bound plasticity analysis. Yield envelopes and soil deformation 

mechanisms were presented for the V-H, V-M and M-H loading space. 

Bransby & Randolph (1999) investigated the effect of the shape of skirted foundations 

on the response under VHM loading, using finite element and plasticity analysis. Yield 

envelopes were developed for strip and circular skirted foundations (idealised as 

equivalent surface foundations) in soils with uniform shear strength and shear strength 

increasing linearly with depth. It was observed that the shape of yield envelope was the 
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same for both foundation shapes for given shear strength heterogeneity, although the 

single load capacities varied with the foundation shape.      

Gourvenec & Randolph (2003) conducted three dimensional FEA of skirted foundations 

(idealised as a surface foundation) in uniform soil, subjected to combined VHM loading 

and developed failure loci under a comprehensive range of combined loading. They 

considered full adhesion at the foundation-soil interface capable of sustaining tensile 

forces. On comparing the results with limit state predictions (used by industry design 

guidelines), they observed that industry guidelines may be highly conservative in 

respect of ignoring the contribution to the moment capacity of skirted foundations 

arising from suction beneath the foundation.  

Gourvenec (2008) studied the effect of embedment on the shape and size of the yield 

surface of strip skirted foundations under combined loading. It was observed that the 

shapes of yield envelopes in H-M space are different from those calculated using 

equations given by Bransby & Randolph (1998, 1999), the difference being highly 

significant for higher embedment ratio. This is because Bransby & Randolph 

overlooked the effect of soil resistance due to embedment during horizontal loading.   

Gourvenec & Barnett (2009) developed three-dimensional failure envelopes for skirted 

strip foundations with embedment ratios varying from 0 to 1 in soils with varying shear 

strength heterogeneities using finite element analysis. An approximating expression was 

proposed for calculating the undrained bearing capacity under general in-plane loading 

for the range of foundation and soil conditions studied.  

1.5. Current design methodology 

Although skirted foundations are widely used, it is common practice to adopt design 

principles for general, onshore, shallow foundations. This prevents consideration of the 
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compressible soil plug and assumes uplift (tension) capacity is governed by simple 

frictional pullout of the foundation (either with or without the soil plug), which may 

lead to predicted uplift resistance of an order of magnitude less than available from 

reverse end bearing. The potential for improved uplift resistance of skirted foundations 

due to suction is evident from several studies and acknowledged by the current design 

recommendations (e.g. ISO, 2003; API, 2011). However, the guidelines are too general 

and provide no specific guidance on the effect of factors that may affect the reverse end 

bearing potential. In particular applications where full reverse end bearing has been 

taken into account, the design has been based on detailed problem specific field 

investigations and reliance on suction to sustain reverse end bearing has been restricted 

to short-term loading (Dyvik et al., 1993; Bye et al., 1995). Caution over reliance on 

reverse end bearing capacity arises from various uncertainties around the phenomenon, 

including whether or not full reverse end bearing can be mobilised (i.e. equal to 

compression capacity), the foundation displacement and duration of time for which 

suction can be maintained, and mechanisms that may jeopardise the development or 

preservation of suction.   

1.6. Purpose of this research 

The current literature contains a number of separate experimental, analytical and 

numerical studies of shallow and skirted foundations. However, further research is 

necessary for the safe and economic design of these foundations, as there are several 

limitations to the available information. For example, available bearing capacity  factors 

in compression are limited by the range of foundation geometry, soil profile and skirt-

soil interface conditions considered. Bearing capacity factors for a range of foundation 

and soil conditions encountered in the offshore environment are particularly limited. 
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Most of the studies on skirted foundations have assumed the soil plug inside the skirt as 

rigid; the effect of soil flow inside the skirt compartment on the bearing capacity has not 

been well investigated. In principle, the soil plug inside the skirt compartment acts as a 

rigid plug due to the provision of sufficient internal skirts/compartments, but no 

systematic design guidance on the number or spacing of internal skirts necessary to 

make the soil plug inside the skirt compartment act rigidly has not been addressed. In 

cases of tension loading, there has been no consistent and systematic study to 

investigate the reverse end bearing potential of skirted foundations under short- and 

long-term loading. Insufficient research on the uplift load response of skirted 

foundations has led to highly conservative and uneconomic design of these offshore 

foundations. The construction costs can vary from around $10 million for small 

foundations to more than $100 million for large ones, which account for about 25 % of 

the total cost of development. Hence any improvement in the foundation design can 

cause significant reduction in the total construction cost. The major purpose of this 

research is to further explore the reverse end bearing potential of skirted foundations so 

that improved and cost effective design methods can be adopted for future 

developments. The effect of gapping along the skirt-soil interface that may jeopardise 

the reverse end bearing capacity s is also investigated, along with a mitigation measure 

to limit the effect of the presence of a gap. 

This research is mainly focused on the pure vertical loading of skirted foundations as 

many applications involve vertical loading of the foundations and also, vertical load 

behaviour forms a basis for further research on combined loading. Figure 1.1 illustrates 

the forces likely to act on skirted foundations supporting different offshore structures. It 

can be noticed that the loading often involves some tension component due to 

overturning or buoyancy. In most cases the foundations are subjected to combined 
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loading with vertical uplift loads prominent for TLPs, (empty) storage tanks and subsea 

platforms. In addition, foundations for various new concept offshore platforms such as 

hybrid self-installing platforms and gravity base terminals, which are designed to be 

buoyant after offloading, are also subjected to sustained vertical uplift loads for several 

days or weeks.  

The specific objectives of this research are:   

 to derive the failure mechanisms and bearing capacities of a range of skirted 

foundations with different embedment ratios in short-term (undrained) vertical 

compression and uplift loading and thereby investigate the reverse end bearing 

potential; 

 to study the effect of soil deformation inside the skirt compartment on the bearing 

capacity; 

 to study the behaviour of skirted foundations subjected to long-term uplift loads; 

 to study the effect of the formation of a gap at the skirt-soil interface on the short- 

and long-term uplift load response; 

 to develop techniques to mitigate the effect of gapping on the uplift capacity; 

 to develop techniques to calculate the rate of foundation displacements due to 

seepage of water into the skirt compartment, when subjected to long-term uplift 

loading; 

 to derive the critical internal skirt spacing necessary for the soil plug inside the skirt 

compartment to act as a rigid body under combined vertical, horizontal and moment 

loading. 
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1.7. Thesis outline 

The present study undertakes a systematic research on the performance of skirted 

foundations under vertical loading, with an emphasis on tensile loading. The following 

are the specific targets achieved in each Chapter of this thesis. 

 Chapter 1 gives an introduction to offshore shallow skirted foundations, a literature 

review of the significant research previously undertaken on shallow foundations and 

explains the necessity and goals of this research. 

 Chapter 2 discusses the numerical methods used in this research, with a brief 

description of the foundation and soil models used.  

 Chapter 3 provides details of the physical modelling technique used in this study, 

with brief descriptions on the drum centrifuge facility at UWA, foundation models 

and instrumentation, soil sample preparation and strength characterisation and 

particle image velocimetry technique. 

 Chapter 4 presents numerical results from small strain finite element analysis on the 

undrained vertical bearing capacity factors for a range of foundation embedment 

ratios in varying soil strength profiles. This Chapter also looks into the effect of 

idealising skirted foundations as rigid embedded solid foundations, ignoring the 

deformable soil plug.   

 Chapter 5 reports the undrained vertical bearing capacity of skirted foundations with 

a range of embedment ratios in compression and uplift from centrifuge model tests 

and large deformation finite element (LDFE) analysis. 

 Chapter 6 reveals the soil flow mechanism beneath skirted foundations, with 

varying embedment ratios, during short-term compressive and tensile loading using 
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centrifuge model testing and particle image velocimetry (PIV) analysis, 

complemented by small strain and large deformation finite element analysis. 

 Chapter 7 explores the effect of the presence of a gap at the skirt-soil interface on 

the    short- and long-term uplift capacity of skirted foundations through a series of 

centrifuge model tests. 

 Chapter 8 introduces a novel technique developed to minimise the effect of gapping 

on the vertical uplift capacity of shallow skirted foundations and demonstrates the 

effectiveness of the technique through a series of centrifuge model tests. 

 Chapter 9 presents a numerical technique developed to simulate seepage of water 

into the skirt compartment during long-term uplift loading of skirted foundations. 

 Chapter 10 identifies the critical internal skirt spacing for the undrained failure of 

shallow skirted foundations such that the confined soil plug displace as a rigid block, 

through finite element limit analysis. 

 Chapter 11 concludes the thesis presenting significant contributions from this 

research and scope for future research. 
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Table 1.1. Details of offshore skirted foundations (modified from Randolph et al., 2005) 

Project 
Year 

Foundation 
type Location Water 

depth (m) Soil conditions Foundation plan 
Foundation 
dimensions 
(m2, m) 

Skirt 
depth d 
(m), d/D 

Reference 

Ekofisk Tank 
1973 GBS North Sea, 

Norway 70 

Dense sand to 26 m, layers 
stiff clay 16-18 m, >26 m 
hard clays and sands (su ~ 
300 kPa)   

A =  7,390 
Deqiv = 97 0.4, 0.004 

Clausen, 1975 
Clausen, 1976  
O'Reilly & Brown, 
1991 

Beryl A 
1975 Condeep North Sea, 

Norway 120 As at Ekofisk but sand layer 
only to 10 m 

 

A = 6,360 
Deqiv = 90 4, 0.04 Clausen, 1976 

Brent B 
1975 Condeep North Sea, 

Norway 140 
Stiff to hard clays (su ~ 300 
kPa) with thin layers of 
dense sands to 45 m  

A = 6,360 
Deqiv = 90 4, 0.04 O'Reilly & Brown, 

1991 

Gullfaks C 
1989 

Deep skirted 
Condeep 

North Sea, 
Norway 220 

Soft NC silty clays (su ~ 30 
kPa) and silty clayey sands 
with dense sand layers (qc ~ 
4 MPa)  

A = 16,000 
Deqiv = 143 
Dcell = 28  
(tw = 0.4) 

22, 0.13 Tjelta et al., 1990 
Tjelta, 1998 

Snorre A 
1991 

TLP with 
concrete 
buckets 

North Sea, 
Norway 310 

Very soft to soft NC clays 
(sum = 0, k ~ 7 kPa/m to 20 
m; 0 < qc < 2 kPa @ 17 m)  

Atotal = 2,724 
Dcell = 17 
(tw = 0.35) 

12, 0.7 
Christophersen, 
1993  
Støve et al., 1992 

Draupner E 
(Europipe) 
1994 

Jacket with 
steel buckets 

North Sea, 
Norway 70 

22-25 m dense to very dense 
fine sand (qc ~ 60 MPa) over 
stiff clay  

Atotal = 452 
D = 12 6, 0.5 Bye et al., 1995 

Sleipner SLT 
1995 

Jacket with 
steel buckets 

North Sea, 
Norway 70 As at Draupner E 

 

Atotal = 616 
D = 14 5, 0.35 Bye et al., 1995 
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Troll A 
1995 

Deep skirted 
Condeep 

North Sea, 
Norway 305 

Soft NC clays (sum = 0, k ~ 3 
kPa/m to 60 m; 0 < qc < 1.5 
kPa @ 40 m)  

A = 16,596 
Deqiv = 145 
Dcell = 32 

36, 0.25 
Andenaes et al., 
1996 
Hansen et al., 1992 

Heidrun 
1995 TLP North Sea, 

Norway 345 Soft clay with boulders 
 

A = 1504 
D = 9 4.6, 0.51 

Munkejord, 1996  
Botros et al., 1996  
Mitcha et al., 1996 

Wandoo 
1997 GBS NW Shelf, 

Australia 54 

Thin layer dense calcareous 
sand (qc ~ 3 MPa) over thick 
strong calcarenite (qc ~ 30 
MPa 

 
A = 7,866 
Deqiv = 100 0.3, 0.003 Humpheson, 1998 

Bayu- 
Undan 
2003 

Jacket with 
steel plates 

Timor Sea, 
Australia 80 

2 m very soft calcareous 
sandy silt over cemented 
calcarenite and limestone (qc 
~ 20 MPa)  

Atotal = 480 
Aplate = 120 
6 x 20 

0.5, 0.04 Neubecker & 
Erbrich, 2004 

Yolla 
2004 

Skirted 
GBS/jacket 
hybrid 

Bass Strait, 
Australia 80 

Firm calcareous sandy silt 
with very soft clay and sand 
layers (qc ~ 2 MPa)  

A = 2500 
50 x 50 
Deqiv = 56.4 

5.4, 0.1 Watson & 
Humpheson, 2007 
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Figure 1.1. (a & b) Gravity based structures (c) Jacket (d) Tension leg platform (e) Storage tank 

(f) Wind turbine (g) Sub sea platforms (figures a ~ e from Acosta-Martinez & Gourvenec, 2010) 

 

 

 

SuctionSuction

 
Figure 1.2. Reverse end bearing mechanism 
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Figure 1.3. Schematic of the Yolla A platform (Watson & Humpheson, 2007) 

 
Figure 1.4. Draupner E jacket with skirted foundations (courtesy: www.ngi.no) 
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Figure 1.5. Schematic of Heidrun TLP, North Sea (Randolph et al., 2011) 

 

 
Figure 1.6. Skirted foundations used for a subsea facility (Randolph et al., 2011) 
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(a) Skirted foundation (b) Rigid solid plug (c) Surface foundation(a) Skirted foundation (b) Rigid solid plug (c) Surface foundation

 
Figure 1.7. Idealisation of foundation geometry used for analysis 

 

 

 
Figure 1.8. Correction factors for rough and smooth footings for different kD/sum (or ρB/c0) given 

by Davis & Booker (1973) 

 



Introduction 

Centre for Offshore Foundation Systems (COFS)  1‐28 

 

 

 
Figure 1.9. Shape factors (ν) for different kD/sum (or gB/C0) given by Salençon & Matar (1982) 

 

 

  

 
Figure 1.10. Hill and Prandtl-type failure mechanisms from Kusakabe et al. (1986) 
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Figure 1.11. Variation in critical failure surfaces with increasing soil strength heterogeneity given 

by Kusakabe et al. (1986) (B is equivalent to diameter, D of the foundation and C0 represents 

sum) 

 

 

 

 
Figure 1.12. Possible failure modes under vertical uplift loading (by Fuglsang & Steensen-Bach, 

1991 as in Randolph & House, 2002) 
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Chapter 2. Description of Numerical Methods 

2.1. General 

In this thesis, numerical modelling has been adopted to study the bearing capacities and 

failure mechanisms of a range of skirted foundation geometries in undrained 

compression and uplift, rate of foundation displacement due to seepage of water into the 

skirt compartment during long-term loading and critical spacing of internal skirts 

required for the soil plug inside the skirt compartment to act as effectively rigid under 

combined loading. Small strain and large deformation finite element analysis using the 

commercial software Abaqus (Dassault Systèmes, 2007, 2008) were adopted to 

determine the undrained bearing capacity in Chapters 4 and 5 respectively and to study 

the undrained soil failure mechanisms in Chapter 6. The large deformation FEA utilised 

an in-house developed method coupled with Abaqus to achieve stress mapping and 

remeshing (Hu & Randolph, 1998 a, b; Wang et al., 2010a, b). Method of characteristics 

freeware ABC (Martin, 2003) and limit analysis software LimitState:Geo 

(LimitState:Geo, 2010) were used in Chapter 4 for validating the finite element results. 

Finite element limit analysis using the software developed at Oxford University, OxLim 

(Martin, 2011) was used to determine the bearing capacity factors in Chapter 4 as well 

as to find out the critical internal skirt spacing in Chapter 10.  

This Chapter gives an introduction to the different numerical methods used for the study; 

problem specific details are explained in relevant Chapters.  

2.2. Small Strain Finite Element (SSFE) analysis using Abaqus 

Small strain finite element analyses were carried out using Abaqus 6.8. Shallow 

foundations with embedment provided by a rigid plug and with a peripheral skirt and 
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deformable soil plug were considered in axi-symmetry and plane strain. In all the 

analyses, the foundations were modelled as rigid bodies and pre-embedded i.e. 

installation was not modelled. 

An example mesh for an axi-symmetric model is shown in Figure 2.1, where the soil 

plug inside the skirt compartment was assumed rigid. Eight-node biquadratic 

quadrilateral elements with reduced integration (Abaqus element types CPE8R and 

CAX8R) were used to model the soil in the plane strain and axi-symmetric models.  

Each mesh was created to a similar template after which an iterative approach to mesh 

refinement was undertaken to ensure the best-estimate bearing capacity factor was 

obtained. The best-estimate bearing capacity factor was taken to have been achieved 

when further mesh refinement did not result in a further reduction in the calculated 

bearing capacity, which was validated against exact or theoretical solutions where 

available. Mesh refinement concentrated on gradual modifications of the size and 

distribution of elements rather than the absolute number of elements in the mesh. The 

number of elements required for the best-estimate mesh ranged between 3000 and 

10,000. The size and distribution of elements adjacent and close to the foundation, 

particularly at foundation level, had the greatest influence on the value of bearing 

capacity factor predicted, and smaller elements were required in this region with 

increasing degree of soil strength heterogeneity. Bearing capacity factors in deposits 

with significant soil strength heterogeneity could be up to 10 % greater than the 

optimum value if calculated with the mesh discretisation used for the uniform soil case.  

The soil was modelled as a linearly elastic perfectly plastic Tresca material for all the 

analyses except for those presented in Chapter 9, where the soil was assumed as an 
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isotropic poro-elastic material. Within the plastic regime, uniform undrained shear 

strength and linearly increasing strength with depth were considered.  

The portion of the foundation above the mudline was modelled as weightless, while the 

portion of the foundation below the mudline was prescribed equal effective unit weight 

to the soil to ensure geostatic equilibrium at the start of the analyses and that the weight 

of the foundation equalised the buoyancy force (γ′V) according to Archimedes’ 

principle. In the model used for seepage analysis in Chapter 9, self weight of the soil 

and foundation was not considered.   

2.3. Large Deformation Finite Element (LDFE) analysis using Abaqus 

An LDFE technique developed by Hu & Randolph (1998a, b) coupled with the 

commercial finite element software Abaqus 6.7 (Wang et al., 2010a, b) is used in 

Chapters 5 and 6.  

This LDFE technique is based on the ‘Remeshing and Interpolation Technique with 

Small Strain’ (RITSS) approach in which a series of small strain Lagrangian analyses 

are conducted with the soil being remeshed and the stresses and material properties 

mapped after each small strain analysis (Hu & Randolph, 1998a, b). The methodology 

for using this technique with Abaqus was first developed by Wang et al. (2010a) to 

study large displacements of deep water pipelines.  

Figure 2.2 shows the step by step procedure adopted for the LDFE analysis. The whole 

analysis is run with the aid of a Fortran program and codes using in-built scripting 

language of Abaqus, Python. The python script performs small strain analysis of the 

undrained loading of skirted foundation in Tresca soil and does the post processing i.e. 

mapping the nodal displacements, material properties at nodes and stresses and strains 
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generated at the integration points at the end of each small strain analysis. From the new 

stresses and strains at the integration points, the stresses and strains in all the nodes of 

each element are then recovered. Also the co-ordinates of the displaced nodes at the 

deformed boundary are read. With the new boundary, the whole soil domain is 

remeshed using a third Python script. In the new mesh, the stresses and strains at each 

integration point are calculated using the stresses and strains recovered in the displaced 

nodes using a Fortran program. Super-convergent patch recovery (SPR) method 

(Zienkiewicz & Zhu, 1993) was adopted to recover the stresses and strains from the 

integration points to the nodes. The recovered stresses and strains are then interpolated 

from old mesh to the new mesh. With the new boundary, mesh and mapped stresses and 

strains, another small strain analysis is performed and the whole procedure is repeated 

until the required displacement is achieved. In each small strain analysis, a very small 

amount of displacement (0.1 % of D) was applied. The whole procedure is controlled 

and the calculations are performed using a Fortran program. 

Figure 2.3 shows a typical axi-symmetric finite element model created for the LDFE 

analyses. 6-node quadratic triangular axi-symmetric elements from the Abaqus standard 

library (CAX6) were chosen for discretisation of the soil and the foundation. The 

foundation was subsequently constrained to act as a rigid body with the reference point 

on the centreline on the underside of the foundation top plate. The foundation 

installation was not modelled, so the foundation was in the installed position at the start 

of each analysis. 

The skirt-soil interface was assumed to have fully rough contact with no separation 

allowed in the normal direction. In practice, some reduction in shear strength may exist 

at the skirt-soil interface, particularly for a steel skirt as modelled in the centrifuge tests. 

However, representation of partial interface roughness is impractical in the LDFE 
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analyses.  Interface elements in Abaqus cannot be prescribed constant αsu-type strength 

reduction (with 0 < α < 1), so a thin layer of elements must be incorporated along the 

foundation-soil interface and explicitly prescribed a reduced shear strength. This 

method has been adopted successfully in SSFE analysis, but a very thin layer of a 

material with different properties to the rest of the continuum is impractical for large 

deformation analysis. An unlimited tension interface was selected to represent the 

suction capacity available when a skirted foundation is fully sealed, preventing 

separation between the underside of the foundation top cap and the soil plug. Since only 

vertical loading was considered, tensile forces would not be transmitted to the vertical 

sides of the skirts and the prescribed tensile interface would not have been activated. 

2.4. Limit analysis using ABC (Analysis of Bearing Capacity) 

For validation of the bearing capacity factors for circular and strip surface foundations 

obtained from SSFE analysis in Chapter 4, limit analysis was performed using the 

popular limit analysis freeware ABC (Martin, 2003).  

ABC uses the method of characteristics (also commonly known as the slip-line method) 

to calculate the partial lower bound solutions for the bearing capacity of smooth and 

rough, circular and strip surface foundations in cohesive-frictional soil vertically loaded 

to failure. The soil shear strength can be assigned to vary linearly with depth.  

An example calculation of the bearing capacity factor for a rough circular surface 

foundation in soil having the value of dimensionless shear strength heterogeneity term, 

kD/sum = 200 (k is the rate of increase in shear strength with depth, D is the foundation 

diameter and sum is the shear strength at the mudline) is shown in Figure 2.4. Soil and 

foundation parameters are initially entered in the ‘Soil Data’ and ‘Footing Data’ frames 

respectively. Then the ‘Auto Guess’ function is used to determine the solution type and 
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relevant parameters for the initial mesh including the mesh size, subdivision counts, 

degree of bias and requirement of further subdivisions. Then using the ‘Trial Mesh’ 

function an initial mesh of characteristics is generated. Once the trial mesh is generated, 

another function ‘Adjust Mesh’ appears (where ‘Double Up’ exists in the figure). 

Clicking this commences an iteration process of mesh size parameters and an initial 

estimate of bearing capacity is displayed as an average pressure, qu (current). The 

iteration process is continued by using the ‘Double Up’ function, which doubles up all 

active subdivision counts and mesh size parameters. The ‘Double Up’ function is used 

repeatedly until the bearing capacity values of two previous calculations (qu (previous 2) 

and qu (previous 1)) converge with the ‘current’ result.   

2.5. Limit analysis using LimitState:Geo 

The commercially available program LimitState:Geo (LimitState Ltd, 2010) was used to 

validate the bearing capacity factors for embedded strip foundations from SSFE 

analyses in Chapter 4. This program uses a sliding rigid block formulation, 

discontinuity layout optimisation (DLO) (Smith & Gilbert, 2007) to predict upper 

bounds to collapse loads and can be only applied to plane strain boundary value 

problems involving translational failure. 

For analyses using this program, the problem geometry and loading conditions were 

defined and the extent of the soil domain was selected so as to accommodate the plastic 

zone of failure. In this program, three options are available for the choice of mesh 

density – fine, medium and coarse. The analyses presented in this thesis were carried 

out using the finest generic nodal density option (‘fine’) which sets a target number of 

(uniformly distributed) nodes that the program will use to solve the problem at 1000 

(compared to ‘coarse’, which targets a solution with 250 nodes and ‘medium’ which 
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targets a solution with 500 nodes). An iterative process was undertaken to ensure the 

size of the problem domain was minimised (i.e. the ‘soil’ part was just sufficient to 

accommodate the failure mechanism) since the size of the domain is directly related to 

the effective nodal density and nodal spacing is uniform.  

2.6. Finite Element Limit Analysis (FELA) using OxLim 

FELA differs from conventional finite element analysis in that it implements the 

classical bound theorems of limit analysis, rather than computing an approximate plastic 

collapse load that is approached incrementally. With FELA it is usual to compute both 

lower bound and upper bound plasticity solutions for a given problem, thus bracketing 

the range in which the exact collapse load must lie. 

OxLim implements various calculation methods that are described in detail by 

Makrodimopoulos & Martin (2006, 2007, 2008). The program also uses a simple 

strategy for adaptive mesh refinement (Martin, 2011) that facilitates rapid convergence 

of the lower and upper bound solutions. At each stage of the refinement process, which 

is fully automatic, lower and upper bounds are computed using the same mesh. The 

current version of OxLim relies on two key pieces of software by others: MOSEK 

(MOSEK ApS, 2010) for optimisation and Triangle (Shewchuk, 2002) for unstructured 

triangular mesh generation. 

Essentially, each lower bound solution involves optimisation of a piecewise linear stress 

field that satisfies equilibrium but does not exceed the shear strength of either the soil or 

the foundation-soil interface. Each upper bound solution involves optimisation of a 

quadratic velocity field that is compatible with the motion of the footing (which has 

three degrees of freedom in plane strain) and generates a strain field that satisfies the 

associated flow rule. For the purely cohesive soil, enforcement of the associated flow 
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rule is achieved by constraining the volumetric strain to be zero throughout the soil, and 

the normal displacement jump to be zero on all interfaces. 

OxLim has been used for validation of finite element results in Chapter 4 and to 

determine the critical spacing of internal skirts in Chapter 10. Solid embedded 

foundations were modelled for the analyses presented in Chapter 4 whereas in Chapter 

10, solid and skirted foundations were modelled. In all the analyses, the foundations 

were ‘wished in place’, with no attempt to account for any surface heave that would 

occur during continuous penetration from the surface. The extent of the modelled soil 

domain (width × depth) was 4B × 2B for all the analyses except for pure vertical 

loading (6B × 2B), which was sufficient to contain the plastically deforming region for 

all embedment ratios and load combinations. The initial mesh sizing was an iterative 

process where the domain was defined, the analysis run and the domain was extended 

and the analysis re-run if the mechanism was impacted by the boundaries of the domain. 

The target element size (length of the sides of the triangular mesh) for generation of the 

initial mesh was 0.5B for the vertical loading cases and 0.3B for all other analyses, 

which is 0.1 times the average bounding box dimension. In each OxLim analysis, 

several cycles of automated adaptive mesh refinement (typically two or three) were 

performed until the lower and upper bound solutions bracketed the exact collapse load 

to within ± 1 %, i.e., until the percentage bracketing error, (upper bound – lower 

bound)/(upper bound + lower bound)× 100 is within ± 1 %. Although this level of 

bracketing can readily be achieved for undrained bearing capacity problems, it is not 

worthwhile seeking even better precision because in practice the uncertainty associated 

with selection of the design shear strength profile is inevitably much greater. 
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Figure 2.1. An example axi-symmetric finite element mesh used for SSFE analyses (d/D = 0.3) 
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Figure 2.2. LDFE methodology (taken from Chatterjee et al., 2012) 
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Figure 2.3. A typical axi-symmetric finite element mesh used for LDFE analyses (d/D = 0.3) 
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Figure 2.4. An example of bearing capacity calculation using ABC freeware 

 

 
Figure 2.5. Refined OxLim mesh for embedded solid foundation (d/D = 0.3) subjected to vertical 

loading  
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Chapter 3. Physical Modelling in Drum Centrifuge 

3.1. General  

Centrifuge modelling was adopted to experimentally study the response of skirted 

foundations subjected to short-term compression and uplift, and long-term uplift loading. 

The effect of a gap forming at the skirt-soil interface on the short- and long-term uplift 

capacity and the potential of a ‘gap arrestor’ in reducing the adverse effects of gapping 

is also explored through centrifuge tests.  

Physical modelling of geotechnical problems in a centrifuge has been successfully 

adopted for several decades. The possible use of centrifuge modelling in engineering 

was first proposed by Phillips (1869). He proposed the potential of centrifuge 

acceleration in generating increased self weight body forces in reduced scale models 

and introduced the scaling relationships. Later on, several other researchers, chiefly, 

Bucky (1931), Pokrovsky & Fedorov (1936) and Schofield (1980) contributed to 

developing the centrifuge modelling technology to its current state. The relevance of 

geotechnical centrifuge modelling in offshore engineering is presented by Craig (1988), 

Murff (1996) and Martin (2001b). 

Centrifuge modelling is widely used in offshore geotechnical engineering to 

complement numerical and analytical studies. Due to the complex non-linear 

constitutive relationship of the soil, which is also dependent on the stress history, it is 

nearly impossible to accurately model the soil behaviour numerically or analytically. 

Reduced scale laboratory tests at terrestrial gravity (1g) give unreliable results as the 

stresses in soil are very low compared to the prototype stresses. In the case of offshore 
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structures, full scale model tests or field tests are extremely difficult and expensive due 

to their size and harsh offshore field conditions. In a centrifuge, soil similar to the field 

can be used and stresses and strains equivalent to the field are replicated in a small scale 

model by spinning it at a desired speed. This helps in capturing the true behaviour of the 

soil as in the prototype.  

3.2. Principles of centrifuge modelling 

The key principle behind centrifuge modelling is the development of self weight 

stresses in a reduced scale model, equivalent to that in the prototype, by virtue of the 

centrifugal acceleration when the model is rotated about a central axis. In the centrifuge, 

the vertical stress (σm) at any depth zm (suffix ‘m’ is used for model and ‘p’ for 

prototype) in a soil is given by,  

mm zNg××ρ=σ  (3.1) 

 

where ρ is the mass density of the soil and g is the acceleration due to gravity (= 9.81 

m/s2) amplified by ‘N’ times due to the centrifugal acceleration. If soil in the centrifuge 

has the same mass density as the prototype (ρ same), this stress will be equivalent to the 

stress at a depth zp = N × zm in the prototype. Thus the centrifuge is capable of 

simulating the stresses at larger depths in a small model. The increased gravitational 

acceleration is related to the angular velocity (ω) at radius, r of the centrifuge as, 

2rNg ω×=  (3.2) 

 

Based on the stress similitude, dimensional analysis is used to determine the scaling 

ratio for each parameter related to a problem studied. The scaling ratios for most of the 

parameters relating to geotechnical problems are well established (Table 3.1). Generally, 
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soils with the same grain size as that of prototype are used in the model, although in 

theory the size of the grains will be enlarged N times. This has been shown not to result 

in scale effects provided the ratio of grain size to the smallest significant dimension of 

the problem is less than 3-5 % (Fahey et al., 1990).  

3.3. Drum centrifuge facility at UWA 

All the model tests for this research were conducted in the drum centrifuge facility at 

the Centre for Offshore Foundation Systems (COFS) at the University of Western 

Australia (UWA) (Stewart et al., 1998). 

A photograph of the drum centrifuge at UWA is shown in Figure 3.1. The centrifuge is 

comprised of mainly two parts – an annular channel and a central tool table on which 

the actuator is mounted. The annular channel has an outer diameter 1.2 m, radial depth 

0.2 m and height 0.3 m. Soil samples are placed inside the channel for testing and the 

foundation models or site investigation tools are attached to and controlled through the 

actuator. The channel and the tool table are connected to a Dynaserv motor through two 

concentric shafts connected through a clutch. This clutch is engaged or released in order 

to spin the channel and actuator together or independently. With the clutch released, the 

actuator can be brought to rest while the channel containing the soil sample continues to 

spin; this facilitates changing and cleaning of foundation models and site investigation 

tools without stopping the centrifuge. It is also possible to rotate the central tool table, 

on which the actuator sits, relative to the channel in a load or displacement controlled 

manner. 

The maximum possible acceleration in the centrifuge is 485g, but the test acceleration is 

limited to 300g. The signals from the centrifuge are transmitted to the control room and 

vice versa through high-speed computer-based on-board wireless systems (Gaudin et al., 
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2009). The signals include those for controlling the channel and the actuator, data from 

the load cell and transducers connected to the models and images from the cameras set 

inside the centrifuge.  

For this research, model tests were performed on soil samples prepared either in strong 

boxes set inside the channel of the drum or within the whole channel. The rigid strong 

boxes have internal dimensions of 258 (length) x 80 (width) x 160 (depth) mm with a 

transparent Perspex window on one side. The Perspex window is impregnated with 

permanent reference markers at known distances that are used for calibrating and 

converting the image analysis data from image space (pixels) to object (model) space 

(as described section 3.7). 

3.4. Soil sample preparation in centrifuge 

Lightly over consolidated (LOC) clay was selected for the study. Failure mechanisms 

were investigated through tests carried out in samples prepared in strong boxes set into 

the channel of the drum (Figure 3.2) and all other tests were carried out in a sample 

prepared in the full channel of the drum (Figure 3.3).  

The same procedure was adopted to prepare the clay sample in the boxes and the 

channel. Dry kaolin powder was mixed thoroughly for four to five hours in a vacuum 

mixer (see Figure 3.4) with 120 % (of its weight) of water under a vacuum of 

approximately 70 kPa. The resulting uniformly mixed slurry of clay was then 

transferred to a hopper and poured slowly through a pipe into the boxes or into the drum 

channel while the centrifuge was spinning at 30g. The slurry was then allowed to 

consolidate overnight at 200g and clay top ups were supplied in the consecutive days to 

account for the reduction in volume of the clay sample. Two to three top ups were 

required to almost fill the boxes and channel. The final sample height was 
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approximately 155 mm for the box sample and 180 mm for the channel sample. After 

the final top up, the clay was allowed to consolidate again for four to five days at 200g 

until a normally consolidated sample was obtained.  

The top 60 mm of the clay sample was then removed, using a specially designed 

scraping tool, to result in LOC clay sample. In the boxes, scraping was achieved by 

carefully removing the Perspex window ensuring that the clay surface did not dry out 

(over a period of < 5 minutes). In the channel, the scraping tool was attached to the 

central tool table and rotated manually round the channel. The scraping tool was 

gradually advanced until the required surface elevation was achieved. The scraping 

procedure resulted in an over consolidation ratio, OCR ≈ 11 at a depth of 0.1D below 

the mudline, falling to an OCR = 3 at z = 0.5D and OCR = 2 at z = D, based on an 

average submerged unit weight 7 kN/m3. Figure 3.5 shows the over consolidation ratio 

(OCR) with depth for the range of skirt depths explored.  

For performing the image analysis to determine the soil failure mechanisms, it is 

important for the soil sample to have a texture, in order to trace the soil movements 

during foundation loading. Hence, while the Perspex window had been removed for 

scraping, black-coloured flock powder passing through 300 micron sieve was uniformly 

scattered over the white clay surface. The Perspex window was then replaced taking 

care not to disturb the flock powder. The box was then placed back within the channel 

and was restrained in position by four plates bolted to the annular channel. 

3.5. Soil strength characterisation using T-bar 

A miniature T-bar developed for testing in centrifuge was used to determine the shear 

strength profile of the clay samples in the boxes and the channel (Stewart & Randolph, 

1991, 1994). The T-bar comprises a cylindrical bar of diameter 5 mm and length 20 mm 
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attached perpendicular to a thin shaft as shown in Figure 3.6. The diameter of the shaft 

narrows down to 4.5 mm where it connects with the cylindrical bar. A highly sensitive 

strain gauged load cell with a maximum range of ± 100 N is attached to the shaft, 

immediately behind the cylinder, to measure the penetration and extraction resistance 

while the T-bar is driven in the soil.  

The resistance measured during penetration of the T-bar in soil is used to determine the 

shear strength (su) of the soil, by means of Equation (3.3) given by Stewart & Randolph 

(1994),  

barTbarT
u DN

Ps
−−

=  
(3.3) 

 

where P is the force acting per unit length of the cylindrical bar, NT-bar is the T-bar 

factor and DT-bar is the diameter of the T-bar cylinder.   

For full flow round the cylinder, the lower and upper bound values of NT-bar for a 

frictionless T-bar cylinder is around 9.14 and 10 respectively, which converges to 

around 12 for a fully rough T-bar cylinder (Randolph & Houlsby, 1984; Stewart & 

Randolph, 1991). As the T-bar cylinders normally have an intermediate roughness, an 

intermediate value of NT-bar = 10.5 is commonly used. For shallow depth of penetration 

when the full flow round the T-bar cylinder is not mobilised, lower values of NT-bar are 

used. The procedure for calculating T-bar factors for shallow embedment and correcting 

for buoyancy are explained in White et al. (2010). The methodology adopted is 

explained briefly below.  

Calculation of submerged unit weight 

The unit weight of the soil sample can be either measured directly from the sample or 

calculated using the data from consolidation tests on kaolin sample. Except for the tests 
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conducted on gap arrestors in Chapter 8, the latter method was used with the kaolin 

parameters from Stewart (1992). The following steps were adopted for the calculations 

(White et al., 2010). 

Initially, the submerged unit weight was expressed as a function of depth using a 

polynomial function, 

nCz=γ′  (3.4) 

 

where z is the depth below soil surface, and C and n are constants, whose values were 

assumed arbitrarily for the first iteration. Using this assumed value of unit weight the 

effective stress along the depth of clay sample is calculated. Now, from the 

consolidation data (Stewart, 1992), the slopes of virgin compression line (λ) and 

recompression line (κ) and the specific volume corresponding to 1 kPa of effective 

stress, N (NNCL for normal consolidation line and NURL for unloading/reloading line) 

were obtained. The specific volume of normally consolidated (NC) and LOC kaolin 

samples can be calculated using Equations (3.5) and (3.6) respectively. 

)ln(N 0vNCL σ′λ−=ν  (3.5) 

 

)ln(N 0vURL σ′κ−=ν  (3.6) 

 

where σ′v0 is the effective vertical stress at depth z of the sample. Equation (3.6) was 

used for this analysis as LOC sample was used for the tests. The submerged unit weight 

was again calculated using Equation (3.7). 

81.9
1Gs ×⎟
⎠
⎞

⎜
⎝
⎛

ν
−

=γ′  
(3.7) 
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The effective stress along the depth of the sample was calculated using the new value of 

unit weight and the error between the assumed and calculated values of effective stress 

is minimised by iterating the values of C and n.  

Calculation of shear strength 

The following steps were adopted in order to account for the effect of soil buoyancy and 

dissimilar soil flow mechanism at shallow depths before full flow around the T-bar 

occurs (White et al., 2010). 

The nominal cross-sectional area of the T-bar lying below mudline was calculated using 

the Equation (3.8) for the normalised penetration depth of T-bar z/D < 0.5. 
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For a normalised penetration 0.5 < z/D < 1, As was calculated by slightly modifying the 

above Equation. For this range of embedment, the embedded cross-section of the T-bar 

cylinder will be the full cross-sectional area minus the area given by As substituting z by 

(D-z). This gives the new area as, 
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where, A is the full cross-sectional area given by, 

4
DA

2π
=  

(3.10) 

 

An arbitrary value of the depth at which full flow around mechanism is mobilised, zdeep 

was initially assumed. For the assumed value of zdeep, the values of buoyancy factor, Nb 

was calculated for all the depths, using Equation (3.11). 
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Dz
A

fN s
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(3.11) 

 

where, 
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The penetration resistance due to soil strength alone was calculated deducting the 

additional resistance measured due to the effect of buoyancy.  

zNqq bsoil γ′−=  (3.13) 

 

Assuming a constant T-bar bearing factor of NT-bar = 10.5, the shear strength was 

calculated using Equation (3.14) 

barT

soil
u N

q
s

−

=  
(3.14) 

 

With this value of su, D
su

γ′
was calculated along the depth of the sample. 

Again zdeep was calculated using Equation (3.15). 
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The whole procedure was repeated by iterating the value of zdeep until it converges. 

A T-bar penetration rate of 1 mm/s was adopted to obtain the undrained shear strength 

of the soil sample. The soil response is considered undrained if the value of the 

dimensionless quantity vDT-bar/cv is higher than 30 (Finnie & Randolph, 1994), where v 

is the velocity of penetration, DT-bar is the diameter of the T-bar cylinder and cv is the 

coefficient of consolidation of the clay. Using a representative value of cv = 2.6 m2/year, 
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derived from one-dimensional consolidation tests (Acosta-Martinez & Gourvenec, 

2006), results in vDT-bar/cv ~ 60.  

The centrifuge tests presented in this thesis were conducted in soil samples prepared 

either in boxes or the whole channel. Box tests were carried out for the half-model tests 

and the shear strength profile of these samples is explained in Chapter 6. All the full-

model tests were conducted in samples in channels and are distributed among three 

different channels – channel 1, channel 2 and channel 3. In channels 1 and 2, short-term 

tests in compression and uplift for different embedment ratios, with intact and gapped 

skirt-soil interface and long-term uplift tests on d/D = 0.2, with intact and gapped 

interface were conducted. The results of these tests are presented in Chapters 5 and 7. 

All the tests presented in Chapter 8 were conducted in channel 3. The shear strength 

profiles of each channel are explained in the relevant Chapters, although some model 

tests were performed in more than one channel. The results are presented normalised by 

the shear strength of the soil sample in the respective channels in order to negate the 

effect of slight variations in the shear strength profile in each channel. 

3.6. Foundation models and instrumentation 

3.6.1. Half-model skirted foundations 

Tests for studying the failure mechanisms were conducted on vertical halves of circular 

skirted foundations with an internal diameter, denoted with a subscript h for half, (Dh) 

of 60 mm and embedment ratios (ratio of skirt depth, d, measured from the underside of 

the top plate, to foundation diameter, Dh) of d/Dh = 0.1, 0.2, 0.3 and 0.5 shown in Figure 

3.7. This provided an equivalent prototype foundation diameter of 12 m at 200g in the 

centrifuge.  
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The half-models were machined in-house with a top plate thickness of 6 mm and skirt 

wall thickness (tw,h) of 3 mm (tw,h/D = 0.05). The skirt wall thickness is greater than 

would be expected in the field but was necessary to maintain good contact between the 

cut section of the model and the Perspex window during testing. Two layers of 

compressible foam tape were glued along the cut section, increasing the contact width to 

~ 3.6 mm, to prevent soil ingress between the edges and the window. The greater skirt 

thickness than would be expected in reality is not expected to affect the macroscopic 

kinematic failure mechanism.   

Half-model shallow foundation tests have been successfully carried out in the UWA 

centrifuges and elsewhere, typically using a 1 mm ‘O’ ring around the contact area with 

the Perspex window. However, they have been carried out with foundations with a flat 

face facing the window e.g. flat plates, conical spudcan foundations. These provided a 

relatively rigid face and allowed an additional moment to be applied at the back by 

using an additional stiffener (Hossain & Randolph, 2010). The soil also yields gradually 

with increased footing penetration. In the case of skirted foundations, stiffness of the 

skirt was low and it did not allow for setting a stiffener down to its end. Large pressures 

also build up in the soil plug during compression such that the rubber ‘O’ ring ruptures 

with penetration of the foundation. The resultant was squeezing of clay in between the 

foundation and the window. The use of compressible foam tape was adopted to provide 

a greater contact area to resist the higher pressures developed in the soil plug. The 

approach was successful and an effective seal, evidenced by the absence of clay ingress 

between the foundation and the window, was maintained in all the tests.  

The foundation was connected to the actuator by a vertical shaft that extended across the 

width of the box at a height of 25 mm above the top surface of the top plate, as shown in 

the inset of Figure 3.7. The ‘plane strain’ shaft assisted in maintaining a good seal 
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between the cut face of the foundation and the Perspex window while not interfering 

with soil flow during penetration of the foundation. A drainage hole was provided on 

the foundation top plate, which was kept open during installation to allow egress of air 

from inside the skirt compartment and closed once the underside of the foundation top 

plate made contact with the clay surface.  

3.6.2. Full-model skirted foundations 

Tests to determine bearing capacity factors were carried out using full-models in a soil 

sample prepared throughout the full channel. The readings from the load cell during 

half-model tests were not used for calculating the bearing capacity of the foundations as 

the values are distorted by the frictional resistance between the foundation and the 

strong box. 

Full-model circular skirted foundations with a single peripheral skirt were fabricated in-

house from anodised aluminium. All the full-models had an outer diameter of 60 mm 

and the skirt depth was varied to achieve embedment ratios of d/D = 0.1, 0.2, 0.3 and 

0.5. The skirt wall thickness for the full-model foundations was dictated by practical 

fabrication limits (tw = 0.005 m) but gave a wall thickness to foundation diameter ratio, 

tw/D = 0.008, comparable to steel bucket foundations used in the field (e.g. Bye et al., 

1995).  

The model diameter was selected to optimise the test layout in the centrifuge while the 

range of embedment ratio and skirt thickness was selected to represent field conditions. 

Figure 3.8 shows a photograph of all the full-models used in this study. The foundations 

were equipped with local total pressure transducers (TPTs) and pore pressure 

transducers (PPTs) for monitoring total pressure and the generation and dissipation of 
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excess pore water pressures. Figure 3.9 shows the placement of local instrumentation 

for the foundation models used in this study. 

Two PPTs and two TPTs were provided flush with the underside of the top plate near 

the centre and periphery along the centreline of the foundation; two PPTs were attached 

at the skirt tip level in a thin cylindrical housing; and two TPTs were provided flush 

with the outer skirt surface near skirt tip level, diametrically opposite to each other. For 

some tests mentioned in this thesis, one PPT underneath the top plate (near the centre) 

and one at skirt tip level were provided instead of two. The PPT at skirt tip level was 

used to identify touch-down of the skirts on the soil sample. The TPTs on the skirt face 

were used to confirm the verticality of the foundation installation and penetration or 

extraction, and the successful generation and continued openness of any gap. The 

transducers on the underside of the top plate were used to identify touchdown of the top 

plate on the soil surface and to monitor excess pore pressures and total pressures 

developed during short-term compression and uplift. The transducers were saturated and 

calibrated in de-aired water inside a pressure chamber, (fixed to the model foundation) 

prior to all centrifuge tests.  

A pneumatically operated drainage valve (called poppet valve) was used to allow 

drainage of water from inside the skirt compartment during installation and completely 

seal the foundation during loading. The poppet valve works under air pressure, closing 

when pressure is applied and opening when it is released. In order to check the sealing 

provided by the poppet valve, initial tests were conducted by immersing the foundation 

in the surface water with the valve open, then closing it and lifting the foundation above 

the water surface. If the skirt compartment is completely sealed, it is able to hold water 

above the free water surface due to the surrounding atmospheric pressure. The water 

pressure inside the skirt compartment was continuously monitored through the readings 
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from the PPT on the top plate. The foundation was held above the water surface for 

around an hour to ensure that the sealing was not lost with time. 

3.7. Particle image velocimetry (PIV) 

Particle image velocimetry and photogrammetry for geotechnical applications was 

developed by White et al. (2003) based on a method established in the field of fluid 

dynamics. The theory and method of image processing with GeoPIV are explained in 

detail in White et al. (2003, 2005).  

For each analysis, a set of images during the tests were chosen and a selected portion of 

the initial image (comprising soil around the foundation) was then divided into a grid of 

square test patches. The images were then submitted for PIV analysis, during which the 

software searches for the location of each test patch in the consecutive images using a 

correlation function. Velocity vectors were obtained by locating the peak of the 

correlation function for each patch in consecutive images. These velocity vectors were 

initially obtained in terms of number of pixels moved by the patch (image scale). This 

was then converted to the model scale or object scale using techniques of close range 

photogrammetry, calibrating the image using the grid of reference markers impregnated 

on the Perspex window, for which the actual coordinates from a reference axes in object 

scale are known. This method makes correction for the effects of radial and tangential 

lens distortion (fisheye and barrelling) on the image. While performing image 

calibration, the standard error in centroiding the reference markers was maintained 

below 0.5 pixels. The velocity vectors thus obtained were then normalised by the 

velocity of the foundation during the same interval of time. Contours of velocities were 

derived from the velocity vectors and are presented at intervals of 10 % of the velocity 

of the foundation.  
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Table 3.1. Scaling ratios for different parameters 

Parameter  Scaling ratios (model/prototype) 

Length 1/N 

Area 1/N2 

Volume 1/N3 

Acceleration N 

Stress 1 

Strain 1 

Mass 1/N3 

Mass Density 1 

Weight Density N 

Force 1/N2 

Time (dynamic) 1/N 

Time (consolidation/ diffusion) 1/N2 

Time (creep) 1 

Pore fluid velocity N 

Velocity (dynamic) 1 

Frequency N 



Physical Modelling in Drum Centrifuge 

Centre for Offshore Foundation Systems (COFS)  3‐16 

 

 
Figure 3.1. Drum centrifuge facility at COFS, UWA 

 

 

Strong box Soil sample 

 
Figure 3.2. Soil sample in a box set inside the drum channel 
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Soil sample 

 
Figure 3.3. Soil sample prepared inside the full channel 

 

 
Figure 3.4. Vacuum mixer used for clay mixing 
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Figure 3.5. Over consolidation ratio of centrifuge sample 

 

 
Figure 3.6. T-bar used in the centrifuge for shear strength characterisation 
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Figure 3.7. Half-model skirted foundations used in centrifuge tests to interpret failure 

mechanisms. Inset – Half model test set up inside the strong box for image analysis 

 

 
Figure 3.8. Full-model skirted foundations used in centrifuge tests for bearing capacity 

determination 
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Figure 3.9. TPTs and PPTs inside the skirt compartment 
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Chapter 4. Numerical Determination of Undrained Vertical 

Bearing Capacity 

4.1. Introduction 

As mentioned in Chapter 1, exact closed-form solutions for the undrained vertical 

bearing capacity of surface foundations are well established for strip and circular 

punches in uniform shear strength material (Prandtl, 1921; Shield, 1955; Eason & 

Shield, 1960). Exact closed-form solutions for the ultimate bearing capacity (qult) of 

surface foundations also exist for the limiting case of a linearly increasing soil strength 

profile with zero strength at the mudline. These are given by qult = kB/4 and kD/6 for 

strip and circular foundation geometries respectively, where k is the gradient of the 

shear strength profile, B is the breadth of the foundation and D is its diameter (Davis & 

Booker, 1973; Salençon & Matar, 1982).  

In addition to these exact closed-form solutions, a variety of published studies report 

undrained vertical bearing capacity factors based on empirical, analytical and numerical 

methods. Table 4.1 summarises the scope of various published studies of undrained 

bearing capacity factors for shallow foundations in terms of the foundation geometry, 

embedment ratio, foundation-soil interface roughness and soil strength heterogeneity 

considered and the method used. It is clear that individual studies are limited by the type 

of embedment (e.g. solid plug, skirted, buried plate), the range of embedment ratio and 

the degree of soil strength heterogeneity considered; and in the vast majority of cases, a 

perfectly smooth or fully rough foundation-soil interface is assumed. The divergence 

between upper and lower bound solutions can be significant in some cases, adding to 

the uncertainty over the appropriate choice of bearing capacity factor.  
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A limited selection of computer programs enable automated calculation of rigorous 

solutions of bearing capacity for perfectly plastic materials (with associated flow). 

Notably, ABC (Martin, 2003) is based on the method of stress characteristics that 

calculates incomplete lower bound solutions for the bearing capacity of surface strip and 

circular foundations. Finite element limit analysis (FELA) programs calculate strict 

lower and upper bounds to exact collapse loads, which can be applied to a range of user 

defined boundary value problems (e.g. Lyamin & Sloan, 2002a, 2002b; 

Makrodimopoulos & Martin, 2006, 2007, 2008). However, with the exception of the 

freeware ABC (Martin, 2003) these programs are not available for general use. The 

commercially available program LimitState:Geo (LimitState Ltd, 2010) predicts upper 

bounds to collapse loads using discontinuity layout optimisation (DLO) (Smith & 

Gilbert, 2007) and can be applied to plane strain boundary value problems involving 

translational failure. In contrast to the FELA programs that return both lower and upper 

bounds, the DLO method does not provide an automatic indication of proximity to the 

exact collapse load and, because it is an upper bound method, any divergence from the 

exact solution will overpredict bearing capacity.  

Such computer programs provide useful tools for identifying rigorous bearing capacity 

factors for shallow foundations, but are limited by the range of boundary conditions that 

can be considered in addition to limitations of accessibility to the programs themselves. 

The study presented in this Chapter used small strain finite element (SSFE) analysis in 

combination with FELA to calculate best-estimate bearing capacity factors for rigid 

strip and circular foundations with embedment ratios up to unity over a range of 

foundation-soil interface roughness and a practical range of linear soil strength profiles 

from uniform with depth to essentially normally consolidated. 
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4.2. Finite element model 

Small strain finite element analyses were carried out using Abaqus 6.8 on axi-

symmetric and plane strain shallow foundations models with embedment provided by a 

rigid plug (except where the difference in bearing capacity factors for foundation with a 

peripheral skirt and deformable soil plug and that with a rigid plug is studied). 

Embedment ratios (d/D or d/B) of 0 (surface), 0.1, 0.2, 0.3, 0.5 and 1 were considered, 

where d is the skirt embedment depth, D is the diameter of the circular foundation and B 

is the breadth of foundation in plane strain, and skirt wall thickness (where relevant), 

tw/D = 0.008.  

The soil was modelled as a linearly elastic perfectly plastic Tresca material with a 

submerged unit weight γ′ = 7 kN/m3. Within the elastic regime, the soil had an 

undrained stiffness ratio Eu/su = 500, where Eu is the Young’s modulus of the soil. 

Poisson’s ratio ν was taken as 0.499. Within the plastic regime, uniform undrained shear 

strength and linearly increasing strength with depth were considered. Linearly 

increasing shear strength with depth is described by  

kzss umu +=  (4.1)

where sum is the undrained shear strength at the mudline and k is the gradient of increase 

in shear strength with depth z. Soil strength heterogeneity is defined by the 

dimensionless quantity kB/sum or kD/sum = 0 (homogeneous), 5, 20, 100 and 200 

(essentially a normally consolidated deposit with nominal shear strength intercept at the 

mudline).  

The vertical foundation-soil interface over the embedded portion of the foundation was 

represented as fully smooth, of intermediate roughness and fully rough corresponding to 

an interface adhesion factor αside = 0, 0.5 and 1, where the shear strength on the interface 
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is given by αsidesu. Reduced shear strength properties along the sides of the foundation 

were considered to account for possible remoulding of the soil during installation or in-

service loading. For modelling intermediate interface roughness, a narrow band of soil 

elements, with the same width as the skirt thickness (where relevant) or equal to 0.008D, 

was considered adjacent to the outer face of the skirt. This narrow band of soil elements 

was given shear strength equal to αside times the intact shear strength in the rest of the 

soil mass at that depth. This approach is necessary as a contact surface with constant 

interface friction factor cannot be defined in Abaqus. 

All the foundations were modelled as rigid bodies and pre-installed. A reference point 

for applying and recovering loads and displacements to the foundation was specified 

along the centre line of the foundation at foundation base or skirt tip level. Each 

foundation was brought to failure by a displacement-controlled load path. Failure was 

clearly defined by a plastic plateau in the load-displacement space. 

The external boundaries of the soil domain were positioned 6B (or D) laterally from the 

edge of the foundation and 6B (or D) below the mudline, sufficiently remote so as not to 

affect the foundation or soil response. Zero-displacement boundary conditions 

restrained the external edges of the mesh from out-of-plane displacements.  

4.3. Verification of the model 

Bearing capacity factors predicted by SSFE analysis for the surface strip and circular 

foundations are within 2.2 % of essentially exact solutions calculated with the method 

of characteristics freeware ABC (Martin, 2003). Figure 4.1 shows bearing capacity 

factors, expressed as Nc0 = qult/su0, where qult is the ultimate bearing capacity and su0 is 

the shear strength at foundation level (i.e. the base of the foundation and coincident with 

the mudline for the case of the surface foundation), predicted by the finite element 
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analysis and ABC, along with published method of characteristics solutions (Houlsby & 

Wroth, 1983). A vertical bearing capacity factor Nc0 = 5.945 was calculated for the 

surface circular foundation in soil with kD/sum = 0, under predicting the exact solution 

of 6.05 by less than 2 % (Cox et al., 1961). This slight under prediction is attributed to 

the rounding of vertices of the hexagonal Tresca yield surface in Abaqus (Taiebat & 

Carter, 2008), possibly exacerbated by the larger deformation of soil elements close to 

the foundation in axi-symmetry compared with plane strain (Gourvenec et al., 2006). 

An ultimate vertical bearing capacity Nc0 = 5.157 was calculated for the surface strip 

foundation in soil with kD/sum = 0, which over predicts the exact solution of 5.14 by less 

than 1 %. As mudline strength tends to zero, the theoretical bearing capacity factor of a 

surface foundation tends to infinity. However, it should be borne in mind that in reality 

a surface foundation laid on a soil with a very low shear strength at the mudline will 

simply settle to a depth at which sufficient soil strength can be mobilised to support the 

foundation load, such that bearing capacity factors at high soil strength heterogeneity 

shown in Figure 4.1 are of theoretical rather than practical interest. 

Bearing capacity factors predicted by SSFE analysis for embedded strip foundations 

were validated against lower bound (LB) and upper bound (UB) solutions obtained 

using OxLim (Martin, 2011) and upper bound solutions calculated with LimitState:Geo 

(LimitState:Geo, 2010) for each embedment ratio, foundation-soil interface roughness 

condition and soil strength heterogeneity considered in this study (a total of 120 cases). 

The upper and lower bounds predicted by OxLim were bracketed to within 1 % (defined 

by (UB - LB)/(LB + UB), a user-defined tolerance for optimisation), and the upper 

bounds were consistently lower than those predicted by LimitState:Geo.  

The finite element predictions of bearing capacity from this study were consistently 

lower than or equal to the upper bounds predicted by LimitState:Geo but in some cases 
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over-estimated bearing capacity compared with the OxLim upper bounds, although in 

over 90 % of the cases the over-prediction was less than 1 %. Figure 4.2 shows results 

of the validation for each embedment ratio and foundation-soil interface roughness 

condition for the bounding cases of kB/sum = 0 and 200. A similar validation as applied 

to the plane strain analysis was not possible for the circular foundation geometry since 

the available numerical limit analysis programs are restricted to plane strain conditions. 

The discretisation identified for the optimal mesh configuration for each of the plane 

strain analyses was applied to the meshes for the circular foundations followed by an 

iterative procedure of mesh refinement to identify the optimal bearing capacity factor 

(as described in Chapter 2). Figure 4.3 shows bearing capacity factors predicted by the 

SSFE analysis for circular foundations compared with available published lower and 

upper bound solutions (Martin, 2001a). It is worth noting the divergence between lower 

and upper bound solutions, reaching 40 % for a rough-sided circular foundation with an 

embedment ratio of unity in normally consolidated soil.  

It is worth reiterating that bearing capacity factors predicted by the SSFE analyses were 

sensitive to mesh refinement, especially for high soil strength heterogeneity and low 

embedment where the failure mechanism was localised, close to the foundation. Similar 

caution is relevant to the LimitState:Geo results, which could exceed their lowest (i.e. 

optimal) value by up to 10 % when mesh boundaries were positioned remote from the 

mechanism or if ‘coarse’ nodal spacing was selected. By contrast, the adaptivity and 

remeshing used in OxLim ensures that the variation of the bearing capacity factor Nc0 is 

largely independent of the initially defined mesh geometry.   
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4.4. Bearing capacity factors for circular and strip foundations 

Figure 4.4 and Figure 4.5 show the bearing capacity factor as a function of embedment 

ratio for the discrete values of foundation-soil interface roughness and soil strength 

heterogeneity coefficient considered in this study. Ideally, an approximating expression 

could be found to describe the bearing capacity factor as a function of embedment ratio, 

foundation-soil interface roughness and soil strength heterogeneity, but the complexity 

of the interrelationships (evident in Figure 4.4 and Figure 4.5) has prevented this to date. 

As an alternative, bearing capacity factors from Figure 4.4 and Figure 4.5 are provided 

in Table 4.2 and Table 4.3 respectively to enable interpolation of bearing capacity 

factors for foundation and soil conditions between the selected values of the variables 

presented here. It is interesting to note that the relationship between bearing capacity 

factor and interface roughness was remarkably linear across the values of embedment 

ratio and soil strength heterogeneity considered. Two examples are shown in Figure 4.6, 

and similar linear relationships hold over the range of soil strength heterogeneity 

coefficients 0 ≤ kB/sum, kD/sum ≤ 200 for both strip and circular foundations. It therefore 

follows, that the bearing capacity factor Nc0 for a strip or circular foundation with 

embedment ratio d/B or d/D can be described by a simple linear expression. For a strip 

foundation,  

α+= =α B
dCNN ,cc 000  (4.2)

and for a circular foundation, 

α+= =α D
dCNN 0,0c0c

 
(4.3)

where Nc0,α = 0 defines the bearing capacity factor for a smooth-sided rough-based 

foundation (i.e. the intercept of the Nc0 against a plot at αside = 0 (as in Figure 4.6) and C 
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is a constant defined as a function of soil strength heterogeneity. Nc0,α = 0 can be read 

from Figure 4.4 and Figure 4.5 or interpolated from the data given in Table 4.2 and 

Table 4.3. The constant C describes the gradient of a plot of bearing capacity factor 

against foundation-soil interface roughness factor (∆Nc0/∆αside) plotted against 

embedment ratio d/B or d/D, as illustrated in Figure 4.7, which can be described by an 

exponential function of the soil strength heterogeneity coefficient kB/sum or kD/sum. For 

a strip foundation, 

z

ums
kBy

lim xeCC
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+=  
(4.4) 

and for a circular foundation, 

z

ums
kDy

lim xeCC
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+=  
(4.5) 

 

Clim defines the asymptotic value of the constant C with increasing soil strength 

heterogeneity and is constant for a given foundation geometry. Values of Clim and the 

coefficients x, y and z are given in Table 4.4. Equations (4.4) and (4.5) predict values of 

C to within 1 % of the finite element analysis predictions with an average absolute error 

of 0.3 %. 

4.5. Shape factors 

It is interesting to consider shape factor, sc = Nc0,circle/Nc0,strip, as a function of soil 

strength heterogeneity and embedment ratio. Salençon & Matar (1982) and Houlsby & 

Wroth (1983) present shape factors for surface foundations as a function of 

heterogeneity parameter kD/sum based on plasticity solutions. Both show diminishing 

shape factor with increasing shear strength heterogeneity and report shape factors of less 

than unity for kD/sum > 2. The results from this study indicate sc = 0.83 for d/D = 0 and 



Numerical Determination of Undrained Vertical Bearing Capacity 

Centre for Offshore Foundation Systems (COFS)  4‐9

kD/sum = 20, falling in the line of extrapolation of Houlsby & Wroth’s data (Figure 4.8 

(a)). SSFE analysis of surface circular foundations with varying kD/sum reported by 

Gourvenec & Randolph (2003) also agreed well with the lower bound solutions of 

Houlsby & Wroth (1983). Thus, as reported by Martin & Randolph (2001), the 

characteristic solutions given by Houlsby & Wroth (1983) are exact, within the 

accuracy of the numerical implementation, rather than just a lower bound (LB).  

Figure 4.8 (b) shows shape factor as a function of embedment ratio for kD/sum = 0, 5, 20, 

100 and 200 for rough-base rough sided foundations, showing increasing shape factor 

with increasing embedment ratio and reducing shape factor with increasing soil strength 

heterogeneity. For kD/sum = 5 and 20, the shape factors are less than unity for d/D < 0.1 

and 0.2 respectively. Shape factor clearly vary with both embedment ratio and soil 

strength heterogeneity in a complex manner (resulting from the different kinematic 

mechanism governing failure), thus highlighting the benefit of considering foundation 

shape explicitly rather than relying on shape factors to adjust bearing capacity 

calculations based on plane strain conditions.    

4.6. Effect of a deformable solid plug  

The effect of assuming the soil inside the skirt as a rigid solid plug is investigated 

through comparison of bearing capacity factors for a skirted foundation. Uniform 

(kD/sum = 0) and heterogeneous (kD/sum = 20) soil strength profiles and foundations 

with rough base and rough sides were chosen for the investigation. 

Figure 4.9 (a) and (b) show the calculated vertical bearing capacity factors, Nc0 = qult/su0, 

for rough-sided circular and strip skirted foundations and rigid solid plugs in soil with 

uniform undrained shear strength, i.e. kD/sum = 0. Available upper and lower bounds for 

rigid solid plugs (Martin, 2001a; Bransby & Randolph, 1999) are provided too for 
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comparison. From the figure, it can be seen that the bearing capacity factors for skirted 

foundations are coincident with those for a rigid solid plug of equivalent embedment for 

both the circular and strip foundations (as also noted by Yun & Bransby (2007) for strip 

foundations).  

Figure 4.10 (a) and (b) show the calculated vertical bearing capacity factors, Nc0 = 

qult/su0,  where su0 defines the undrained shear strength at foundation level, for skirted 

foundations and rigid solid plugs in a soil with linearly increasing undrained shear 

strength with depth, kD/sum = 20. The calculated bearing capacity factors are also 

compared with upper and lower bounds for rigid circular plugs (Martin, 2001a). For the 

strip foundation, no theoretical solution is available for kD/sum = 20, but an upper bound 

solution for rigid strips for kD/su0 → ∞ is shown (Bransby & Randolph, 1999). 

The vertical bearing capacity factors for the skirted foundations are coincident with 

those for rigid solid plugs of equivalent embedment for d/D > 0.23 and 0.28 for circular 

and strip geometry respectively. For smaller embedment ratios, lower bearing capacity 

factors are calculated for the skirted foundations; more so for the strip foundation (-8 % 

for d/D = 0.1) compared with the circular foundation (-5 % for d/D = 0.1). 

4.7. Failure mechanisms 

Figure 4.11 compares the soil failure mechanisms around the strip (left half) and 

circular (right half) skirted foundations with rough base and rough sides for the 

embedment ratios studied in kD/sum = 0. It can be seen that for the circular foundations, 

there is a transition of failure mechanisms from a traditional Prandtl-type surface failure 

mechanism (a & b), to an annular flow mechanism where the angle of exit at the soil 

surface tends to 90° (c) to a confined mechanism (d & e), with increasing embedment 

ratio. This transition leads to the non-linearity of the relationship between bearing 
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capacity and embedment ratio for the circular foundation geometry (as seen in Figure 

4.9 (a)). The almost linear relationship between bearing capacity and embedment ratio 

for the plane strain case (Figure 4.9(b)) is reflected in the similarity of the failure 

mechanisms of a Prandtl-type surface failure irrespective of embedment ratio (Figure 

4.11). On comparing the failure mechanisms for strip and circular skirted foundations 

having the same embedment ratios, it can be noticed that under plane strain conditions 

the failure mechanisms are more extensive, both vertically and laterally.  

For both strip and circular foundations, similar failure mechanisms governed failure of 

both the solid rigid foundations and the skirted foundations i.e. the soil plug displaced 

as a rigid body, consistent with the coincidence of the bearing capacity factors presented 

in Figure 4.9. 

Figure 4.12 shows the failure mechanisms of skirted (left half) and solid rigid (right half) 

circular foundations in soil with kD/sum = 20. Examination of the kinematic mechanisms 

accompanying failure reveals an internal mechanism inside the skirt for d/D < 0.3, 

consistent with the diminishing vertical bearing capacity relative to that for the solid 

plug foundation observed in Figure 4.10.  

4.8. Concluding remarks 

Finite element analysis has been used to investigate the vertical bearing capacity of 

circular skirted foundations as a function of embedment ratio, foundation-soil interface 

roughness and soil strength heterogeneity and to assess the effect of idealising 

foundation geometry with a rigid soil plug and to conditions of plane strain. Three-

dimensional effects are shown to have a significant influence on bearing capacity of 

shallow foundations with shape factors varying in a complex manner with foundation 

embedment ratio and soil strength heterogeneity such that explicit consideration of 



Numerical Determination of Undrained Vertical Bearing Capacity 

Centre for Offshore Foundation Systems (COFS)  4‐12 

foundation shape is recommended. The effect of the type of embedment, i.e. solid or 

skirted, is shown to be less significant than three-dimensional effects with vertical 

bearing capacity factors for circular skirted foundations a maximum of 5 % less than 

that of an equivalent solid rigid plug. Internal mechanisms are shown to be most prone 

for lower embedment ratios and high soil strength heterogeneity. Internal mechanisms 

are likely to be more significant under horizontal loading and overturning than under 

pure vertical load and in practice skirted foundations would be equipped with internal 

skirts in an effort to prevent the internal soil flow mechanisms. 

SSFE analysis and FELA have been used to determine best estimates of undrained 

vertical bearing capacity factors for strip and circular shallowly embedded foundations 

with varying interface roughness in soils with varying strength heterogeneity. The data 

have been provided in tabulated form to enable bearing capacity factors to be 

interpolated explicitly and an approximating expression for prediction of bearing 

capacity factors has been presented. 

 

 

 



Numerical Determination of Undrained Vertical Bearing Capacity 

Centre for Offshore Foundation Systems (COFS)  4‐13 

Table 4.1. Summary of published studies reporting undrained vertical bearing capacity factors of shallow foundations 

Strip Circular d/B or 
d/D α = 0 0 < α < 

1 α = 1 Uniform su 
kB/sum or  
   kD/sum > 0 Method Reference 

- Y ≤ 2.5 Y - - Y - SE Skempton (1951) 

- Y ≤ 2.5 Y - - Y - SE Brinch-Hansen (1970) 

Y - 0 - - - Y ≤ ∞ MoC Davis & Booker (1973) 

- Y 0 - - - Y ≤ 10 MoC Houlsby & Wroth (1983) 

Y Y ≤ 0.3 Y - Y Y ≤ 30 MoC Tani & Craig (1995) [1] 

Y - 0.167 - - Y Y 2, 4, 6, ∞ UB & FEA Bransby & Randolph (1999) 

- Y ≤ 0.5 Y - Y Y ≤ 30 FEA Hu et al. (1999) 

- Y ≤ 2 Y - Y Y 1,5, 10, 20, ∞ MoC & UB Martin (2001a)/Martin & Randolph (2001) 

- Y ≤ 2.5 Y - - Y ≤ 5 MoC Houlsby & Martin (2003) 

Y Y ≤ 5 - - Y Y - FELA Salgado et al. (2004) [2] 

Y Y ≤ 4 Y - Y Y - FEA Edwards et al. (2005) [1] 

Y - ≤ 1.2 - Y Y Y ∞ UB & FEA Yun & Bransby, (2007) [3] 

Y - ≤ 1 - Y Y Y - FEA Gourvenec (2008) 

Y Y ≤ 1 Y Y Y Y ≤ 20 FEA Mana et al. (2010) [4] 

Y - ≤ 1 - - Y Y 2, 6 FEA Gourvenec & Barnett (2011) 
 

SE = Semi-empirical; MoC = Method of Characteristics; UB = Upper Bound; FEA = Finite Element Analysis; FELA = Finite Element Limit Analysis 

[1] Only base resistance reported; [2] Foundation modelled as slot at depth; [3] Some analytical results presented for α = 0.5; [4] Deformable soil plug modelled.
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Table 4.2. Bearing capacity factors Nc0 = qu/su0 for strip foundations 

Nc0 rough base (α base = 1), varying side adhesion 
factor α side kB/sum d/B 

Nc0 smooth base 
smooth sides 
α base = 0, α side = 0 α side = 0 α side = 0.5 α side = 1 

0 0 5.144 5.157 5.157 5.157 

 0.1 5.507 5.511 5.615 5.705 

 0.2 5.758 5.762 5.977 6.124 

 0.3 5.952 5.955 6.296 6.513 

 0.5 6.222 6.224 6.850 7.231 

 1.0 6.614 6.616 7.978 8.847 

5 0 8.357 9.818 9.818 9.818 

 0.1 8.436 9.499 9.693 9.837 

 0.2 8.204 9.097 9.437 9.631 

 0.3 8.045 8.805 9.253 9.507 

 0.5 7.899 8.439 9.042 9.414 

 1.0 7.822 8.025 9.017 9.656 

20 0 14.702 17.457 17.457 17.457 

 0.1 10.225 11.752 11.994 12.190 

 0.2 9.063 10.235 10.568 10.766 

 0.3 8.544 9.505 9.924 10.164 

 0.5 8.112 8.796 9.340 9.684 

 1.0 7.862 8.135 9.051 9.633 

100 0 40.594 46.456 46.456 46.456 

 0.1 11.331 13.107 13.378 13.598 

 0.2 9.441 10.727 11.040 11.239 

 0.3 8.731 9.767 10.161 10.388 

 0.5 8.179 8.908 9.430 9.759 

 1.0 7.869 8.166 9.058 9.619 

200 0 69.563 77.805 77.805 77.805 

 0.1 11.515 13.332 13.607 13.831 

 0.2 9.495 10.799 11.107 11.306 

 0.3 8.756 9.800 10.192 10.418 

 0.5 8.188 8.922 9.441 9.768 

 1.0 7.870 8.170 9.058 9.617 
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Table 4.3. Bearing capacity factors Nc0 = qu/su0 for circular foundations 

Nc0 rough base (α base = 1), varying side adhesion factor 
α side kD/sum d/D 

Nc0 smooth base smooth 
sides 
α base = 0, α side = 0 α side = 0 α side = 0.5 α side = 1 

0 0 5.549 5.945 5.945 5.945 

 0.1 6.408 6.846 6.883 7.141 

 0.2 6.839 7.245 7.580 8.096 

 0.3 7.190 7.544 8.151 8.942 

 0.5 7.762 8.058 9.105 10.416 

 1.0 8.806 9.055 11.183 13.504 

5 0 7.766 9.151 9.151 9.151 

 0.1 8.190 9.555 9.571 9.872 

 0.2 8.233 9.401 9.682 10.207 

 0.3 8.292 9.324 9.783 10.492 

 0.5 8.462 9.310 10.044 11.029 

 1.0 8.935 9.529 10.818 12.380 

20 0 12.350 15.196 15.196 15.196 

 0.1 9.417 11.273 11.213 11.533 

 0.2 8.772 10.211 10.396 10.865 

 0.3 8.557 9.772 10.125 10.748 

 0.5 8.510 9.473 10.087 10.969 

 1.0 8.854 9.511 10.683 12.105 

100 0 30.262 35.102 35.102 35.102 

 0.1 10.251 11.787 11.951 12.140 

 0.2 9.066 10.170 10.541 10.889 

 0.3 8.702 9.589 10.127 10.633 

 0.5 8.553 9.220 10.017 10.722 

 1.0 8.803 9.500 10.634 12.012 

200 0 50.231 57.040 57.040 57.040 

 0.1 10.375 11.947 12.101 12.284 

 0.2 9.098 10.217 10.579 10.920 

 0.3 8.713 9.609 10.135 10.639 

 0.5 8.554 9.225 10.016 10.762 

 1.0 8.801 9.498 10.627 12.001 
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Table 4.4. Coefficients for calculation of constant C 

 Clim x y z 

Strip 1.66 0.6 -0.5 0.5 

Circular 2.67 1.76 -0.2 1.4 
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Figure 4.1. Validation of SSFE analysis results for surface foundation (a) 0 ≤ kB/sum, kD/sum ≤ 

200 and (b) detail showing 0 ≤ kB/sum, kD/sum ≤ 20 
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Figure 4.2. Validation of SSFE analysis results for embedded strip foundations (a) kB/sum = 0 

and (b) kB/sum = 200 

Note: in (a) the data series for smooth base smooth sides (αbase = 0, αside = 0) is coincident with 

the data series for rough base smooth sides (αbase = 1, αside = 0) 
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Figure 4.3. Validation of SSFE analysis results for embedded circular foundations (a) smooth 

side, rough base foundation (αside = 0, αbase = 1), kD/sum = 0; (b) rough side, rough base 

foundation (αside = 1, αbase = 1), kD/sum = 200 (SSFE) and ∞ (bound solutions)  
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Figure 4.4 (a & b) of Figure 4.4 (a ~ e) 
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Figure 4.4 (c & d) of Figure 4.4 (a ~ e) 
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Figure 4.4. (a ~ e) Bearing capacity factors for strip foundations 
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Figure 4.5 (a) of Figure 4.5 (a ~ e) 
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Figure 4.5 (b & c) of Figure 4.5 (a ~ e) 
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Figure 4.5. (a ~ e) Bearing capacity factors for circular foundations 
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(b) Strip foundation, kB/sum = 200
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Figure 4.6. (a, b) Examples of linear relationship between bearing capacity factor and 

foundation-soil interface adhesion factor (similar linear relationships hold over the range 0 ≤ 

kB/sum, kD/sum ≤ 200 for both strip and circular foundation geometry) 
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Figure 4.7. Values of C for Equations (4.2) and (4.3) 



Numerical Determination of Undrained Vertical Bearing Capacity 

Centre for Offshore Foundation Systems (COFS)  4‐26 

 

0.8

0.9

1

1.1

1.2

0 5 10 15 20
kD/sum

Sh
ap

e 
fa

ct
or

, s
c

Nc,circle > Nc,strip

Nc,strip > Nc,circle

LB (Houlsby & Wroth, 1983)
FEA, this study

Salençon & Matar (1982)

(a)

 
 

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

0 0.2 0.4 0.6 0.8 1

d/B or d/D

Sh
ap

e 
fa

ct
or

, s
c

kD/sum = 0 kD/sum = 5
kD/sum = 20 kD/sum = 100
kD/sum = 200

(b)

 
Figure 4.8. Shape factor as a function of soil strength heterogeneity for (a) surface foundations 

and (b) rough base, rough side embedded foundations 
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Figure 4.9. Bearing capacity factor for rough-sided (a) circular and (b) strip, skirted foundations 

and rigid solid plugs, kD/sum = 0 
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Figure 4.10. Bearing capacity factor for rough-sided (a) circular and (b) strip, skirted foundations 

and rigid solid plugs, kD/sum = 20 
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Figure 4.11. Displacement contours for strip (left half) and circular (right half) rough skirted 

foundations with kD/sum = 0 (Contour interval δ/δfoundation = 0.1) 
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Figure 4.12. Displacement contours for skirted foundations (left) and rough circular 

solid plugs (right) respectively - kD/sum = 20 (Contour interval δ/δfoundation = 0.1)  
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Chapter 5. Physical & Numerical Determination of Undrained 

Compression & Uplift Capacity 

5.1. Introduction 

Although skirted foundations are widely used, it is common practice to adopt design 

principles for general shallow foundations. In particular, geotechnical uplift (tension) 

capacity is often limited to simple frictional pull-out of the foundation (either with or 

without the soil plug). The buoyant weight of the foundation is added to give the total 

uplift resistance. In reality, when a shallow skirted foundation is subjected to short-term 

uplift, negative excess pore pressure is generated between the foundation top plate and 

the soil plug, which enables a ‘reverse’ end bearing mechanism to be mobilised and this 

reverse end bearing resistance may be of an order of magnitude greater than simple 

frictional resistance between the skirt and the soil. Reliance on reverse end bearing 

would allow for lighter foundation designs or larger design loads to be carried, 

increasing the application of skirted foundations for deeper water and harsher 

environments, and in cases providing a competitive alternative to suction caissons.  

Quantitative data on whether or not ‘full’ reverse end bearing is mobilised by skirted 

foundations is sparse since often tension and compression are not considered in the 

same study and when they are, consistent findings have not been reported. Watson et al. 

(2000) reported equal magnitudes of ultimate net undrained bearing capacities in 

compression and uplift whereas Clukey & Morrison (1993) and Acosta-Martinez et al. 

(2008) observed up to 30 % reduction in uplift capacity compared to compression 

capacity. Theoretically, the peak uplift and compression capacities should be equal if 

full reverse end bearing is mobilised. Differences can arise due to partial drainage 
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around the skirt, causing an increase in the compression capacity and decrease in the 

uplift capacity.  

The study presented in this chapter investigates the short-term uplift and compression 

resistance of skirted foundations with a range of embedment ratios, 0.1 ≤ d/D ≤ 0.5 (d is 

the skirt embedment depth and D is the skirt diameter), with an intact skirt-soil interface 

to assess the load-displacement response in undrained uplift and if full reverse end 

bearing could be mobilised. The study is performed through centrifuge model tests 

conducted at 200g and large deformation finite element modelling.  

5.2. Scope of the study 

5.2.1. Loading 

Skirted foundations may be required to resist tension, either through direct uplift (such 

as when used as part of a tripod support for a fixed structure or through buoyancy of a 

floating structure) or more commonly because of high overturning moments on a 

foundation. In the latter case, tensile stresses beneath the foundation will be limited to 

only part of the full plan area. This study is concentrated on vertical loading to assess 

the potential of reverse end bearing capacity, although the main principles established 

are also considered applicable to cases where tensile stresses beneath the foundation 

arise from overturning moments. Only monotonic loading conditions were investigated, 

in order to establish a benchmark of uniaxial uplift from which more complex loading 

conditions may be considered. 

5.2.2. Foundation geometry 

All the foundation models tested in the centrifuge had a base diameter, D = 60 mm. At 

200g, the models represent a foundation with a diameter of 12 m, similar to dimensions 
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of skirted foundations employed in the field (Bye et al., 1995). Prototype dimensions of 

the foundation models in the centrifuge at 200g are used for the numerical study. 

A range of embedment ratios (d/D = 0.1, 0.2, 0.3 & 0.5) was considered to cover a 

range of shallow skirted foundations currently used in practice (Table 1.1). Low 

embedment ratios were considered as they may be preferable in situations involving 

lateral loading in conjunction with uplift. For example a sliding mechanism may be 

favoured over an overturning mechanism to prevent damage to a structural component 

of the foundation or to structures attached to the foundation, such as pipelines. 

Foundations with a higher embedment ratio may be preferable in water depths where 

hydrodynamic forces pose a significant threat of scour, but lower embedment ratio are 

often appropriate in deeper water where hydrodynamic forces are less significant.  

Selection of the appropriate foundation geometry for a particular application is 

governed by a number of issues, many of which are outside the scope of this study. The 

purpose of this investigation is to determine whether or not full reverse end bearing 

could be mobilised and the magnitude of foundation displacement over which it could 

be maintained.  

5.3. Centrifuge modelling 

5.3.1. T-bar tests 

T-bar tests were conducted at a rate of 1 mm/s to assess the undrained shear strength of 

the soil sample in which the model tests were performed. All the model tests were 

conducted on lightly over consolidated (LOC) clay sample. The procedure for soil 

sample preparation and shear strength characterisation in the centrifuge is explained in 

Chapter 3. The undrained compression test and one of the undrained uplift tests on d/D 
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= 0.2 were conducted in channel 1; all other tests discussed in this chapter were 

performed in channel 2. 

Figure 5.1 shows the nominal shear strength profile (measured penetration or extraction 

resistance (qT-bar) divided by a constant T-bar factor, NT-bar = 10.5) of the initially 

prepared normally consolidated (NC) sample and the ‘trimmed’ lightly over 

consolidated (LOC) sample in channel 2. Figure 5.2 (a) & (b) shows the shear strength 

profile of the LOC soil samples in channels 1 and 2 respectively, corrected for 

buoyancy and shallow embedment of the T-bar after the procedures proposed in White 

et al. (2010). The shear strength profile of the LOC sample can be expressed as a linear 

function of depth: 

kzss umu +=  (5.1) 

where sum is the shear strength at the mudline in kPa, k is the gradient of increase in 

shear strength with depth in kPa/m and z is the prototype depth below the mudline in m. 

The shear strength profiles in channel 1 can be best represented using values of  

sum = 6.2 kPa and k = 0.96 kPa/m and that in channel 2 can be represented using  

sum = 7 kPa and k = 1.3 kPa/m. Soil strength heterogeneity can be described by the 

dimensionless group kD/sum, ranging from 0 for a uniform shear strength profile to ∞ 

for a normally consolidated sample, and is equal to 1.85 and 2.2 in channels 1 & 2 

respectively for the 12 m diameter foundation.  

5.3.2. Model test procedure 

Installation and loading of the foundation were carried out at 200g. Details of the full-

model foundations and instrumentation are explained in Chapter 3. The soil sample was 

flooded to the maximum depth (i.e. to the top of the channel, giving about 80 mm of 

standing water) prior to testing to ensure uplift resistance was not limited by cavitation 
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pressure (Bye et al., 1995). At the mudline, an ambient water pressure of 160 kPa acted 

providing the capability for the foundation to take a maximum uplift resistance (load 

averaged over the foundation area) of more than 260 kPa (160 kPa + atmospheric 

pressure) before cavitation would occur. In the tests conducted for this study, a 

maximum tensile resistance of less than 170 kPa was anticipated for the foundation with 

the highest embedment ratio (d/D = 0.5), assuming a bearing capacity factor Nc = 11 for 

kD/sum = 2 (Chapter 4) and shear strength at skirt tip level at installation, su0 = 14.8 kPa 

(see Figure 5.2(b)).  

Both installation and loading were carried out at a rate (v) of 0.1 mm/s to achieve an 

undrained soil response for the short-term loading tests. The dimensionless group vD/cv 

is then about 70, taking D as the foundation diameter, ensuring undrained conditions 

with respect to the whole foundation, but accepting some local consolidation around the 

skirt tips since vtw/cv ~ 0.6 (where tw is the skirt wall thickness).  

The model was installed until the base of the foundation top plate completely touched 

the soil surface, confirmed by the load cell, and top plate TPT and PPT readings. During 

installation, the drainage valve was kept open allowing egress of water from inside the 

skirt compartment. Immediately after installation, the drainage valve was closed and a 

waiting period of 5 minutes was allowed. A fixed waiting period was adopted to 

maintain a uniform time interval between installation and loading in all the tests and to 

allow a reasonable degree of consolidation of the soil around the skirt wall disturbed 

during installation.  The degree of consolidation adjacent to the skirt wall was calculated 

from cylindrical cavity expansion solutions derived for consolidation around thin-

walled piles and caissons (Randolph, 2003). Taking a representative coefficient of 

consolidation for swelling for kaolin cv = 0.24 mm2/s (Randolph & Hope, 2004) and an 

equivalent diameter of the foundation of Deq = 2√(Dtwall/2) (assuming that only about 
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half of the soil displaced by the skirts is pushed outwards) gives a dimensionless time 

factor T = cvt/Deq
2 = 1.2 for a the waiting period t = 300 seconds (5 minutes). 

Cylindrical cavity expansion solutions for radial drainage indicate approximately 65 % 

excess pore pressure dissipation adjacent to the skirt wall at T = 1.2. After the waiting 

period, the foundation was subjected to displacement-controlled compression or uplift 

for the short-term loading tests. 

5.3.3.  Model test results 

Load cell measurements were used to calculate foundation resistance during installation, 

compression and uplift. The load cell readings were zeroed at the point where the skirt 

tip touched the clay surface. Measured resistance (qm) was taken as the measured force 

divided by the cross-sectional area of the foundation. Net resistance (qnet) was 

calculated by applying a correction to account for the difference between the submerged 

plug weight and the overburden pressure (Tani & Craig, 1995): 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+σ′−=

soilplug

soilplug
vmnet A

'W
qq  

(5.2) 

where σ´v is the vertical overburden pressure at the skirt tip level, W'soilplug is the 

submerged weight of the soil plug inside the skirt compartment and Asoilplug is the base 

area of the foundation. The correction is minimal during installation but becomes more 

significant with foundation compression and uplift (while passive suction is maintained).  

Installation resistance 

Figure 5.3 shows the measured installation resistance (qm) for all the tests. Reasonable 

repeatability is observed among the different foundations. The sudden increase in 

resistance occurred when the foundation top plate touched the soil, indicating full 

installation.  
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The resistance during installation of a skirted foundation comprises end bearing 

resistance of the skirt and frictional resistance between skirt wall and soil. It may be 

calculated as: 

( ) sav,utiptip,utip,0ci AsAzsNQ α+γ′+=  (5.3)

where, Nc0,tip is the bearing capacity factor for tip resistance; su,tip is the shear strength at 

skirt tip level; Atip is the tip cross-sectional area of the foundation in soil (including 

instrumentation housing etc); α is the interface friction factor; su,av is the average shear 

strength along the skirt embedment length; and As is the sum of the internal and external 

surface area of the embedded portion of the skirt.  

Determination of Nc0,tip from SSFE analysis:  

It is a common practice to assume bearing capacity factor of Nc0,tip = 7.5 for tip bearing 

of a skirted foundation, equivalent to the bearing capacity factor for a buried strip 

foundation in uniform clay (Skempton, 1951). A range of Nc from 7.5 to 11 for higher 

embedment ratio suction caissons is noted by Andersen et al. (2005). 

Small strain finite element (SSFE) analyses were performed using Abaqus 6.8 (Dassault 

Systèmes, 2008) to explicitly derive the undrained bearing capacity factors for a thin 

axisymmetric hollow cylinder penetrating vertically into soil, with the same dimensions 

as the foundation modelled in the centrifuge. A frictionless interface was assumed on 

the inside and outside of the shaft so as not to contribute to the measured resistance. The 

shear strength profile of channel 2 given in Equation (5.1) was assigned to the soil, with 

Young’s modulus, Eu = 500su and Poisson’s ratio (ν) = 0.499, to represent undrained 

conditions. 

Figure 5.4 shows the tip bearing capacity factors calculated from a number of SSFE 

simulations at different depths in the soil. The bearing capacity factors were calculated 
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according to Equation (5.3), with Qi the computed load at penetration, z, and α taken as 

zero. The tip bearing capacity factor is seen to vary from close to 5.4 at the surface to 

11.5 by a depth of z/D = 0.5. The variation of tip bearing capacity factors with depth 

can be expressed by:  

⎟
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(5.4) 

where p = 0.255 for z/D ≤ 0.2 and 0.120 for z/D ≥ 0.2.  

Determination of interface friction factor, α:  

This variation of Nc0,tip was used to back-analyse the installation resistance from the 

model tests using Equation (5.3), in order to evaluate the interface friction factor, α. A 

best fit was achieved with α = 0.3, similar to that observed by Gourvenec et al. (2009) 

but lower than that reported by Chen & Randolph (2007) (= 0.41) for LOC clays. 

Installation resistance predicted using Equation (5.3) with α = 0.3, based on updated 

Nc0,tip values from Equation (5.4), divided by the base cross-sectional area of the 

foundation (A = πD2/4) is shown in Figure 5.4. 

The interface friction factor, α represents the proportion of the undrained shear strength 

of the surrounding soil sample that acts as the limiting friction along the skirt soil 

interface. The interface friction factor is commonly taken as equal to the reciprocal of 

the sensitivity of the soil (Andersen et al., 2005), which can be measured in the 

centrifuge from cyclic T-bar tests. Figure 5.5 shows the resistance measured during each 

cycle of penetration and extraction of the T-bar (qu,i) normalised by the initial 

penetration resistance through intact soil (qu,i=0.25) at the mid depth of the cycles. The 

first penetration of the T-bar was counted as cycle, i = 0.25, first extraction as 0.75 and 

subsequent penetrations and extractions as cycles 1.25, 1.75, 2.25, 2.75 and so on. The 
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first penetration and extraction are taken as 0.25 and 0.75 respectively because the 

average plastic shear strain undergone by the soil at the mid depth of the cycle during 

initial penetration and subsequent extraction corresponds to respectively 25 % and 75 % 

of the total shear strain during one full cycle (Zhou & Randolph, 2009b). Einav & 

Randolph (2005) expressed the ratio of penetration resistance (or shear strength) after ‘i’ 

cycles to the initial resistance, 

95N/)25.0i(3
remrem e)1()i( −−Δ−+Δ=Δ  (5.5)

where ∆rem is the ratio of fully remoulded penetration or extraction resistance to the 

initial penetration resistance (taken here as an estimate for α) and N95 is the number of 

cycles required to achieve 95 % of the degradation. Best fit with the T-bar test results 

from the centrifuge was achieved with values of ∆rem (an estimate for α) = 0.39 and N95 

= 1.7. The value of interface friction factor, α, back calculated from the measured 

installation data (derived from Equation (5.3)) is lower than, that estimated from the 

cyclic T-bar data (α = 0.3). This arises from two factors. The first is that the sensitivity 

of the soil itself is greater than the ratio of initial to post-cyclic T-bar resistance, since 

the T-bar factor increases during remoulding (Zhou & Randolph, 2009b). The second 

aspect concerns the differences in shearing modes for the two events, with localised 

planar shearing adjacent to the skirts during penetration, compared with diffuse 

remoulding of the soil in the zone around the T-bar during cyclic penetration and 

extraction.  

Short-term compression and uplift capacity 

Figure 5.6 illustrates the measured and net short-term, i.e. undrained, compression and 

uplift resistance for the foundation with embedment ratio, d/D = 0.3, with an intact 

skirt-soil interface. The results are compared with the upper and lower bound solutions 
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for rough circular skirted foundations in soil with kD/sum = 2 (Martin, 2001a) as a 

validation.  The bound stresses are calculated by multiplying the bearing capacity 

factors by the initial shear strength at skirt tip level, updated for foundation position 

from the profile given in Figure 5.2(b). It can be seen that the net bearing resistance in 

compression lies in between the upper and lower bounds and is parallel to the bound 

lines with increasing penetration.  

It can also be noticed that the peak uplift resistance lies in between the upper and lower 

bounds. However, the theoretical prediction is higher than the actual resistance at larger 

displacements since the foundation embedment reduces with increasing uplift, which is 

not taken into account in the bound calculations. In the centrifuge, the resistance is also 

affected by continuous remoulding of the soil and dissipation of negative excess pore 

pressure underneath the top plate during increased uplift displacement.   

Short-term normalised bearing resistance was calculated for each foundation in 

compression and uplift from the net bearing resistance according to 

0u

net
0c s

qN =  
(5.6) 

where su0 is the in situ shear strength at the skirt tip level (i.e. as shown in Figure 5.2).  

Figure 5.7 shows two different representations of normalised bearing capacity against 

normalised skirt embedment: (a) using a single value of in situ shear strength, taken at 

the initial installation depth (different for each foundation depending on the skirt 

embedment depth), represented by the thick lines; and (b) updating the shear strength at 

skirt tip level with changing elevation of the foundation, during either compression or 

uplift, presented in the figure using thin lines. Updating the undrained shear strength 

with elevation leads to a steady-state value of normalised bearing resistance whereas 
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using a single value of su0 gives an increasing normalised bearing resistance with depth 

in compression. 

The point of failure in uplift is unambiguous – i.e. corresponding to the peak uplift 

resistance. However, there is some ambiguity as to the value selected to represent 

compression capacity; if it is the steady state value (where increase in resistance is due 

only to the increase in shear strength), if it is the value at a specified foundation 

displacement (e.g. 5 or 10 % of the foundation diameter), or if it is the value at the 

equivalent magnitude of displacement that the peak uplift resistance was mobilised. 

In Table 5.1, two values of bearing capacity factors are provided in compression and 

uplift – using su0 values updated with depth and single value of su0 at installation. For 

first case, the bearing capacity factors are taken as the steady state value in compression 

and peak value in uplift. For the second case, the bearing capacity factor in compression 

is measured at a normalised fixed displacement of w/D = 0.05, by which stage the 

resistance has either reached a plateau or a steady increase according to the increasing 

shear strength with depth, and in uplift the peak value is taken. The normalised 

displacement, w/D, at which the peak uplift resistance was measured is also provided in 

brackets. Lower bound (LB) and upper bound (UB) solutions for rough-sided, rough-

based circular foundations for kD/sum = 2 (Martin, 2001a) are also stated in Table 5.1. 

It can be seen that the experimentally derived bearing capacity factors fall between the 

theoretical bound solutions, and that the peak undrained uplift capacity is approximately 

equal to the steady-state undrained compression capacity (with a maximum difference 

of 2 %) indicating that near-full reverse end bearing was achieved in the centrifuge tests 

when the foundation was fully sealed and an intact skirt-soil interface was maintained.   



Physical & Numerical Determination of Undrained Compression & Uplift Capacity 

Centre for Offshore Foundation Systems (COFS)  5‐12 

Effect of installation depth on uplift response: 

The importance of installation of the foundations to a common stress level in each test is 

illustrated in Figure 5.9, which shows the foundation installation and pullout resistance 

from three different tests on the same foundation (d/D = 0.2) installed to different loads 

(and thus penetrations). Maximum peak uplift capacity is mobilised when the 

foundation is just installed (A in Figure 5.9). Peak uplift capacity is reduced when the 

foundations are ‘over loaded’ during installation (B and C in Figure 5.9). The same 

procedure was adopted for installing and loading all the foundations, which is evident 

from the overlying resistance profiles during installation of the foundations. After 

installation, an equal waiting period of 5 minutes (T ~ 0.007) was allowed in all the tests. 

It can be observed that when the foundation was over-penetrated through a distance of 

0.6 and 1.3 % of the foundation diameter (marked B & C respectively), the peak value 

of uplift resistance reduced by around 7 % and 18 % respectively of the peak uplift 

resistance for the ‘just installed’ case (marked A). However, suction is maintained 

inside the skirt compartment over larger uplift displacement for the over loaded cases. 

Suction was maintained for displacements equivalent to 0.054D, 0.092D and 0.112D for 

cases A, B and C respectively.   

The lower peak uplift resistance with higher installation load and penetration is 

attributed to some remoulding caused by over-penetration, which does not occur in 

virgin uplift. An extreme case of this was discussed by Watson et al. (2000), where 

over-penetration by d/2 led to a very soft response in uplift, with significant reduction in 

uplift resistance. The processes involved are complex, and can only be inferred from the 

centrifuge data, but the phenomenon may partly explain the lower uplift capacity 

observed in some other experimental studies (e.g. Clukey & Morrison, 1993; Acosta-

Martinez et al., 2008). It is noted that if full primary consolidation were permitted 
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before uplift were applied, the higher ‘preload’ may have a beneficial effect on uplift 

resistance.  The over-penetration noted in Figure 5.9 is a feature of the jacked 

installation procedure adopted in the centrifuge tests. In the field, skirted foundations 

are more likely to be installed by active suction, such that over-penetration would not 

occur. This implies that in the field the more brittle uplift response would be observed, 

involving higher peak uplift resistance but maintained over relatively smaller uplift 

displacement. 

Detailed analysis of uplift response: 

Figure 5.7 indicates similar pre-yield load-displacement response in uplift, irrespective 

of initial foundation embedment ratio. Failure is brittle at lower embedment ratios, 

becoming more ductile with increasing embedment ratio. Figure 5.7 shows peak uplift 

resistance is mobilised at an uplift displacement ~ 0.02 – 0.05D, increasing with 

increasing embedment ratio. This corresponds to ~ 0.2d of the skirt depth for the 

foundation with d/D = 0.1 to 0.1d for the foundation with d/D = 0.5. Practical limits on 

foundation displacement in the field are dictated by serviceability limit state and such 

large displacement may be unacceptable in practice. 

Uplift resistance gradually diminishes following mobilisation of peak capacity due to 

reducing embedment ratio and reducing shear strength in the shallower soil as the 

foundation displaces upwards and gradual dissipation of negative excess pore pressure 

(i.e. suction) under the top plate. Suction is spontaneously lost, corresponding to a 

sudden drop in uplift resistance, following a critical foundation displacement. Figure 

5.10 shows the full load-displacement response of each of the uplift tests and indicates 

the critical foundation displacement at which passive suction was abruptly lost. The 

critical uplift displacement ranged from 0.36d – 0.52d; corresponding to between 0.04D 

and 0.25D. The relative displacement over which passive suction could be maintained 
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depended largely on the initial installation load (i.e. penetration) and the subsequent 

brittleness of the load-displacement response, as was also shown in Figure 5.9.  

After losing suction, either (i) the foundation moves upwards holding the soil plug 

inside the skirt compartment or (ii) the foundation pulls out of the soil without the soil 

plug. In the first case, the uplift resistance is equal to the submerged weight of the soil 

plug and external friction along the skirt; in the second case, it is due to the combined 

internal and external friction along the skirt, and a small contribution from skirt tip 

resistance.  

In order to determine the frictional resistance during pullout of the foundation without 

the soil plug, a model test was conducted on a selected foundation embedment ratio (0.2) 

with the skirt compartment vented (i.e. unsealed). The same procedure as for the other 

tests was adopted for the vented test, except that the drainage valve was not closed after 

the waiting period. Figure 5.11 shows the installation and extraction resistance for the 

vented foundation test, expressed as the net load divided by the full cross-sectional area 

of the foundation. The corresponding installation resistance predicted using Equation 

(5.3), assuming α = 0.3, is also shown in the figure.  

The frictional resistance during extraction, Qe,f can be calculated in a similar manner as, 

sav,uf,e AsQ α=  (5.7) 

where As is the total internal and external skirt area. The resulting value of interface 

friction factor α during extraction is back calculated as α = 0.6, double the value during 

installation. The increase in α arises from the waiting period following installation, 

during which consolidation will result in increased effective stresses along the skirt wall. 
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The uplift resistance when the soil plug in the skirt compartment is pulled out with the 

foundation, Qe,p can be calculated as the sum of soil plug weight and friction between 

the outer skirt wall and soil given by, 

sav,uip,e As5.0dAQ α+γ′=  (5.8)

where Ai is the internal cross sectional area of the skirt. The resistances calculated using 

Equations (5.7) and (5.8) normalised by the skirt base area A, assuming γ′ = 7 kN/m3 

and α = 0.6, are also plotted in Figure 5.10. The resistance measured in the centrifuge 

tests after suction was lost lies in between the resistance due to skirt friction alone and 

resistance due to plug weight and skirt friction for each foundation embedment ratio. It 

can also be noticed that for the deepest foundation embedment ratio (0.5), the measured 

resistance after losing suction is parallel to the resistance calculated using Equation 

(5.8), whereas for other shallower foundations the resistance decreases with 

displacement. This indicates that the foundation with d/D = 0.5 could mobilise 

sufficient internal shaft friction to hold the soil plug. 

5.4. Large Deformation Finite Element (LDFE) analyses 

A numerical study using LDFE modelling was conducted to back analyse the centrifuge 

model test results. An advanced soil model incorporating the effects of strain rate and 

softening is used for the analyses in an effort to capture the brittle response observed 

from model tests in uplift.  

5.4.1. Selection of soil parameters 

The LDFE analyses are based on a basic linear elastic perfectly plastic Tresca 

constitutive model with optional inclusion of strain rate and strain softening effects by 

modifying the value of undrained shear strength after each small strain step.  
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Einav & Randolph (2005) proposed an expression for the modified shear strength (su) of 

soil incorporating the combined effects of strain rate and strain softening given by 

( ) ( )[ ] ui
/3

remrem
ref

refmax
u se1,maxlog1s 95ξξ−δ−+δ⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
γ

γγ
μ+=

&

&&
 

(5.9) 

where sui is the original intact shear strength at and below the reference strain rate refγ& . 

The first part of the equation takes account of the effect of strain rate and the second 

part takes account of strain softening of the soil. In Equation (5.9), µ is the rate 

parameter or the rate of increase in strength per decade, typically taken as a value 

between 0.05 and 0.2 (Biscontin & Pestana, 2001; Lunne & Andersen, 2007).  The 

maximum shear strain rate is defined as  
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(5.10) 

where δ is the incremental displacement of the foundation, Δε1 and Δε3 are respectively 

the resulting major and minor principal strains, vf is the foundation displacement rate 

and D is the diameter of the foundation.  

The second part of Equation (5.9) accounts for the effect of softening of the soil. δrem is 

the reciprocal of sensitivity (St) of soil, i.e., the ratio of fully remoulded to intact shear 

strength of soil, ξ is the accumulated absolute plastic strain at the integration points, ξ95 

is the cumulative shear strain for 95 % shear strength degradation with typical values 

ranging from 10 to 50 (Randolph, 2004).    

The shear strength profile measured in the centrifuge in channel 2 with the T-bar tests 

(Figure 5.2(b)) was used as the base-line strength in the LDFE analyses. Equation (5.9) 

was used to define the modified shear strength of soil after each small strain analysis 

step. The soil parameters used in the LDFE analyses are summarised in Table 5.2. 
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An undrained elastic modulus Eu = 400su was adopted based on results of a parametric 

study to give good agreement with the load-displacement response observed in the 

centrifuge tests and falling within a realistic bracket of expected stiffness modulus for 

LOC clay (Atkinson, 2000). A value close to the undrained Poisson’s ratio, νu = 0.49, 

rather than 0.5, was adopted to avoid numerical problems associated with modelling 

incompressible materials. 

In terms of the parameters for calculation of the modified strength, the value of 

reference shear strain rate may be related to laboratory values, typically from 1 to 4 % 

per hour for triaxial tests and 5 to 20 % per hour for simple shear tests (Erbrich, 2005; 

Lunne et al., 2006; Lunne & Andersen, 2007). Here the minimum value of reference 

strain, refγ& = 1 % per hour, was chosen, as has been adopted in previous studies (Einav 

& Randolph, 2005; Zhou & Randolph, 2007; Wang et al., 2010a; Chatterjee et al., 

2012). For calculation of the maximum shear strain rate, the foundation diameter D and 

foundation velocity vf, were taken from the centrifuge model test conditions, a very 

small value of incremental foundation displacement δ = 0.0008D was selected, and Δε1 

and Δε3 were extracted from the output file after each step of the analysis. For the 

remoulding parameters, δrem was calculated from cyclic T-bar tests carried out in the 

centrifuge soil sample (Figure 5.5). The rate parameter μ and remoulding parameter ξ95 

can be derived from vane shear tests and T-bar tests respectively (Randolph, 2004). For 

this study, values of the rate parameter μ = 0.1 and remoulding parameter ξ95 = 10 were 

selected through a parametric study to give good agreement with the centrifuge test 

results. The selected values fall within the ranges identified in previous published 

studies (Biscontin & Pestana, 2001; Randolph, 2004; Einav & Randolph, 2005; Lunne 

& Andersen, 2007).   
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LDFE analyses were carried out for cases ‘without’ and ‘with’ strain rate and strain 

softening effects. The same basic material properties were used in both types of analysis, 

with strain rate and strain softening effects accounted for by modifying the undrained 

shear strength as defined in Equation (5.9). 

5.4.2. Results 

The results of the parametric LDFE analyses used to identify the input parameters used 

in the main body of the LDFE analyses are presented first followed by a comparison of 

LDFE results with the centrifuge model test results.  

Parametric LDFE analyses 

Parametric analyses were carried out to assess the effect of stiffness ratio, Eu/su, rate 

parameter, μ, and remoulding parameter, ξ95, on the load-displacement response of the 

foundations to identify the best-fit values to represent the centrifuge test results. A 

single set of parameters for the LDFE was selected based on best-fit with the observed 

load-displacement response and ultimate bearing capacity for the case of the foundation 

with embedment ratio d/D = 0.1 in undrained compression. The same parameters were 

used to back-analyse the response of foundations with a range of embedment ratios in 

both compression and uplift.  

Figure 5.12a-c shows the effect of the value of Eu/su, μ and ξ95 respectively on the 

calculated load-displacement response and ultimate bearing capacity for the selected 

case of the skirted foundation with embedment ratio d/D = 0.1, with all other parameters 

as given in Table 5.2. The vertical co-ordinate is the displacement (w) of the foundation 

from the installation position, normalised by the foundation diameter (D). The 

horizontal co-ordinate defines the normalised bearing response, qnet/su0, calculated using 

Equations (5.2) and (5.6). 
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Here, the measured resistance qm corresponds the reaction force measured at the 

reference point of the foundation during compression or uplift. The value of su0 is taken 

as the shear strength at skirt tip level just after installation, i.e., at a depth d below the 

soil surface for each foundation (in this study, su0 = 7 + 1.3d kPa, with d in metres).  

From Figure 5.12, a clear dependence of foundation response on all the parameters can 

be observed. The bearing capacity response at low displacements is mostly affected by 

soil stiffness both in compression and uplift and at larger displacements by strain rate 

and strain softening. Increased strain rate leads to increased bearing capacity and 

increased remoulding parameter leads to more rapid softening or hardening. Stiffness 

ratio Eu/su = 400, rate of shear strength increase per decade μ = 0.1 and cumulative shear 

strain for 95 % shear strength degradation ξ95 = 10 were selected for the full suite of 

LDFE analyses (see Table 5.2) based on good agreement with the load-displacement 

response in compression observed in the centrifuge for the foundation with d/D = 0.1, 

also included in Figure 5.12. 

Figure 5.13 compares the normalised load-displacement response from the  LDFE 

analyses ‘without’ and ‘with’ strain rate and strain softening effects for short-term 

compression and uplift for the foundation embedment ratios 0.1 and 0.5. In uplift, 

slightly higher ultimate bearing capacity was observed for the soil with strain rate and 

softening effects due to the dominance of strain rate effect resulting in higher soil 

strength. At larger displacements, the strain rate effect is balanced, and eventually 

overpowered, by the effect of soil softening due to accumulation of plastic strain. In 

compression also, the strain rate effect dominates initially, increasing the soil bearing 

capacity. After a displacement of around 0.06D, softening of the soil causes reduction in 

the bearing resistance below that without strain rate and softening. The effect of strain 

rate and softening was not particularly significant for the range of embedment ratios and 
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soil strength considered in this study, although the effect can be considerable for a wider 

range of parameters – as seen in Figure 5.12.  

Bearing response 

Figure 5.14 (a ~ d) compares the normalised bearing response predicted from the LDFE 

analyses (calculated with the input parameters given in Table 5.2) with observations 

from centrifuge tests. Lower and upper bound solutions for rough-sided, rough-based 

circular foundations and kD/sum = 2 are also shown (Martin, 2001a).  

Figure 5.14 indicates a similar load-displacement response in compression for all the 

foundation embedment ratios observed in the centrifuge tests and predicted by the 

LDFE analyses. Resistance gradually develops until the bearing capacity is mobilised 

after which resistance continues to increase only in line with the increase in shear 

strength with further penetration. The observed and predicted bearing capacities are in 

good agreement with the theoretical predictions.  

The response in compression from the LDFE for d/D = 0.1 coincides with the centrifuge 

test data as would be expected since this test was chosen as the selection criterion for 

the stiffness, rate and ductility parameters. Good agreement with the centrifuge test data 

is observed in the initial stiffness response in all the LDFE analyses. The load-

displacement response is under-predicted by the LDFE with increasing foundation 

displacement. The higher bearing resistance observed in the centrifuge tests in 

compression compared to that predicted by the LDFE analyses may have resulted from 

an increase in the operative shear strength of the soil arising from consolidation during 

the waiting period following installation in the centrifuge tests that was not represented 

in the LDFE analyses.  
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In reality, uplift resistance is gradually mobilised with increasing displacement until a 

peak, which is followed by stable, but diminishing capacity as (i) embedment is lost, (ii) 

the foundation moves into the softer shallower soil and (iii) suction beneath the top 

plate dissipates. Beyond some critical displacement suction beneath the top plate is 

spontaneously lost, which corresponds to rapid loss of uplift resistance. 

The LDFE results over-predict the peak bearing capacity in uplift at low embedment 

ratio and under predict at the higher embedment ratio, d/D = 0.5 with a consistent trend 

of reducing over-prediction and then increasing under-prediction with increasing 

embedment ratio. The LDFE analyses cannot replicate the brittle response observed in 

the centrifuge tests at the lower embedment ratios. The brittleness of the uplift response 

observed in the centrifuge is indicative of spontaneous loss of suction at the foundation-

soil interface, while the fully bonded interface between top plate and soil prescribed in 

the LDFE analyses ensured that unlimited suction could be maintained at any 

displacement. At larger embedment ratios (d/D = 0.3 and 0.5), the ultimate uplift 

capacity predicted by the LDFE analyses is close to that observed in the centrifuge 

although the LDFE analyses under-predict the rate of decrease in bearing capacity with 

foundation displacement following peak capacity.  

Bearing capacity factors predicted by the LDFE analyses are summarised in Table 5.1. 

The bearing capacity factors were calculated using a single value of su0 at installation 

depth. The bearing capacity factors in compression were measured at a normalised fixed 

displacement of w/D = 0.05 and the peak values are reported along with the measured 

displacements at which it was mobilised in uplift. Similar magnitudes of bearing 

capacity factors were predicted by the LDFE analyses compared with the centrifuge 

results in both compression and uplift, with an absolute average difference of 5 %. 
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5.5. Concluding remarks 

The centrifuge tests reported in this chapter investigated the bearing capacity of skirted 

foundations with a range of embedment ratios (0.1 ≤ d/D ≤ 0.5), in a lightly over 

consolidated clay, subjected to short-term compression and uplift, with an intact skirt-

soil interface. The potential of large deformation finite element analysis as a tool to 

predict the bearing response of shallow skirted foundations under short-term 

compression and uplift is also demonstrated. The following conclusions can be drawn 

from the results of the study: 

• Peak short-term, undrained uplift resistance of a similar magnitude to that 

mobilised in compression can be achieved for a range of embedment ratios (as 

low as d/D = 0.1) if the skirt-soil interface remains intact and the foundation is 

fully sealed;  

• Peak undrained uplift resistance was mobilised at foundation uplift displacement 

between 2 % and 5 % of the foundation diameter, increasing with increasing 

embedment ratio;  

• Suction was maintained for foundation displacement between a third and a half 

the skirt depth for the range of embedment ratios considered, 0.1 ≤ d/D ≤ 0.5, if 

the skirt-soil interface remained intact;  

• Over-penetration of the foundation during installation resulted in a reduction in 

the peak ultimate uplift capacity and increase in the foundation displacement to 

which suction was maintained beneath the top plate; 

• Vented uplift resistance (resulting from loss of sealing of the foundation) 

represented only 10 % of full reverse end bearing capacity; 
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• LDFE analysis could predict the bearing capacity factors in compression and 

uplift from centrifuge tests. Hence it can be used as a tool to extend the study to 

a wider range of foundation geometry and soil conditions. 
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Table 5.1. Summary of bearing capacity factors from centrifuge tests compared with theoretical 

solutions by Martin (2001a) 

Bearing capacity factor, Nc0 

Compression Uplift 

Centrifuge Centrifuge 
d/D 

LB 
 

UB 
 su0 

updated 
*constant 
su0  

LDFE 
(constant 
su0) su0 

updated 
constant 
su0  

LDFE 
(constant 
su0) 

0.1 8.05 9.5 8.35 9.17 9.24 8.25  
(0.020)** 

 8.00 
(0.020) 

 8.88 
(0.024) 

0.2 8.5 10.5 9.5 10.18 9.63 9.3 
(0.030) 

 9.30 
(0.030) 

 9.33 
(0.034) 

0.3 8.9 11.05 10.15 10.67 9.92 10.3 
(0.045) 

 9.80 
(0.045) 

 9.62 
(0.040) 

0.5 9.45 12.5 11.2 11.38 10.18 11.35 
(0.047) 

10.85 
(0.047) 

10.03 
(0.048) 

*Compression capacity taken at a displacement w/D = 0.05 at which point a steady state had been 
reached 

**In brackets: the normalised displacement (w/D) at which the peak resistance was measured 

 

Table 5.2. Parameters used in LDFE analysis 

Parameters Values 

Foundation:  
Foundation diameter, D 12 m 

Skirt embedment depths, d 1.2 m, 2.4 m, 3.6 m & 6 m  
(d/D = 0.1, 0.2, 0.3 & 0.5) 

Skirt wall thickness, tw 0.1 m (tw/D = 0.008) 
Skirt-soil interface Fully rough 

Soil:  
Shear strength of soil at mudline, sum 7.0 kPa 
Shear strength gradient, k 1.3 kPa/m 

Submerged unit weight of soil, γ' 7.0 kN/m3 

Stiffness ratio, Eu/su 400 (100 & 1000) 

Poisson’s ratio, νu 0.49 

Strain rate and softening:  

Reference shear strain rate, refγ&  3 x 10-6 s-1 

Vertical skirt penetration rate, vf 0.0001 m/s 

Incremental foundation displacement, δ 0.08 % D 

Rate of strength increase per decade, μ 0.1 
Sensitivity of clay, St 2.7 
Accumulated plastic strain at which 95 % soil 
strength reduction occurs by remolding, ξ95  

10 
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Figure 5.1. Undrained nominal shear strength of NC and LOC soil samples in channel 2, 

measured from T-bar tests with constant T-bar factor NT-bar = 10.5 (z is the prototype T-bar 

penetration depth) 
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Figure 5.2. Undrained shear strength profile corrected for soil buoyancy and shallow 

embedment of LOC samples in (a) channel 1 (b) channel 2  
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Figure 5.3. Installation resistance from load cell data and back analysis from SSFE analyses 
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Figure 5.4. Variation of tip bearing capacity factor with penetration depth; SSFE analysis 

predictions   
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Figure 5.5. Degradation of penetration and extraction resistance from cyclic T-bar test 
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Figure 5.6. Foundation installation and penetration/extraction resistance from load cell data; 

foundation with d/D = 0.3 
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Figure 5.7. Undrained normalised bearing response in compression and uplift for foundations 

with intact skirt-soil interface (thick lines correspond to bearing response normalised using single value 

of shear strength at the initial skirt tip depth and thin lines correspond to bearing response normalised with 

shear strength updated with embedment depth) 
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Figure 5.8. Bearing capacity factors in compression and uplift compared with theoretical 

solutions  
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Figure 5.9. Effect of overloading during installation on the short-term uplift capacity (d/D = 0.2) 
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Figure 5.10. Uplift displacement at which passive suction lost  
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Figure 5.11. Installation resistance and vented extraction resistance (following a period of post-

installation consolidation) 
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(c) 

Figure 5.12. Variation of bearing capacity results with variation of (a) stiffness ratio Eu/su (b) 

strain rate parameter μ and (c) softening parameter ξ95 (all other parameters as in Table 5.2) for 

d/D = 0.1 
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Figure 5.13. Comparison of the bearing capacity factors from LDFE analysis for soil with no 

softening and strain rate effect and soil with softening and strain rate effect 
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Figure 5.14 (a ~ d). Comparison of bearing capacity factors for embedment ratios d/D = 0.1, 0.2, 

0.3 and 0.5 from LDFE and centrifuge tests 
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Chapter 6. Assessment of Failure Mechanisms in Undrained 

Compression & Uplift 

6.1. Introduction 

In Chapter 5, we have seen that bearing capacity factors of similar magnitudes can be 

mobilised in undrained compression and uplift even for very shallow skirt embedment 

ratios, showing the reverse end bearing potential of skirted foundations. In the light of 

this observation, it is interesting to compare the soil flow mechanisms during 

compression and uplift for each of the foundation embedment ratios to assess if they are 

also unaffected by the direction of loading.  

Application of particle image velocimetry (PIV) in geotechnical engineering (e.g. 

GeoPIV, White et al., 2003), has provided a valuable tool for investigating soil flow 

mechanisms under various load or displacement conditions and for various geotechnical 

structures, including a range of foundation systems and pipelines (e.g. White et al., 2005; 

Dingle et al., 2008; Hossain et al., 2010). Previous studies have however not considered 

the soil flow mechanism around skirted foundations under compression and tension.  

In the study presented in this Chapter, the PIV technique is used with half-models of 

skirted circular foundations with various embedment ratios to observe the kinematic 

mechanisms governing undrained failure in vertical compression and tension. The 

results are compared with kinematic mechanisms predicted by small strain and large 

deformation finite element analysis.  
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6.2. Half-model test set up 

All the tests were conducted in rigid strong boxes set inside the channel of the drum. 

The setup of the strong box, model foundation and camera is shown in Figure 6.1. 

Details of the half-model foundations and soil sample preparation in the box have been 

discussed in Chapter 3.  

The boxes are provided with a transparent Perspex window on one face against which 

half-models of the foundations are tested. A grid reference of resin markers are 

impregnated into to the Perspex window for converting the images from image scale 

(pixels) to object scale (mm), as can be seen in Figure 6.2.  

An ordinary digital camera (8-Megapixel Canon PowerShot S80) is set up at right 

angles to the front of the window and captures images continuously at a rate of 

approximately 1 Hz throughout the test.  

A load cell was attached in between the foundation shaft and the actuator to assist in 

confirming the touchdown of the foundation plate on the soil surface. The touchdown 

was also confirmed through a CCTV camera set in the channel of the drum. 

The general set up for PIV analyses in the drum centrifuge at UWA is described in 

detail by White et al. (2005). 

6.3. Centrifuge testing programme 

The models represented foundations with prototype diameter = 12 m and skirt depth to 

diameter ratio = 0.1, 0.2, 0.3 and 0.5. Eight half-model tests were carried out, one in 

each strong box, involving an undrained uniaxial compression or tension path for each 

foundation model. Each test involved vented jacked installation, sealing the drainage 

hole in the top cap and undrained compression or tension to failure. Sealing the drainage 
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hole was not strictly necessary for the compression tests, but was carried out to ensure 

that the procedure for all tests was identical, enabling direct comparison of results. 

The foundations were installed at 1g with the sample box within the drum channel. 

Installation was carried out at a sufficiently slow rate to ensure precise control of the 

actuator such that contact between the half-model and the viewing window was 

maintained. Inside the channel, the boxes were arranged at a slight inclination to the 

radial direction such that contact between the half-model and the Perspex window 

increased with the depth of penetration. In addition, a constant pressure was applied on 

the Perspex window by giving a small amount of rotation of the model towards the 

window. The foundations were driven into the sample until full contact between the 

clay surface and the foundation top plate was achieved. The drainage hole in the top cap 

was kept open while the foundations were installed and then sealed before spinning up 

the centrifuge. During ramping up of the centrifuge, water was supplied over the clay 

until the box was full.  

The maximum possible water level was maintained in all the tests to avoid the uplift 

capacity being limited by cavitation (Bye et al., 1995). After installation, an ambient 

water pressure of ~120 kPa acted at the mudline, providing capability for a maximum 

achievable tensile load ~ 220 kPa (120 kPa + atmospheric pressure), before cavitation. 

A maximum resistance of < 100 kPa would be expected based on classical bearing 

capacity theory assuming Nc0 ~ 11. The value of Nc is based on finite element 

calculations for a rough-skirted circular foundation for a representative value of soil 

strength heterogeneity close to the surface, kD/sum = 2 for the deepest embedment ratio, 

d/D = 0.5 (Chapter 4), and su0 = 7 kPa (from Figure 6.5). After ramping up to 200g, a 

waiting period of around three minutes was allowed for the centrifuge to settle at the 

target acceleration level. 
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Previous centrifuge tests with digital image capture have not been carried out at a g-

level higher than 120g, partly due to concern that the quality of the images may be 

compromised and partly due to camera’s serviceability at higher g levels. Limited g-

level in conjunction with restriction on the size of foundation models that can be tested 

in the strong boxes without boundary effects (limited to a diameter of 60 mm), has led 

to previous studies representing foundations with diameters up to 7.2 m (White et al., 

2005; Kong et al., 2010; Hossain & Randolph, 2010). This study was the first attempt to 

carry out tests with digital image captured for PIV analysis at 200g. The quality of 

images was ensured by taking photographs of a trial sample at increments of 50g; no 

significant reduction in definition of the photographs was observed at higher g-levels. 

Compression and uplift were carried out under displacement control at a rate of 

displacement (v) of 0.1 mm/s, giving a normalised velocity vDh/cv of > 70, thus 

ensuring undrained conditions (Finnie & Randolph, 1994). Dh is taken as the inner 

diameter of the half-foundation = 60 mm and cv is a representative value of the 

coefficient of consolidation for the soil sample used ~ 0.082 mm2/s (Acosta-Martinez & 

Gourvenec, 2006). Compression tests were carried out until the foundation penetrated 

by half a diameter below the initial tip level (i.e. installation depth) and uplift tests were 

carried out until the skirt tips were clear of the soil surface. Digital images captured 

during the tests were processed using particle image velocimetry (PIV) to identify soil 

velocity vectors. Figure 6.2(a) and (b) shows respectively typical images taken during 

the compression and uplift tests of skirted foundation having embedment ratio 0.5. Sets 

of similar digital images were used for the PIV analyses.  

The undrained shear strength profile in each box sample was derived from T-bar tests 

conducted at 200g. Cyclic T-bar tests were also conducted to ensure accurate zeroing of 

the T-bar data and to determine the amount of shear strength degradation during 
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remoulding. A T-bar penetration rate (vT-bar) of 1 mm/s was adopted for all the tests (vT-

barDT-bar/cv > 60) to ensure an undrained soil response.  

6.4. Results from centrifuge tests 

6.4.1. T-bar tests 

Figure 6.3 shows examples of the results from monotonic and cyclic T-bar tests of the 

initially prepared normally consolidated (NC) sample and of the lightly over 

consolidated (LOC) sample (i.e. after removing the surface material) in boxes in which 

the half-model foundation tests were carried out. The nominal shear strength calculated 

as the ratio of measured resistance (qT-bar) to the T-bar factor, NT-bar = 10.5 is shown in 

the figure.  

A monotonic T-bar test of the initially prepared NC sample indicates an approximately 

linear increase in the shear strength with depth. T-bar tests in the scraped sample 

indicate softening took place over the depth of the sample following removal of the 

surface soil. Trimming off a 60 mm of soil from the surface led to a reduction of 

overburden pressure of ~ 42 kPa. The state of the sample deviated from the normal 

compression line i.e. it became LOC. This allowed for swelling and hence an increase in 

void ratio (or specific volume), resulting in softening.   The undrained shear strength 

profile (normalised resistance during T-bar penetration into intact sample) of the final 

LOC sample was consistent across all tests, and can be idealised by the expression 

proposed by Wroth (1984) and Ladd (1991): 

( )m0vu OCRas ××σ′=  (6.1) 
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where su is the shear strength, 0vσ′  is the effective vertical stress and OCR is the over 

consolidation ratio at any depth in the soil sample. ‘a’ and ‘m’ are constants whose 

values were obtained as 0.1 and 0.6 respectively for the best fit with the measured su 

profile of box samples. The increase of undrained shear strength with depth is slightly 

less than the expected based on theoretical values owing to some under consolidation of 

the box samples, due to friction along the walls supporting a portion of the self-weight 

of the soil.  

The cyclic T-bar test data was used for accurate zeroing of the measured penetration 

resistance; a line drawn parallel to the T-bar resistance profile in water (i.e. representing 

the contribution of buoyancy and the increasing g-field with advancement of the probe), 

passing through the centre of the cyclic test data from the final cycle(s) when the soil is 

in a fully remoulded state, is taken as the zero shear strength datum for any depth. The 

cyclic test results were also used to determine the remoulded shear strength. The shear 

strength after each cycle of T-bar penetration was determined and it was found that, 

after a certain number of cycles (typically about 10), negligible further reduction in 

shear strength occurred (Figure 6.4). The ratio of this remoulded shear strength to the 

intact shear strength is referred to as the degradation factor, α, which is often taken as 

being analogous to the interface friction factor during penetration (Andersen et al., 2005) 

and which is used to define the skirt-soil interface shear strength in the small strain 

finite element analysis, explained later.   

The shear strength degradation shown in Figure 6.4 was calculated in the conventional 

manner, adopting a constant T-bar factor NT-bar = 10.5.  The failure mechanism of flow 

around the T-bar may change as the soil becomes fully remoulded, leading to a different 

T-bar factor (Zhou & Randolph, 2009b); NT-bar = 12 for fully remoulded lightly over 
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consolidated clay is suggested by Low et al. (2010). A reduced, conservative, limit to 

remoulded shear strength based on the modified T-bar factor is also shown on Figure 

6.4.  

The shear strength profiles were corrected for lower values of NT-bar at shallow 

embedment depth, following the procedure described in White et al. (2010). The 

corrected shear strength profile for box sample shown in Figure 6.5 can be idealised 

using a linear profile expressed as: 

kzss umu +=  (6.2) 

where sum is the shear strength at the mudline and k is the rate of increase in shear 

strength with depth, z. Using sum = 4 kPa and k = 0.55 kPa/m for z ≤ 8 m, and 

k = 1 kPa/m for z > 8 m, gives a representative shear strength profile for the clay 

samples in all the boxes. 

6.4.2. Failure mechanisms from PIV analysis 

Figure 6.6 shows the normalised soil velocity vectors around the skirted foundations 

with embedment ratios d/Dh = 0.1, 0.2, 0.3 and 0.5 subjected to undrained vertical 

compression and uplift. These are obtained from PIV analysis of the digital images 

captured during the centrifuge tests. The velocity vectors correspond to the final 0.017D 

of movement prior to the total displacements given in Figure 6.6. The normalised 

velocity vectors confirm that a good seal was maintained between the foundation model 

and the Perspex viewing window (i.e. a clear failure mechanism was achieved with no 

ingress of clay between the foundation model and the window) and that a bearing 

capacity failure, as opposed to a simple sliding failure or lifting of the foundation and 



Assessment of Failure Mechanisms in Undrained Compression & Uplift 

Centre for Offshore Foundation Systems (COFS)  6‐8 

soil plug alone, was observed in both compression and uplift, even for the foundation 

with an embedment ratio d/D = 0.1.  

On tracing the vectors, it can be seen that while a similar volume of soil is mobilised 

beneath tip level at failure, different mechanisms accompany failure in compression and 

uplift. A distinct zone of downward moving soil beneath the foundations is observed in 

compression, a characteristic feature of a Prandtl-type failure mechanism, as illustrated 

in Figure 6.7. In uplift, the soil failure mechanism is shallower than in compression for 

the same embedment ratio and shows features of both Prandtl-type and Hill-type 

mechanisms (see Figure 6.7). While the Prandtl-type central triangular wedge forms, it 

appears to be disturbed by the local inward soil flow near the skirt tip that is more 

reminiscent of a shallower Hill-type mechanism.  

Analytical solutions for bearing capacity of rough-based circular surface and shallowly 

embedded foundations (e.g. Kusakabe et al., 1986; Martin & Randolph, 2001) indicate 

that a Prandtl-type mechanism is appropriate for low degrees of soil strength 

heterogeneity, while a Hill-type mechanism becomes optimal at higher degrees of 

heterogeneity (since a high rate of increase of undrained shear strength with depth 

restricted the soil flow deformation around the advancing foundation). For soil strength 

heterogeneity described by the dimensionless group kD/su0, where k is the gradient of 

the undrained shear strength profile, D is the foundation diameter and su0 the shear 

strength at the skirt tip level, a Prandtl-type mechanism is optimal for rough based 

foundations for kD/su0 less than about 2.  

In the current tests, kD/su0 varied in the range 0.9 to 1.4, which is consistent with the 

Prandtl mechanism observed, particularly during compression loading. However, 

progressive failure may account, at least in part, for the differences observed in the 
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compression and uplift failure mechanisms. As the foundation is loaded in compression, 

it advances continually into undisturbed soil, whereas during uplift, it moves through 

the soil within the failure zone that has been softened due to remoulding during 

installation of the foundation (although it depends on elapsed time between installation 

and uplift) and upward movement. This encourages concentration of the failure 

mechanism towards the soil surface, and hence a more Hill-type mechanism. 

The soil flow mechanisms can be scrutinized more precisely as contours, rather than 

vectors, of normalised velocity, as shown in Figure 6.8, plotted at intervals of 10 % of 

the foundation velocity. As stated earlier, both in compression and uplift, the contours 

correspond to soil velocity for an incremental foundation displacement of 1.7 % of 

foundation diameter.  

On comparing the contours in compression and uplift, it is clear that the depth of failure 

mechanisms below skirt tip level is similar for all the foundations other than d/D = 0.1. 

For d/D = 0.1, the depth of failure mechanism in compression is almost double that in 

uplift. It can also be noticed that the depth of failure mechanisms below skirt tip is same 

for all the foundations in compression, albeit their difference in skirt embedment depth. 

Figure 6.8 shows that for d/D = 0.3 and 0.5 the soil plug and a zone of soil beneath the 

foundation moved rigidly with the foundation during compression, while in uplift, the 

deformations extended to above the skirt tip level. For foundations with d/D = 0.1 and 

0.2 deformation was observed within the soil plug during both compression and uplift. 

Under compression, while a surface flow mechanism governs failure of the foundation 

at shallow embedment (d/D = 0.1 and, to a lesser extent, 0.2), a confined, deep flow 

mechanism (with no obvious surface expression) is observed for embedment ratios d/D 

≥ 0.3. In contrast, surface mechanisms govern failure under uplift for embedment ratios 
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up to 0.5 with the exit angle of inclination of the soil wedge adjacent to the foundation 

varying from ~ 45° for d/D = 0.1 to ~ 90° for d/D = 0.5 (i.e. annular flow). The steep 

exit angles are consistent with upper bound solutions (Martin, 2001a). 

The differences in the kinematic mechanisms governing failure in compression and 

uplift can be attributed to the variation in degree of soil strength heterogeneity in the 

zone of soil involved in the failure, as explained above, and the effect of soil self weight 

as discussed below.  

The vertical and horizontal components of normalised soil velocity from the PIV 

analysis are shown in Figure 6.9 and Figure 6.10 respectively for each of the foundation 

embedment ratios. The normalised vertical soil velocities (Figure 6.9) show that when 

the foundation is subjected to compressive load (Figure 6.9(a)), the soil beneath the 

foundation is compressed with negligible vertical soil movement adjacent to the skirt. 

However, there is considerable vertical movement of soil adjacent to the skirt during 

uplift (Figure 6.9(b)). From Figure 6.10, it can be seen that the horizontal component of 

soil velocity is confined near the skirt tip during both compression and uplift for all the 

foundation embedment ratios. The differences in vertical soil velocity in compression 

and uplift may be partly attributed to the effect of soil self weight. In compression, as 

the foundation penetrates further into the soil, increasing overburden stress discourages 

surface expression of the failure in comparison with a confined cavity expansion failure, 

while the reverse is true in uplift.  

6.5. Finite element analysis 

Small strain finite element (SSFE) analysis and large deformation finite element (LDFE) 

analysis with a linear elastic perfectly plastic (Tresca) constitutive model were carried 

out to compare the failure mechanisms with those observed in the centrifuge tests. The 
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properties of clay assigned for the LDFE analyses are the same as discussed in Chapter 

5. The general model details for the SSFE analysis are also presented in Chapter 2. 

Specific details of the SSFE analyses for this study are provided below. 

6.5.1. Model details for SSFE analysis  

The shear strength profile measured for the centrifuge soil sample (Figure 6.5) was 

prescribed in the SSFE analyses. A constant undrained stiffness to strength ratio Eu/su 

was adopted, but varying between 100 and 500 in different analyses, and an undrained 

Poisson’s ratio, νu = 0.499 was prescribed in all analyses.  

The shear strength of the clay was assumed isotropic, according to the profile deduced 

from the T-bar tests. Since the T-bar is a (nominally) plane strain device, the deduced 

shear strength will be representative of that measured in simple shear. By contrast, the 

failure mechanism beneath a circular foundation involves a range of strain paths, and 

the computed bearing capacity may be sensitive to the degree of strength anisotropy. In 

contrast to general belief, however, as the ratio of shear strength in triaxial extension to 

triaxial compression reduces, the bearing capacity in compression falls, relative to that 

in uplift. This is because the failure mechanism comprises a rigid central cone beneath 

the foundation (as described earlier), with most of the plastic work done in simple shear 

in the adjacent fan zone and outer ‘passive’ zone (a quasi-extension region for 

compressive loading of the foundation) (Kusakabe et al., 1986). However, the effects of 

anisotropy are relatively modest (Randolph, 2000). For the kaolin, which has a triaxial 

extension to compression strength ratio of about 0.7, the bearing capacity in 

compression is about 3.5 % lower than that for isotropic strength while that in uplift is a 

similar magnitude greater. As such, the discussion during the rest of the paper is limited 
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to isotropic strength, based on an ‘average’ strength as measured in simple shear, or 

reflected in the T-bar resistance (Low et al., 2010). 

The footing was modelled as a rigid body with a reference point located at the centre of 

the foundation at skirt tip level. Full bonding between the underside of the foundation 

top cap and the soil surface was prescribed since reverse end bearing was observed in 

the centrifuge tests. The inner skirt wall and skirt tip were assumed to be fully rough 

(since the soil plug moves along with the skirt compartment as a rigid body) and the 

outer surface of the skirt was modelled as fully smooth, fully rough and of intermediate 

roughness – described by  an interface friction factor, α = 0.4. This value of α is 

consistent with the ratio of degraded shear strength to intact shear strength of the clay 

obtained from cyclic T-bar tests. The soil-skirt interface was fully bonded and a narrow 

strip of soil elements having shear strength of 0.4su was provided immediately adjacent 

to the skirt, since there is no provision in Abaqus to directly prescribe a constant 

interface friction factor with depth. Each analysis involved displacement-controlled 

vertical compression or uplift at the footing reference point until failure. The kinematic 

mechanisms at failure obtained from finite element analysis for each embedment ratio 

were then compared with the results from the centrifuge tests.  

6.5.2. Failure mechanisms from SSFE analysis 

Figure 6.11 shows the soil velocity contours for foundation with embedment ratio 

d/D = 0.2 for different values of stiffness ratio (Eu/su) between 100 and 500. Although 

the stiffness ratio did not generally affect the overall mode of failure, the extent of the 

failure mechanism was affected. It can be seen that the vertical and lateral extent of soil 

displacement zone increases as the soil stiffness ratio decreases. However, the value of 

the calculated bearing capacity factor Nc0 was unaffected by the choice of Eu/su, 
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provided sufficient displacement was applied to reach failure. For a constant value of 

stiffness, the SSFE analysis gave similar kinematic mechanisms (and bearing capacity 

factors) accompanying failure in tension as in compression for the same embedment 

ratio, since due to the small strain nature of the SSFE analysis, the failure mechanism is 

unaffected by the different changes in geometry that occur during compression and 

uplift. 

Kinematic failure mechanisms from the SSFE analyses were compared with the half-

model centrifuge tests for each of the foundation embedment ratios considered, d/D = 

0.1, 0.2, 0.3 and 0.5 and each foundation embedment ratio was considered over the 

range of soil stiffness ratio Eu/su of 100 – 500. The value of soil stiffness ratio was 

varied in the SSFE analysis for each foundation embedment ratio in order to obtain the 

best match with the PIV displacement contours at failure, both in compression and 

uplift. The best comparisons (and associated stiffness ratios) are shown in Figure 6.12. 

In the contour plots, the cumulative soil displacements (corresponding to foundation 

displacements of 0.1D in compression and 0.05D in uplift) from the PIV analysis have 

been normalised by the foundation displacement. 

Some broad characteristics of the observed failure mechanisms are captured by the 

SSFE analysis – particularly for foundations subjected to uplift and for the lower 

embedment ratios in compression, in terms of the vertical and lateral extent of the shear 

zone. Some distinct differences are also apparent; for example, in compression, the 

SSFE analysis gave failure mechanisms extending to the mudline for all embedment 

ratios, whereas the PIV analysis indicated confined flow for embedment ratios d/D ≥ 0.3.  

In summary, the results from the SSFE analyses indicate that caution should be 

exercised in relying on failure mechanisms predicted by small strain analysis. Large 
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deformation finite element analysis would be more appropriate, accounting for the 

changes in soil flow regime (including surface heave) and the evolving pattern of soil 

strengths in the vicinity of the foundation and non-linear strain-dependent stiffness ratio 

Eu/su to be represented.  

6.5.3. Failure mechanisms from LDFE analysis 

Figure 6.13 shows the soil displacement vectors for foundations with embedment ratios 

0.1 and 0.5 predicted by the LDFE analyses, using a constant value of Eu/su = 400 for all 

the cases. On tracing the vectors, it can be seen that different mechanisms accompany 

failure in compression and uplift. A Prandtl-type mechanism is evident for the 

foundations in compression whereas more of a Hill-type mechanism is evident for the 

foundations in uplift. 

The failure mechanisms can be scrutinized in more detail when presented as contours as 

shown in Figure 6.14. The figure compares displacement contours in compression and 

uplift from PIV analysis of the centrifuge tests (left half) and LDFE (right half) for each 

of the skirt embedment ratios. The contours from LDFE analyses are plotted for the 

final incremental displacement of the foundation to reach 0.1D displacement in 

compression and 0.05D displacement in uplift (ensuring failure had been reached) and 

are plotted at intervals of 10 % of the incremental soil displacement. For a given 

embedment ratio and load path, the contours from the LDFE analyses represent the 

same total foundation displacement as the contours from the equivalent PIV analysis. 

The contour plots show that the LDFE predicted failure mechanisms broadly consistent 

with those observed in the centrifuge tests and captured the differences in failure 

mechanism in uplift and compression. An exception is the case of the deepest 

embedment ratio, d/D = 0.5 in compression, for which the LDFE analyses predicted a 
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similar mechanism in compression and uplift and failed to capture the confined 

mechanism (i.e. not extending to the soil surface) observed in compression in the 

centrifuge tests.   

Overall, the LDFE analyses captured the differences in failure mechanism in uplift and 

compression for a given foundation embedment ratio. Differences in the response 

between uplift and compression cannot be captured by small strain finite element 

analysis since the geometry of the mesh is not updated and therefore the response in 

(fully bonded) uplift is by definition identical in nature to that in compression.  

6.6. Concluding remarks 

Kinematic mechanisms accompanying failure of skirted shallow foundations under 

undrained compression and uplift have been presented. Results from digital image 

analysis of centrifuge test data have been compared with those from small strain and 

large deformation finite element analyses.  

A reliable method was developed to achieve high quality digital images for PIV analysis 

of skirted foundations under transient compression and uplift in a centrifuge at 200g. 

This is the first successful attempt for conducting centrifuge tests for PIV analysis of 

skirted foundations under compression and uplift. 

The results from the PIV analyses of the centrifuge tests indicate that:  

(a) A reverse end bearing mechanism involving soil outside the foundation and the 

enclosed soil plug was mobilised in uplift even with foundations of low 

embedment ratio (d/D = 0.1). 

(b) Some similarities and differences in the kinematic mechanisms at failure were 

observed in compression and uplift for a given embedment ratio:  
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• Similar depth of failure mechanisms below skirt tip were observed in 

compression and uplift. 

• A downward moving zone of soil beneath the foundation, characteristic of a 

Prandtl-type mechanism, was observed in compression whereas a combined 

Prandtl- and Hill-type mechanism (with some deformation inside the soil 

plug) was observed in uplift.  

• Surface failure mechanisms were observed in uplift for each embedment 

ratio considered, in contrast to confined failure mechanisms for d/D ≥ 0.3 for 

failure in compression.  

(c) The differences in failure mechanisms in compression and uplift may be 

attributed to a combination of progressive failure effects and the effects from 

soil self weight.  

Small strain finite element analysis failed to capture key details of the accompanying 

kinematic failure mechanisms. However, the large deformation finite element 

methodology reasonably predicted failure mechanisms to those observed in the 

centrifuge tests and notably, captured the differences in failure mechanism in 

compression and uplift. 
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Figure 6.1. Typical half-model test set up inside the drum centrifuge channel (d/D = 0.1) 
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(a) 

 

 
(b) 

Figure 6.2. Typical images used for PIV analysis: (a) undrained compression and (b) undrained 

uplift of half-model skirted foundation with d/D = 0.5 
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Figure 6.3. Undrained nominal shear strength of NC and LOC soil samples measured from T-

bar tests at 200g, with constant T-bar factor NT-bar = 10.5  
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Figure 6.4. Reduction in shear strength of soil sample with number of cycles of T-bar 

penetration and extraction 
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Figure 6.5. Undrained shear strength profile of box samples corrected for shallow T-bar 

embedment 
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   (a)      (b) 

Figure 6.6. Normalised soil velocity vectors obtained from PIV analysis for foundations 

subjected to (a) compression – total skirt displacement = 0.1D and (b) uplift – total skirt 

displacement = 0.05D 
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Figure 6.7. Hill-type and Prandtl-type failure mechanisms beneath a shallow foundation 

(modified from Chen, 1975) 
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    (a)      (b) 

Figure 6.8. Normalised soil velocity contours (intervals of 10 % of foundation velocity) obtained 

from PIV analysis for foundations subjected to (a) compression – total skirt displacement = 0.1D 

and (b) uplift – total skirt displacement = 0.05D 
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   (a)       (b) 

Figure 6.9. Normalised contours of vertical velocity (intervals of 10 % of foundation velocity) 

obtained from PIV analysis for foundations subjected to (a) compression – total skirt 

displacement = 0.1D and (b) uplift – total skirt displacement = 0.05D 
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   (a)       (b) 

Figure 6.10. Normalised contours of horizontal velocity (intervals of 10 % of foundation velocity) 

obtained from PIV analysis for foundations subjected to (a) compression – total skirt 

displacement = 0.1D and (b) uplift – total skirt displacement = 0.05D 
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Figure 6.11. Contour plots under compression or uplift for skirted foundation with d/D = 0.2 in 

soil with different stiffness obtained from SSFE analyses 
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    (a)       (b) 

Figure 6.12. Comparison of the velocity contours obtained from PIV and SSFE analyses in (a) 

compression and (b) uplift 
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Figure 6.13. Displacement vectors for embedment ratios 0.1 & 0.5 from LDFE analyses 
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Figure 6.14. Comparison of the normalised displacement contours from PIV and LDFE analyses 
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Chapter 7. Effect of Gapping on the Short-term & Long-term 

Uplift Capacity 

7.1. Introduction 

In the previous Chapters, we have seen that reverse end bearing is mobilised even for 

very shallow skirted foundations subjected to undrained uplift and bearing capacities of 

equal magnitudes can be expected in both compression and uplift. However, this reverse 

end bearing can only be mobilised while suction is maintained between the top plate 

and soil plug. The presence of a gap along the skirt-soil interface may jeopardise full 

reverse end bearing resistance. The gap provides access to free water, potentially to tip 

level, which will permit more rapid loss of suction at the underside of the top cap. An 

alternative mechanism is that the presence of free water at tip level may lead to a 

tension crack opening across the base of the foundation, preventing reverse end bearing 

being mobilised. However, the extent of the effect of gapping and the potential failure 

mechanisms that may arise are not well understood or documented. 

A gap along the skirt-soil interface may be initiated and propagated by overturning and 

horizontal loading on the structure due to environmental loading or in-service 

production processes. Amongst various processes that may lead to gap formation, 

sustained lateral loading and displacement of a skirted foundation, such as occurs in 

subsea systems, due to thermal expansion and contraction of pipelines, is perhaps the 

most readily imagined. Typical serviceability limits for horizontal displacement are 

around 0.1 m (Dimmock et al., 2013), which would be sufficient for a gap to form down 

the side of the skirts on the trailing edge of the foundation. 
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The effect of a gap on the short-term and sustained (long-term) uplift resistance of a 

skirted foundation with embedment ratio d/D = 0.3 in lightly over consolidated (LOC) 

kaolin was studied through centrifuge modelling by Acosta-Martinez et al. (2010). Two 

undrained uplift tests were carried out – one immediately after the generation of a gap 

and another after a significant waiting period, corresponding to ~ 50 – 70 % of full 

primary consolidation according to numerical predictions (Gourvenec & Randolph 

2010). It is also notable that the centrifuge was ramped down following installation to 

seal the foundation at 1g prior to spinning back up for the gap creation, re-consolidation 

and foundation uplift. The study reported negligible effect of gapping on short-term 

uplift capacity, when uplift was applied immediately after formation of the gap, but 

resistance was reduced to 60 % when uplift was applied after an extended period of 

consolidation.  

In this Chapter, the effect of the presence of a gap at the skirt-soil interface on short- 

and long-term uplift capacities of skirted foundations are investigated through a series 

of centrifuge model tests in LOC clay. Short-term uplift response for intact skirt-soil 

interface presented here are the ones that were discussed in Chapter 5. Short-term tests 

with gap at the skirt-soil interface were performed for embedment ratios 0.1, 0.2 and 0.3. 

Long-term uplift tests were conducted only on a selected foundation with d/D = 0.2, 

with both intact and gapped skirt-soil interfaces. 

7.2. Soil sample  

All the model tests presented in this Chapter were conducted in the lightly over 

consolidated (LOC) soil sample prepared inside the channels 1 and 2. The procedure for 

soil sample preparation is explained in Chapter 3. The shear strength of the soil samples 

are presented in Chapter 5, in Figures 5.1 and 5.2. 
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The shear strength profile of the samples was selected to ensure that a gap would form 

and stay open. A gap has greater potential to be formed and remain open the higher the 

soil strength ratio su/γz (Britto & Kusakabe, 1982; Coffman et al., 2004; Supachawarote 

et al., 2005). Analytical solutions for the depth that an unsupported excavation can 

remain stable (i.e. remain open or upright) exist for plane strain and axisymmetric 

boundary conditions, expressed in terms of a stability ratio su/γz (Chen, 1975; Pastor, 

1978, Britto & Kusakabe, 1983). While neither case exactly replicates the boundary 

conditions of this study, the solutions were used to provide a guideline for the targeted 

shear strength. The theoretical solutions indicated that su/γz > 0.275 for a plane strain 

cut or gap (Pastor, 1978) and more critical, 0.2 for an axisymmetric excavation with 

depth to diameter ratio relevant to this study (Britto & Kusakabe, 1982). A gap is 

unlikely to form in a deposit with strength ratio less than this value, even under 

significant displacements. Should a gap form, it will close, or ‘self-heal’, since the soil 

strength will be insufficient to support the exposed face of the gap. For the sample used 

for the model tests presented here, a value of su/γ'z (γ' was used as the sample was 

saturated, inundated) ranging from 1 to 0.35 for gap depths corresponding to foundation 

embedment ratios 0.1 to 0.5 were observed. Thus, the gap would be expected to stay 

open in the foundation tests in this study.  

7.3. Model test procedure 

Installation and uplift of the foundations were carried out at 200g. Details of the 

foundation models and instrumentation are explained in Chapter 3 and the model test 

procedure for short-term tests is explained in Chapter 5.  

The same test procedure was adopted for both short- and long-term tests up to the 

loading stage. The long-term uplift load tests were load-controlled, with prescribed 
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loads equivalent to 10, 20, 40 and 60 % of the peak undrained uplift capacity of the 

foundation with intact skirt-soil interface. Although the sustained tests were load-

controlled, a safe driving velocity of 0.01mm/s was prescribed, which is the velocity at 

which the foundation is smoothly driven out of the soil after losing suction, to prevent 

uncontrolled pullout. 

For the tests with a gap at the skirt-soil interface, the gap was generated immediately 

after closing the drainage valve following installation. The gaps were generated by 

moving the foundation horizontally (tangential to the drum channel) at a rate of 4 mm/s 

through 4 mm (in model scale, so D/15) at the mudline. The foundation was moved as 

quickly as possible and process of gap generation took less than 1 second – i.e. was an 

undrained event. As for the tests with an intact skirt-soil interface, five minutes waiting 

time was allowed before loading. 

7.4. Test results 

In Chapter 5, the short-term compression and uplift capacity of a range of foundation 

embedment ratios was presented and discussed. The results of short-term uplift capacity 

presented in this Chapter are the same as those presented in Chapter 5, and the impact of 

a gap at the skirt-soil interface on the uplift capacity is addressed here. 

7.4.1. Effect of gapping on the short-term uplift resistance 

Figure 7.1 compares the load-displacement response of the foundations with an intact 

skirt-soil interface and with a vertical gap created between the external face of the skirt 

and the soil for the foundations with embedment ratios d/D = 0.1, 0.2 and 0.3. 

Unfortunately no data is available for the gapped test with the foundation with d/D = 0.5 

due to failure of the data acquisition during the test and insufficient sites to re-do the 

test. 
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The notable effect of a gap along the skirt-soil interface is the sudden loss of uplift 

resistance at relatively small uplift displacement compared with the response of the 

foundation with an intact skirt-soil interface, particularly for the cases of d/D = 0.1 and 

0.3. The gap did not remain open in the test with d/D = 0.2, as is discussed in more 

detail later. 

The point of failure with the gapped interface varied between the three tests; for the 

foundation with d/D = 0.1 peak uplift resistance is lower in the presence of a gap and 

loss of uplift resistance is observed at a normalised uplift displacement w/D = 0.9 %, 

compared with 3.6 % with an intact skirt-soil interface. For the foundation with d/D = 

0.2, peak uplift resistance is again lower in the presence of a gap but loss of uplift 

resistance is observed at a larger proportion of normalised uplift displacement w/D = 

5.2 % compared with 9.2 % with an intact skirt-soil interface. For the foundation with 

d/D = 0.3 a higher peak uplift resistance is mobilised in the presence of a gap, although 

a loss of uplift resistance is observed at minimal uplift displacement w/D = 1.4 %, 

compared with 12 % with an intact skirt-soil interface. The higher load resistance may 

be due to the increased resistance offered by the compressed soil on the passive side of 

the foundation resulting from the method of gap generation in the centrifuge.   

The effect of gapping on uplift response is less pronounced for the foundation with d/D 

= 0.2, which is due to partial closing up of the gap before uplift was applied. This is 

evident from the readings from TPTs set on the skirt wall near skirt tip at diametrically 

opposite locations as shown in Figure 7.2. The figure shows readings from the TPTs on 

(a) d/D = 0.2 and (b) d/D = 0.3 during the gap tests. TPT3 and TPT4 were located on 

the active and passive sides of the foundation respectively. The initial portion shows the 

total pressure on the skirt wall during installation. After that, the gap was generated, 

indicated by sharply increasing reading of TPT4 and decreasing reading of TPT3. On 
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comparing plots (a) and (b), it can be noticed that in (a) for d/D = 0.2 the readings from 

TPT4 dropped soon after the gap generation indicating that the foundation moved back 

towards the installation position, in contrast to the response in (b) for d/D = 0.3. The 

readings from TPT3 are stable throughout the waiting period after gap generation, 

showing that the foundation did not come back fully to its initial position and the gap 

did not close completely.  

The loss of uplift resistance observed in Figure 7.1 is reflected in the loss of suction 

measured by the PPT underneath the top plate during the all tests with each foundation 

with an intact skirt-soil interface or with a gap. Figure 7.3 shows the PPT readings from 

the intact and gapped tests on foundations with d/D = 0.1, 0.2 and 0.3. On comparing 

the load cell response in Figure 7.1 and the PPT response in Figure 7.3, it is clear that 

the loss of uplift capacity coincides with the loss of suction between the top plate and 

the soil for all the tests. It is also noted that while the ultimate uplift load resistance of 

the foundation with d/D = 0.3 is higher in the presence of a gap than that for the intact 

case, the ultimate negative excess pore pressure generated is lower for the gap tests.  

In summary, under short-term loading, the most significant effect of a gap is the loss of 

suction and hence loss of enhanced uplift resistance at minimal foundation displacement. 

The magnitude of peak capacity is variable but always above 85 % of the measured 

peak with intact skirt-soil interface.  

While it may be conservative to overlook reverse end bearing capacity in design if 

suction can be relied on, the consequence of a gap forming along the skirt-soil interface 

is potentially catastrophic if not mitigated against. Mitigation measures may include 

provision of internal skirts to compartmentalise the soil plug such that suction may be 

lost in a single compartment or selection of compartments without being lost across the 
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entire foundation footprint. A flexible mat may be provided around the periphery of the 

foundation to act as a sacrificial pseudo compartment, although the technology for so-

called ‘gap arrestors’ has yet to be established in the field. The potential of gap arrestors 

will be explored in Chapter 8. It should also be borne in mind that very soft, normally 

consolidated clays may not be prone to gapping, such that a reverse end bearing 

response for an intact skirt-soil interface could be relied on. 

7.4.2. Mechanisms of failure in undrained uplift 

Mechanisms governing failure of skirted foundations in undrained uplift, with either an 

intact skirt-soil interface or with a vertical gap along the interface between the external 

skirt and the soil, have not previously been clarified. Hypotheses for mechanisms of 

failure for these cases are put forward based on the results of the centrifuge tests.  

Drag-down 

As the foundation displaces upwards rapidly, the soil adjacent to the foundation will be 

dragged down, to maintain the constant volume conditions dictated by the undrained 

soil response. As a result, an uplift displacement of less than the skirt length can lead to 

complete loss of contact along the full height of the skirt-soil interface as illustrated 

schematically in Figure 7.4a. This proposed failure mechanism is supported by PIV 

results of ‘half-foundation’ tests presented in Chapter 6, which show clear downward 

movement of soil adjacent to the foundation during undrained uplift of circular skirted 

foundations with embedment ratios between 0.1 and 0.5, as considered in this study. In 

the present study, suction was lost at a maximum foundation displacement, w,  equal to 

around half the skirt depth, for the deepest embedment ratio considered, d/D = 0.5, 

corresponding to ‘dragdown’, denoted by s ≈ w, i.e. a ‘drag-down ratio’ s/w of unity.   
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The same constant volume conditions govern short-term deformation of the soil around 

a foundation with a gap along the skirt-soil interface, causing the soil around the 

foundation to be dragged down as the foundation is displaced upwards. However, the 

presence of a gap and the consequent accessibility of free water at skirt tip level 

introduce the potential for (i) narrowing of the soil plug (‘necking’) inside the skirted 

compartment and creation of a vertical gap along the internal skirt-plug interface or (ii) 

a horizontal tension crack opening at tip level. Either case can lead to rapid loss of 

suction beneath the top plate – as observed in the tests. The proposed mechanisms of 

failure for a gapped skirt-soil interface is illustrated schematically in Figure 7.4b.  

The interpretation presented here relates to an undrained soil response. Therefore, loss 

of reverse end bearing capacity is not related to dissipation of suction through flow of 

free water through the soil mass into the soil plug. The time scales involved are 

insufficient (by definition) to permit dissipation over the necessary drainage path 

lengths – even when halved by the presence of a gap along the skirt-soil interface. 

7.4.3. Effect of gapping on the long-term uplift resistance 

Figure 7.5 shows the time-displacement behaviour of the foundation with d/D = 0.2 

under long-term loads (q) equivalent to 10, 20, 40 and 60 % of its peak undrained uplift 

capacity (qu). Time dependent displacements, i.e. due to water draining into the skirt 

compartment, are shown in the figure; immediate displacements have been deducted 

from the total foundation displacements. 

Data were recorded up to a foundation displacement w/D = 10 % or for a prototype 

duration of 10 years, whichever was achieved first. Automatic ‘safe’ displacement-

control was invoked once the rate of displacement reached 0.01mm/s – as is evident for 

the higher load levels. ‘Real’ holding times were identified with the aid of the PPT 
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under the top cap. Figure 7.6 shows the PPT readings for the foundation test with an 

intact skirt-soil interface subjected to 40 % of its peak undrained uplift capacity. The 

negative excess pore pressure remains relatively constant before dramatically dropping 

off when drainage reaches the underside of the top cap.  

The presence of the gap has a clear effect on the sustained load response, increasing the 

rate of displacement by up to two-fold. For example, under an uplift load of 0.4qu, a 

normalised foundation displacement w/D = 2 % was reached in 2.25 years by the 

foundation with an intact skirt-soil interface and in 1.25 years by the foundation with a 

gap. The increase in displacement rate (reduction in holding time) is due to the shorter 

drainage path for water to travel into the skirt compartment.  

Generally the results are promising showing that an uplift load of 40 % of the peak 

transient uplift load was held for over a year, while lower loads (10 – 20 % of qu) were 

held for several years with minimal displacement (w/D < 2 %), even with the presence 

of a gap.  

Degradation of uplift capacity with time 

Figure 7.7 shows the sustained uplift data presented in terms of the time taken for 

displacements of 0.5, 1 and 2 % of the foundation diameter to be reached for different 

levels of uplift load. The dotted lines represent estimated times at which the 

displacements were reached for the cases where the target displacements were not 

reached in ten years, obtained by extending the time-displacement curves shown in 

Figure 7.5. The plot reiterates the finding that, for all the cases considered in this study, 

the time taken for the foundation to displace through a given distance can be halved due 

to the presence of a gap at the skirt-soil interface.   
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7.4.4. Application to design 

The results presented here clearly identify the detrimental effect of a vertical gap 

between the external face of a skirted foundation and the soil on the short- and long-

term uplift resistance of a skirted foundation.  

Under short-term uplift loads, full reverse end bearing capacity has been shown to be 

mobilised if an intact skirt-soil interface can be maintained, in conjunction with full 

sealing of the foundation. However, the presence of a gap leads to a rapid and sudden 

loss of suction under the top plate and a consequent loss of uplift resistance. In long-

term sustained uplift loading, although a sudden loss of suction was not observed, the 

rate of displacement doubled due to the presence of the gap. Hence, while it may be 

conservative to overlook reverse end bearing capacity in design if suction can be relied 

on, the consequence of a gap forming along the skirt-soil interface is potentially 

catastrophic.  

The degree of conservatism by relying only on frictional skirt-soil resistance was 

illustrated in Chapter 5 by comparison of the measured uplift resistance of a vented 

foundation with the reverse end bearing resistance of the same foundation, indicating 

that frictional resistance may be only 10 % of the peak uplift. Hence it is important to 

explore possible solutions to mitigate the adverse effect of gapping, such as providing 

internal skirts or gap arrestors. 

7.5. Concluding remarks 

The centrifuge tests reported in this Chapter investigated the effect of gapping at the 

skirt-soil interface on the short-term uplift capacity of skirted foundations with a range 

of embedment ratios (0.1 ≤ d/D ≤ 0.5), and long-term uplift load response of a selected 
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embedment ratio (d/D = 0.2), in lightly over consolidated clay. The following 

conclusions can be drawn from the results of tests and analysis: 

• The presence of a gap had a limited effect on the peak uplift capacity under 

short-term loading, but significantly led to rapid loss of suction beneath the top 

plate and consequently a rapid and dramatic loss of uplift capacity with minimal 

displacements following mobilisation of the peak load;  

• Under long-term sustained loading, the rate of displacement of the foundation 

approximately doubled, reducing the holding time to around half of that for a 

foundation with an intact skirt-soil interface, in the presence of a gap. 

Mechanisms governing short-term failure of skirted foundations have been proposed for 

cases of both an intact and gapped skirt-soil interface based on observations and results 

from the centrifuge model tests. It is clear from the centrifuge results and the proposed 

mechanisms that a method of mitigating gap propagation, or minimising the effect of a 

gap should one form would improve reliability of skirted foundation response in uplift. 

Increased confidence in relying on reverse end bearing has the potential for significant 

efficiencies for skirted foundation applications involving uplift. This study has 

considered only uniaxial short-term and sustained vertical uplift. Uplift resistance and 

the formation and propagation of a gap will be affected by the action of horizontal and 

moment loads and those actions may have an adverse effect on foundation performance. 

The presence of a gap at the skirt-soil interface is clearly important to foundation 

response and the possibility of gap formation and the associated consequences should 

be taken in to account if considering a skirted foundation before relying on negative 

excess pore pressures. 
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Figure 7.1. Effect of gapping on the uplift resistance of foundations with d/D = 0.1, 0.2 and 0.3  
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Figure 7.2. Readings from the TPTs on skirt wall during the gap tests on (a) d/D = 0.2 and d/D = 

0.3  
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Figure 7.3. Readings from PPT underneath the top plate during intact and gap tests 
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Figure 7.4. Schematic of proposed failure mechanism of a skirted shallow foundation in 

undrained uplift with (a) intact skirt-soil interface and (b) gapped skirt-soil interface 
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Figure 7.5. Time-displacement response during sustained uplift of foundation with d/D = 0.2 
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Figure 7.6. Pore pressure response under top plate during sustained loading for foundation with 

intact skirt-soil interface (d/D = 0.2) 
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Figure 7.7. Degradation of uplift resistance with time 
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Chapter 8. Gap Arrestors for Skirted Foundations 

8.1. Introduction 

Caution over reliance on reverse end bearing capacity in practice arises from various 

uncertainties around the phenomenon, such as mechanisms that may jeopardise the 

sustainability of suction. One factor that can lead to reduction of uplift capacity is the 

formation of a vertical gap between the skirt and the surrounding soil, as discussed in 

Chapter 7. We have seen that, full reverse end bearing can be mobilised with a sealed 

foundation with an intact skirt-soil interface, but that undrained uplift capacity is 

severely affected by loss of suction at small foundation uplift displacements in the case 

of a gapped interface. Under sustained loading, the rate of displacement can be doubled 

and the threshold foundation displacement before loss of suction can be halved. In this 

Chapter, a method to mitigate gapping is explored through a series of centrifuge model 

tests on foundation equipped with a so-called ‘gap arrestor’. 

Keaveny et al. (1994) first proposed the use of a ‘mudliner’ to prevent the formation of 

a tension crack along the active side of an inclined loaded suction caisson anchor. Field 

tests were carried out on a pair of tangentially connected suction caissons of individual 

diameter 0.7 m, embedded to a depth of 1.4 m. Details of the geometry of the liner were 

not reported, but a sketch of the test set up indicated the liner to be square with an edge 

length of approximately 2.3 m. No details of the material used for the liner were given, 

but the text described the liner as ‘thin and flexible’. The purpose of the liner was stated 

as “to inhibit a tension crack on the active (back) side by preventing a supply of water 

(and thereby lose suction) between the soil and the model”. The results showed that the 

liner fulfilled its purpose and improved the static quasi-horizontal capacity by up to 50 

% compared with an equivalent test without a liner, and in which a tension crack formed. 
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To the authors’ knowledge, the potential of ‘gap arrestors’, as termed in this thesis, in 

preventing the formation of a vertical tension crack, or ‘gap’ as termed in this thesis, has 

not been explored further by other studies available in the public domain for either 

suction caissons or skirted foundations. The effect of gapping is arguably more critical 

for skirted foundations than suction caissons due to smaller embedment of the former 

and thus the greater potential to short circuit the drainage path to skirt tip level. Gapping 

is also likely to be most critical under vertical uplift (as opposed to a combination of 

inclined loading or overturning) as free water at tip level may lead to necking of the soil 

plug or a horizontal tension crack at tip level during uplift and near instantaneous loss of 

suction under the top plate.  

In this Chapter, the potential of gap arrestors in improving the vertical uplift capacity of 

shallow skirted foundations is explored through a series of centrifuge model tests.  

8.2. Foundation models with gap arrestor 

Foundation models with embedment ratios, d/D = 0.1 and 0.2 were chosen for this study. 

The same foundation models used in the tests presented in previous Chapters were used 

for this study, however, all the tests presented here were conducted in a single channel 

for better comparison of the results. Figure 8.1(a) and (b) shows respectively the side 

elevation of foundation with embedment ratio 0.1 without and with the gap arrestor.  

A flexible latex membrane was used to craft the gap arrestor. In order to prevent the 

membrane folding and creasing during installation, a thin cellulose acetate sheet was 

glued on the upper face of the latex. The acetate sheet was trimmed to stop short of the 

foundation skirt to prevent the membrane becoming too stiff and moving with, rather 

than relative to, the foundation. The underside of the membrane was coated with sand to 

achieve a rough contact surface with the soil and to make the membrane heavy enough 
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not to float in water. The gap arrestors used in this study projected radially a distance of 

0.3D from the foundation periphery and were positioned at the same level as the 

underside of the top plate. The size of the gap arrestor was chosen to be as large as 

possible while maintaining sufficient stiffness to achieve clean mating with the seabed 

(without creasing or folding).  

8.3. Testing programme 

Undrained uplift to failure and two levels of sustained uplift, defined as a proportion of 

the peak undrained uplift capacity, were considered for each foundation embedment 

ratio, with an intact skirt-soil interface, with a gapped skirt-soil interface and with a 

gapped interface with a gap arrestor. Undrained compression tests were also carried out 

to compare the bearing capacity in compression with the peak uplift capacity. All the 

tests were carried out with foundation models with d/D = 0.1 and 0.2. Foundations with 

low embedment ratios were selected for the study as these were deemed the most 

critical in terms of gap formation.  A matrix of the testing schedule is presented in Table 

8.1. 

The same model test procedure as explained in Chapters 5 and 7 were adopted for the 

short- and long-term tests presented in this Chapter. For the tests with gap arrestors 

attached to the foundation, the gap arrestors were deployed along with the foundation. 

In the tests requiring generation of a gap, i.e. the ‘gapped’ tests and ‘gap arrestor’ tests, 

the gap was generated immediately after installation during the waiting period. All 

short-term loading tests were displacement controlled, conducted at the rate of 0.1 mm/s 

and all the long-term sustained uplift tests were load-controlled, conducted at loads 

equivalent to 10 and 40 % of the ultimate uplift capacity. 
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8.4. Soil sample preparation and shear strength characterisation 

All the model tests presented in this Chapter were conducted in lightly over 

consolidated (LOC) soil sample prepared in channel 3. Model tests with intact and 

gapped interface were repeated in this channel for more accurate comparison of results. 

As in the previous tests, a lightly over consolidated clay was selected for the study since 

the ability of a gap to form and stand open increases with increase in the soil strength 

ratio, su/γz (Britto & Kusakabe, 1982; Coffman et al., 2004; Supachawarote et al., 2005).  

Figure 8.2 shows the nominal shear strength profile of the normally consolidated (NC) 

and LOC soil samples, calculated as the ratio of measured penetration or extraction 

resistance from T-bar (qT-bar) to the T-bar factor, NT-bar; a constant NT-bar factor of 10.5 

was adopted for preliminary estimation of the strength profile. A linearly increasing 

shear strength with depth (at a rate of approximately 1 kPa/m) of the NC sample 

ensured that the clay was fully consolidated, before stopping the centrifuge for scraping. 

Figure 8.3 shows the shear strength profile after adjusting NT-bar at shallow depths and 

correcting for buoyancy, following the procedure proposed in White et al. (2010). The 

profile can be idealised using a straight line expression as discussed in other Chapters. 

Using sum = 6 kPa and k = 0.875 kPa/m gave a representative value of the shear 

strengths measured in the centrifuge sample. 

A profile of buoyant unit weight of the sample was determined from moisture content 

and unit weight measurements of specimens taken over the depth of the sample. The 

data indicated that buoyant unit weight increased linearly with depth defined by γ′ 

(kN/m3) = 6.54 + 0.0315z. Values of su/γ'z = 0.89 and 0.51 at skirt tip level for the 

foundations with embedment ratio d/D = 0.1 and 0.2 respectively and therefore a gap 
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may be expected to be able to remain open based on theoretical solutions for excavation 

stability (Pastor, 1978; Britto & Kusakabe, 1982). 

8.5. Results 

8.5.1. Undrained capacity in compression and uplift with intact skirt-soil interface 

The net capacities in the tests with an intact skirt-soil interface are compared with 

available theoretical solutions and plotted against normalised foundation displacement 

relative to the installed depth in Figure 8.4. The responses from four tests are presented: 

undrained compression and uplift of foundations with d/D = 0.1 and 0.2. Net bearing 

resistance (qnet) was calculated from the measured bearing resistance (qm), accounting 

for the correction in overburden pressure, given in Chapter 5, Equation 5.2.  

Theoretical predictions of resistance from upper and lower bound solutions for a rough-

sided circular skirted foundation in a deposit with shear strength heterogeneity factor, 

kD/sum = 2 (Martin, 2001a), close to the value of kD/sum for the soil sample in which the 

tests were conducted (1.75) are plotted for comparison. The theoretical resistance was 

calculated as the product of the interpolated limit value of bearing capacity factor for the 

initial foundation embedment depth ratio and the local shear strength at current skirt tip 

level (i.e. the original shear strength at the depth corresponding to current skirt tip level, 

as shown in Figure 8.3). 

In compression, it can be seen that the observed net resistance lies in between the 

theoretical limits for both the foundations. The observed net peak uplift capacity of the 

foundation with d/D = 0.2 is equivalent to the lower bound solution, and lower than the 

equivalent compression resistance. The measured uplift resistance diminishes at a faster 

rate than the theoretical solution due to the loss of embedment, and hence continually 
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reducing embedment ratio, which is not accounted for in the bound calculations. The 

measured uplift resistance of the foundation with d/D = 0.1 is lower than the lower 

bound solution even at its peak.  

Comparison of the observed net peak uplift resistance and the steady state compression 

resistance indicates that near-full reverse end bearing was mobilised for the foundation 

with d/D = 0.2 (92 % of the compression capacity), but less so for d/D = 0.1 (77 % of 

the compression capacity). Peak uplift resistance for the foundation with d/D = 0.2 was 

mobilised at an equivalent displacement to that at which steady state compression 

resistance was achieved. In contrast, peak uplift resistance for the foundation with d/D = 

0.1 was mobilised at displacement of around two thirds of that corresponding to steady 

state compression resistance, which is consistent with full reverse end bearing not being 

achieved.  

Failure to mobilise full reverse end bearing for d/D = 0.1 is not consistent compared 

with previous results presented in Chapters 5 and 7, with the same models in essentially 

similar deposit showing that full reverse end bearing could be mobilised. A second 

undrained uplift test was carried out with the foundation with d/D = 0.1, but an identical 

result to the first test was observed, as shown in Figure 8.4.  

The reduced peak uplift resistance observed in this case may result from overloading 

during jacked installation leading to some remoulding of the soil (as discussed in 

Chapter 5). The reduced peak uplift resistance may also be partly due to vibration of the 

tool table leading to minor cyclic loading of the foundation and a weaker reverse end 

bearing failure mechanism. A slightly lower soil shear strength from T-bar tests and 

lower installation resistance of both the foundations were observed in this suite of tests 

compared to a previous suite of tests, despite similarity in procedures, which supports 
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the postulation of vibration. The effect of constant amplitude and frequency of vibration 

of the tool table would be expected to have the most significant effect in uplift and for 

low foundation embedment ratios due to lower strength and stiffness of the zone of soil 

involved in the failure mechanism, as is supported by the experimental data. The 

measured unbalance of the centrifuge channel during testing was within normal 

tolerance, with fluctuations in acceleration maintained below 0.30 g, but the resolution 

of this unbalance signal is insufficient to capture the vibration caused by slightly 

damaged bearings. The bearings of the drum centrifuge were replaced shortly after this 

suite of centrifuge tests were carried out. T-bar data in normally consolidated deposits 

have since shown increased shear strength compared to that measured in this suite of 

tests, and also consistent with profiles measured in previous testing programmes. 

The purpose of this set of centrifuge tests was to compare the effect of the skirt-soil 

interface condition on uplift resistance. Since repeatability of the uplift response of the 

intact interface was confirmed by the duplicate test and some reverse end bearing was 

mobilised, it was considered that the reduced peak value of reverse end bearing would 

not adversely affect comparison of the effect of the interface conditions on foundation 

response.  

8.5.2. Effect of gap and gap arrestors on short-term uplift response 

The installation and uplift resistance measured by the load cell, for foundations with an 

intact interface, gapped interface and gapped interface with gap arrestor, are shown in 

Figure 8.5 and 8.6 for foundation embedment ratios of 0.1 and 0.2 respectively. The 

measured installation resistance was similar in the different tests, although slightly 

higher installation resistance was observed for the gap arrestor tests due to the gap 

arrestor touching the soil surface in advance of full penetration of the skirts. 
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The presence of a gap along the skirt-soil interface (in the absence of a gap arrestor) led 

to faster loss of suction during uplift, indicated by the dramatic loss of uplift resistance 

at low foundation displacement, as was also observed in the tests presented in Chapter 7. 

The relative foundation displacement, given in terms of foundation diameter and skirt 

depth, at which suction was lost for each foundation and skirt-soil interface condition is 

summarised in Table 8.2. It clearly indicates that the gap arrestors were effective in their 

anticipated function of retarding the immediate loss of suction due to the presence of a 

gap at the skirt-soil interface. It is interesting to note that for both cases with a gapped 

skirt-soil interface, suction was lost at a displacement equivalent to 10 % of the 

respective skirt depth. 

The presence of a maintained gap during the tests with a gap arrestor was verified from 

readings from the total pressure transducers on the outer face of the skirt wall over the 

test duration. Figure 8.7 compares the TPT data from tests with a gapped skirt interface, 

with and without a gap arrestor for the foundation with d/D = 0.2. The sharply reducing 

and then constant readings of TPT3 on the active (gap) side and the sharply increasing 

and then constant readings of TPT4 on the passive side of the foundation indicate that a 

gap was generated and maintained throughout the test. Since it is clear that a gap was 

developed between the skirt and soil, the improved suction capacity can be attributed to 

the gap arrestor retarding the drainage of water into the gap. 

A comparison of the pore pressures developed at the underside of the top plate of the 

foundations with an intact skirt-soil interface, gapped interface and gapped interface 

with gap arrestor is shown in Figure 8.8. A time history of pore pressures and the pore 

pressure-displacement responses throughout the entire tests are shown in Figure 8.8a 

and b respectively. The development of negative excess pore pressure during uplift in 

all the three tests is evident, reflecting the trend of the load cell readings shown in 
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Figure 8.5, and indicating that loss of uplift resistance is caused by the loss of suction 

beneath the foundation top plate.   

8.5.3. Long-term loading 

Figure 8.9 and 8.10 show the time-displacement responses of foundations with 

d/D = 0.1 and 0.2 respectively, with an intact skirt-soil interface, gapped interface and 

gapped interface with gap arrestor, subjected to sustained loads equivalent to 10 and 40 

% of the ultimate undrained uplift capacity, qu, of the foundation with an intact interface. 

Figures 8.9(a) and 8.10(a) show the displacement history over the full period of the test 

while Figures 8.9(b) and 8.10(b) show the detail of the displacement history over the 

first equivalent prototype year of loading. With one exception (d/D = 0.1, q/qu = 0.1), 

the tests were continued to a maximum of 10 years or till just beyond the indicated 

points where suction was lost.  

Initially an ‘immediate’, rapid foundation displacement was observed resulting from the 

application of the load. The magnitude of the immediate displacement was a function of 

the applied load and foundation embedment ratio, and in these tests ranged from 0.1 % 

to 0.5 % of the foundation diameter. Following the initial rapid displacement, the rate of 

displacement slowed, governed by time-dependent displacements due to seepage of 

water into the skirt compartment. The rate of displacement observed was a function of 

the magnitude of applied load, the foundation embedment ratio and the skirt-soil 

interface condition. An approximately linear relationship between displacement and 

duration of loading is evident in 9 out of the 12 tests. For the lower level of vertical load 

considered, half the tests exhibited a change in rate of displacement within the first year 

or two of loading, the rate then remained constant until suction was lost or the test was 

stopped. This change in rate of displacement was not found to be related to a particular 
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skirt-soil interface condition, with each of the three bi-linear results corresponding to a 

different skirt-soil interface conditions.  

Higher rates of displacement were observed due to the presence of a gap compared with 

an intact skirt-soil interface or a gapped interface with arrestor, for each embedment 

ratio at each load level. The gap arrestor restricted the rate of displacement of the 

foundation with a gapped skirt-soil interface, in some cases to close to that of the 

foundation with a perfectly intact skirt-soil interface. The presence of the gap arrestor 

also enabled displacements of a similar magnitude to those of the foundation with an 

intact skirt-soil interface to be resisted before suction was lost.   

Table 8.3 summarises the total relative displacement and duration of sustained uplift at 

which suction was lost beneath the foundation top plate. At the lower relative load level, 

0.1qu, suction was preserved for the duration of the tests for the foundations with an 

intact skirt-soil interface and with a gapped interface with an arrestor for both 

foundation embedment ratios. In the case of a gapped skirt-soil interface, suction was 

still maintained for several years: 3.6 years for d/D = 0.1 and 8.4 years for d/D = 0.2. At 

the higher load level, 0.4qu, suction was lost in all tests. However, the presence of the 

gap arrestor at least doubled the duration over which suction was maintained, and 

provided performance that was essentially equivalent to the foundation with an intact 

skirt-soil interface. The gap arrestor therefore limited the rate of displacement and 

sustained suction by preventing drainage of water into the gap.  

It is noteworthy that immediate displacement contributed as little as 1.5 % and as much 

as 25 % to the maximum total displacement achieved by the foundations with the 

gapped skirt-soil interface. The proportion of immediate to maximum total displacement 

was greater at the higher load level and for lower embedment ratio as might be expected. 
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8.6. Conclusions 

This Chapter has reported results from an investigation into an approach for reducing 

the adverse effect of gapping at the skirt-soil interface on the short- and long-term uplift 

capacity of shallow skirted foundations. This has become an area of increasing 

importance due to deep water oil and gas developments, where shallow skirted 

foundations may be subjected to uplift from overturning moments.  

Centrifuge model tests were performed to assess the potential improvement in the 

vertical uplift response of shallow skirted foundations due to provision of a flexible mat 

‘gap arrestor’ around the periphery of the foundation. It was observed that the gap 

arrestor enabled suction to be maintained for larger foundation displacements under 

short-term and long-term uplift; under long-term uplift the rate of displacement was 

reduced and suction was lost at larger foundation displacements when compared to the 

case of a gapped skirt-soil interface with no gap arrestor. In many cases, the presence of 

the gap arrestor resulted in a foundation with a gapped skirt-soil interface exhibiting 

essentially identical resistance to a foundation with an intact skirt-soil interface. 

Reverse end bearing potential of shallow skirted foundations is widely acknowledged, 

but the presence of a crack or gap down the skirt-soil interface may reduce that capacity 

considerably. The results presented here are promising and demonstrate high potential 

for the use of gap arrestors to prevent the adverse effects of gapping on the short- and 

long-term uplift capacity of shallow skirted foundations. 
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Table 8.1. Matrix of testing schedule; all tests carried out for foundations with d/D = 0.1 and 0.2 

Skirt-soil interface condition Loading Intact Gapped Gapped with gap arrestor 
Undrained compression X -- -- 
Undrained uplift (qu) X X X 
Sustained uplift, 0.1qu X X X 
Sustained uplift, 0.4qu X X X 

 

Table 8.2. Relative displacement during undrained uplift at which suction pressures lost 

Skirt-soil interface condition 
d/D Intact Gapped Gapped with gap arrestor 
0.1 0.04D 

0.4d 
0.01D 
0.1d 

0.03D 
0.3d 

0.2 0.08D 
0.4d 

0.02D 
0.1d 

0.05D 
0.25d 

 

Table 8.3. Relative total displacement and duration of sustained uplift at which suction 

pressures lost 

Skirt-soil interface condition Uplift pressure applied, 
q Intact Gapped Gapped with gap arrestor 

d/D = 0.1  
0.1qu N.A.* 

> 4 yrs 
0.015D 
3.6 yrs 

N.A. 
> 10 yrs 

0.4qu 0.028D 
1 yr 

0.013D  
0.3 yrs 

0.024D  
0.9 yrs 

d/D = 0.2  
0.1qu N.A. 

> 10 yrs 
0.068D  
8.4 yrs 

N.A. 
> 10 yrs 

0.4qu 0.086D  
1.7 yrs 

0.055D  
0.80 yrs 

0.072D  
1.5 yrs 

*N.A. indicates suction was not lost during the test  
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Drainage valve

Gap arrestor 

(a) (b) 

TPT on skirt wall 
 

Figure 8.1. Foundation model with d/D = 0.1 (a) side elevation of foundation models without gap 

arrestor and (b) with gap arrestor  
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Figure 8.2. Nominal shear strength profile of NC and LOC clay samples from T-bar tests 
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Figure 8.3. Undrained shear strength of the LOC sample corrected for buoyancy and shallow 

embedment 
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Figure 8.4.  Net bearing resistance for foundations with embedment ratios 0.1 and 0.2 (w is the 

foundation displacement past installation) 
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Figure 8.5. Installation and undrained uplift resistance measured using load cell of foundation 

with embedment ratio 0.1 
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Figure 8.6. Installation and undrained uplift resistance measured using load cell of foundation 

with embedment ratio 0.2 

 



Gap Arrestors for Skirted Foundations 

Centre for Offshore Foundation Systems (COFS)  8‐16 

-20

-10

0

10

20

30

40

50

60

70

80

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Equivalent prototype time (years)

To
ta

l s
tre

ss
 (k

Pa
)

Installation

Gap creation

installation upliftwaiting period

TPT4 (passive side)

TPT3 (gap side)

 
(a) Gap arrestor 
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(b) Gap 

Figure 8.7. Readings from the total pressure transducers on the outer skirt wall surface near the 

skirt tip during (a) gap arrestor test and (b) gap tests on d/D = 0.2 
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(b) 

Figure 8.8. Readings from the pore pressure transducer at the underside of the top plate of 

foundation with d/D = 0.1 with an intact interface, gapped interface and gapped interface with 

gap arrestor plotted against (a) testing time and (b) foundation displacement 
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(b) 

Figure 8.9. Time history of total foundation displacement for d/D = 0.1 with an intact interface, 

gapped interface and gapped interface with gap arrestor under sustained loading(a) over the full 

duration of loading and (b)over the first year of loading. 
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(b)  

Figure 8.10. Time history of total foundation displacement for d/D = 0.2 with an intact interface, 

gapped interface and gapped interface with gap arrestor under sustained loading (a) over the 

full duration of loading and (b) over the first year of loading.  
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Chapter 9. Numerical Modelling of Seepage beneath Skirted 

Foundations Subjected to Uplift 

9.1. Introduction 

When a sealed skirted foundation is subjected to uplift, a pressure differential is 

developed between the underside of the foundation top plate and the surrounding soil, 

due to the generation of negative excess pore pressure. The pressure differential sets up 

seepage flow into and through the soil plug from the surrounding soil and free water at 

the soil surface. Water accumulates beneath the foundation top plate, allowing the 

foundation to move upwards at a steady rate, compounded initially by some swelling of 

the soil within and below the soil plug (see Figure 9.1).  

Various experimental studies have presented the time-displacement response of skirted 

foundations and suction caissons (Clukey et al., 2004; Acosta-Martinez et al., 2008). 

The studies show that the response is bilinear with the initial portion corresponding to 

immediate displacement due to the applied load followed by time-dependent 

displacement due to the flow of water in to the skirt compartment. Some numerical 

simulations (Zdravkovic et al., 2001; Cao et al., 2002; Deng & Carter, 2002; Al-Khafaji 

et al., 2003; Clukey et al., 2004) have also considered the uplift load behaviour of 

skirted foundations and suction caissons. The simulations were mainly used to quantify 

the pullout capacity of the foundation and negative excess pore pressure development 

and dissipation underneath the foundation top plate. Seepage and the time-displacement 

response in uplift of skirted foundations in clay have not previously been studied 

numerically, although some studies have been reported for skirted foundations in sand 

(Erbrich & Tjelta, 1999; Houlsby & Byrne, 2005).  



Numerical Modelling of Seepage beneath Skirted Foundations Subjected to Uplift 

Centre for Offshore Foundation Systems (COFS)  9‐2 

Numerical studies have considered the consolidation response of skirted and embedded 

foundations in clay, under compressive loading, quantifying the displacements and pore 

pressure dissipation for a range of foundation geometries (Gourvenec & Randolph, 

2009, 2010). These studies were based on small strain finite element analysis, with the 

soil modelled as an isotropic elastic material undergoing Biot-type consolidation. The 

foundation embedment ratio and skirt-soil interface friction were found to have a 

significant influence on the consolidation behaviour and hence the foundation 

settlement.  

Seepage flow is only an issue for foundations loaded in uplift. Seepage flow does not 

occur for skirted foundations loaded in compression, unless free water remains trapped 

beneath the foundation top plate at the end of installation. Leaving that aside, the soil 

beneath the foundation undergoes consolidation, excess pore pressures gradually 

dissipate and the foundation settlement converges towards a long-term value. In uplift, 

there are three contributions to foundation displacement: an immediate elastic 

displacement due to the applied load; a time-dependent but transient response to 

swelling of the soil within and below the skirt compartment; and a steady rate of 

displacement due to seepage of water into the region beneath the top plate. Provided the 

uplift load exceeds friction between the skirt wall and the soil, the foundation will 

continue to move upwards, gradually accelerating due to the decreasing penetration of 

the skirts within the soil until failure occurs.  

The rate of displacement will increase if there is a gap present between the skirt wall 

and the surrounding soil, due to the increased proximity of free water to the skirt 

compartment. Experimental studies of the effect of a gap on the time-displacement 

response of skirted foundations have indicated large increases in displacement (Acosta-

Martinez et al., 2010; Chapter 7).  
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In this Chapter, seepage of water into the skirt compartment of shallow skirted 

foundations subjected to vertical uplift has been modelled using small strain finite 

element analysis. The analyses were performed for an isotropic elastic half space, 

following Gourvenec & Randolph (2009, 2010), but with a layer of soft poro-elastic 

‘water’ elements introduced immediately below the foundation top plate similar to the 

approach adopted by Cao et al. (2002). The effect of a gap down the external skirt-soil 

interface was also studied. The results are compared with available theoretical and 

experimental results for validation of the model.  

9.2. Finite element modelling 

Small strain finite element analyses were performed using commercial software Abaqus 

(Dassault Systèmes, 2010). Figure 9.2 shows a typical finite element mesh used for this 

study. The model comprises a rigid skirted foundation, homogeneous isotropic soil and 

a thin layer of ‘water’ elements between the underside of the top plate and the confined 

soil plug.  

The water elements were used to ensure uniform negative excess pore pressure 

underneath the top plate and to provide compatibility between the foundation 

displacements and cumulative seepage into the skirt compartment. Previous studies 

have also considered the presence of a layer of trapped water between the foundation 

top plate and the soil plug in the finite element model, but only to quantify the pullout 

capacity of the skirted foundations rather than to model seepage. Zdravkovic et al. 

(2001) used a string of interface elements with very low shear stiffness and very high 

normal stiffness while Cao et al. (2002) used very soft poro-elastic elements to 

represent the water. An approach similar to the latter has been adopted here, with soft 

(two-phase) poro-elastic elements used to model the accumulating water; a parametric 
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study was performed initially to validate the performance of the elements and to choose 

an appropriate stiffness. 

All the analyses were performed on axisymmetric models, representing the behaviour of 

circular skirted foundations subjected to pure axial vertical loading.  

9.2.1.  Loading and drainage 

The analyses were performed in two stages: a loading stage and a swelling-seepage 

stage. In the loading stage, a vertical uplift load was applied to the top plate of the rigid 

skirted foundation in a single step over a short period of time. During this stage no 

drainage was allowed and negative excess pore pressures corresponding to the applied 

pressure were set up around the foundation. After the undrained loading stage, a zero 

excess pore pressure drainage boundary was specified around the foundation to model 

the continuous percolation of free water in to the soil, and dissipation of the negative 

excess pore pressures developed.  

Two different drainage boundaries were considered: one with drainage allowed along 

the top surface of the soil surrounding the foundation; and one with drainage allowed 

also along the soil outside the skirt wall and below the skirt tip in addition to the top 

surface of the surrounding soil. The first case represents the drainage behaviour of a 

foundation with ‘intact’ skirt-soil interface while the second represents a foundation 

with a ‘gap’ between the outer surface of the skirt wall and the soil, with free water 

present in the gap.  

The choice of initial time step after loading is an important issue when drainage is 

considered in a numerical analysis. The time step and element size are related such that 

immediately after a drainage boundary condition is changed and flow is allowed, 

sufficient time is permitted for flow through each element. Vermeer & Verruijt (1981) 
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proposed a simple expression to calculate the minimum initial time step (∆tmin) as a 

function of the element size and properties of the soil skeleton expressed as,  

Ek6
ht w2

min
γ

≥Δ  
(9.1)

where h is the distance between the nodes of the elements in the region where drainage 

occurs (in this study, the vertical thickness of the elements adjacent to the skirt was 

taken), γw the unit weight of pore water, and E and k respectively Young’s modulus of 

elasticity and the coefficient of permeability of the soil. The same time period was used 

for the loading step to establish the initial excess pore pressures.  

9.2.2. Foundation  

Shallow circular skirted foundations with embedment ratios, d/D, of 0.1, 0.2, 0.3, 0.5 

and 1 were modelled in the study, where d is the skirt embedment depth and D the 

(external) base diameter of the foundation. Skirt wall thickness (tw) equivalent to tw/D = 

0.008 was adopted, similar to the geometry of steel skirted foundations used in the field 

(e.g. Bye et al., 1995). The foundations were modelled as rigid, solid and impermeable. 

Installation was not modelled and the foundation was in position at the start of each 

analysis.  

The interfaces between the inner surface of the skirt compartment and the soil plug and 

water were assigned smooth, with full bonding in the normal direction. The interface of 

the skirt tip and the outer skirt wall with the soil was also fully bonded in the normal 

direction, but allowed to separate under tension. This was essential to prevent influence 

of the tension capacity at skirt tip affecting the seepage velocities and to ensure 

convergence of the numerical simulations due to the presence of water elements. Since 

the purpose of the study was to examine the rate of foundation displacement during 

steady seepage of water into the skirt compartment, all interfaces were taken as smooth 
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in shear. This allowed large relative movements to occur, for example between the skirt 

wall and adjacent soil on either side. The choice of assuming smooth interfaces between 

skirt and soil was made to provide upper limits to the magnitude of steady-state 

displacement rates.  

All parameters used for the study are summarised in Table 9.1. While most results are 

presented in non-dimensional form, the foundation dimensions were chosen to match 

those used in the experimental studies presented in previous chapters. 

9.2.3. Soil  

The modelled soil zone had a radius and depth equal to six times the radius of the 

foundation, from the centre of the foundation at the bottom side of the top plate (Figure 

9.2). Roller supports were provided around the circumference and base of the soil. An 

axis of symmetry for the radial plane was defined along the centreline of the model. No 

drainage was allowed along the circumferential and base boundaries of soil.  

The soil was modelled as an isotropic elastic material with Biot-type three dimensional 

consolidation (Biot, 1935, 1941) governing the stress-pore fluid coupling. The soil was 

assumed to be fully saturated and weightless. The soil was assigned constant and 

isotropic values of Young’s modulus, E = 5000 kPa, Poisson’s ratio, ν = 0.2 and 

coefficient of permeability, k = 1 × 10-9 m/s. Unit weight of pore water was assigned as 

γw = 10 kN/m3. The coefficient of consolidation (cv) can be calculated from the input 

parameters using the expression given by Davis & Poulos (1968) as, 

( )
( )( )ν+ν−

ν−
γ

=
121

1kEc
w

v  
(9.2) 
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The value of Poisson’s ratio of soil affects its consolidation response, but the effect is 

limited over the range of 0.1 to 0.3 (Booker & Small, 1986). Hence a mid-range value, ν 

= 0.2, was assigned to the soil, resulting in cv = 0.56 mm2/s or 17.5 m2/yr.  

The soil domain was meshed using rectangular 4-noded elements with 2 x 2 integration 

(CAX4P). Gourvenec & Randolph (2010) investigated the effect of mesh size along the 

skirt on the initial excess pore pressures generated and dependency of results on the 

skirt wall thickness, finding that the mesh dependency decreased with decreasing skirt 

wall thickness. In this study a mesh size equivalent to 0.025 times the foundation 

diameter was used for the soil elements near the skirt wall. As the skirt wall thickness 

used here was very small relative to the diameter (tw/D = 0.008), the effect of mesh 

density on the results was minimal. 

9.2.4. Water elements 

Two rows of thin poro-elastic elements were inserted between the soil plug and the 

foundation top plate to simulate a layer of trapped water. The elements were assigned 

isotropic elastic properties with low modulus and zero Poisson’s ratio so that they were 

able to deform with minimal restraint in response to changes in effective stress. The 

concept behind the approach is that the water elements will not change volume 

immediately under changes in total stress, but will instead give rise to excess pore 

pressure within the elements. Volume changes can occur gradually with time due to 

flow of water from the soil plug into the elements. However, provided the element 

modulus is sufficiently low, the excess pore pressure (negative in the present study) will 

be sustained with minimal change as the element expands and thus gives rise to 

displacement of the foundation.  
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A parametric study was conducted to choose suitable parameters for the water elements. 

The study considered a pullout load per unit area (q) of 100 kPa on a foundation with 

embedment ratio of d/D = 0.2. From the analyses, it was found that there was negligible 

effect of parameters such as void ratio, permeability, Poisson’s ratio and mesh density 

of the water elements on the rate of displacement of the foundation due to seepage (see 

Table 9.1 for values adopted). The only parameter that affected the foundation response 

was the modulus of elasticity, Ew, with values in the range 0.001 to 1 kPa being 

explored. 

Figure 9.3 shows the time history of excess pore pressure dissipation at the centreline of 

the foundation along the underside of the foundation top plate, and also the time-

dependent displacement, wt. Figure 9.3(a) compares pore pressure dissipation beneath 

the foundation for water elements of different elastic modulus and with no water 

elements. For the ‘no water’ case the same mesh was used but with the water elements 

assigned the same properties as the soil (Ew = 5000 kPa). It can be observed that for all 

the foundations with water elements, initial negative excess pore pressure 

approximately equivalent to the applied uplift pressure was generated but augmented by 

(D/Di)2 where Di is the internal diameter of the foundation top plate between the skirts. 

By contrast the ‘no water’ case gave initial negative excess pore pressure of around 85 

% of the applied pressure along the centreline of the foundation. This is because of the 

non-uniform distribution of negative excess pore pressure beneath the top plate for the 

‘no water’ case, as explained later. 

The higher the value of Ew, the earlier the time at which the negative excess pore 

pressure started to dissipate, for example at a non-dimensional time T = cvt/D2 of about 

0.02 for the ‘no water’ case (Ew = 5000 kPa) compared with T ~ 100 for Ew = 0.01 kPa. 

The reduction in negative pressure occurs as the water layer stretches, and thus transfers 
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stress from the pore fluid to the soil matrix. For example, at a non-dimensional time of 

T = 10, corresponding here to around 82 years, the foundation displacement is 

wtγw/q ~ 0.4, corresponding to wt = 4 m (0.33D) (see Figure 9.3(b)). Since the water 

layer is 0.1 m thick (0.0083D), the engineering strain is 40, resulting in a vertical 

effective stress of 40 kPa for Ew = 1 kPa. This is consistent with the reduction in 

negative excess pore pressure shown in Figure 9.3(a) for that value of Ew. 

Since the intention of the present study was to quantify the foundation displacements 

resulting from seepage into the skirt compartment, it was important that constant 

negative excess pore pressure should be maintained under the top plate for the period of 

time studied. For the two lowest Ew values of 0.001 and 0.01 kPa, the negative excess 

pore pressures were sustained fully until T ~ 100, corresponding to several centuries for 

the particular foundation geometry and soil properties selected.  

Figure 9.3(b) shows the normalised time-displacement plots for the different values of 

Ew considered in the parametric study. It can be seen that for foundation displacements 

up to T = 10 (corresponding to 82 years here), the rate of displacement due to seepage 

are of approximately similar magnitudes for Ew = 0.001, 0.01 and 0.1 kPa. The choice 

of Ew will depend on the time period of interest; a value of 0.01 kPa was chosen for the 

remaining results in this study.  

The lower value of initial excess pore pressure observed for the ‘no water’ case can be 

explained by considering the pore pressure distribution beneath the foundation top plate 

immediately after loading. Figure 9.4 shows the distribution of initial negative excess 

pore pressure (∆ui) beneath the foundation top plate (with d/D = 0.2) for Ew values of 

0.01 and 5000 kPa (no water) immediately after the application of load. For the case 

with ‘no water’, the magnitude of negative excess pore pressure is highest near the 
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periphery close to the skirt wall (∆ui/q = 1.18) and lowest at the centre of the plate 

(∆ui/q = 0.85, as shown in Figure 9.3(a)). Incorporation of soft water elements leads to a 

uniform distribution of negative excess pore pressure beneath the top plate with 

magnitude corresponding to the applied pressure, augmented by (D/Di)2 where Di is the 

internal diameter of the foundation top plate between the skirts.  

9.3. Results 

Using the selected parameters for the water elements, analyses were conducted on 

foundations with d/D = 0.1, 0.2, 0.3, 0.5 and 1, with intact and gapped skirt-soil 

interfaces. From the analyses, the time-displacement responses of the foundation were 

obtained and it was also confirmed that minimal pore pressure dissipation occurred 

beneath the foundation top plate. 

9.3.1. Foundation displacements 

Figure 9.5(a) shows the excess pore pressure dissipation along the centreline beneath 

the foundation top plate for all the foundations with intact skirt-soil interface. It can be 

seen that, for the model parameters chosen, constant negative excess pore pressure was 

maintained for a considerable period of time (T > 10, or 82 years) for all cases. 

Figure 9.5(b) shows the time-dependent displacements of the foundations with intact 

skirt-soil interface subjected to uniform vertical uplift pressure q. The (immediate) 

displacements during loading have been subtracted and those shown are only due to 

swelling of the soil and seepage of water towards the foundation top plate. The time-

displacement relationship becomes linear after an initial period. The initial non-linear 

response, which continues up to normalised times T in excess of 10, is dominated by 

foundation displacement due to swelling of the soil while the subsequent linear portion 
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represents continuing foundation displacement due to seepage of water into the region 

below the top plate. 

Figure 9.6(a) compares the foundation displacements due to swelling and seepage with 

those due to swelling alone (from analyses without ‘water’ elements). It can be seen that 

for the shallowest skirt (d/D = 0.1) the foundation displacement at T = 1.2 

(approximately 10 years) due to swelling alone accounts for only about 10 % of that 

when seepage is included. Figure 9.6(b) shows the initial portion of the responses for a 

single case (d/D = 0.3), with and without water elements. In both cases, a similar trend 

of displacements is observed initially. Hence it is apparent that the initial non-linear 

portion of the curve in Figure 9.5 is due to swelling of the soil inside and beneath the 

skirt compartment. Once seepage has been established, the displacement increases 

linearly with time, with the rate of displacement determined by the seepage velocity of 

water towards the foundation top plate. 

Figure 9.7 compares the steady state displacement rates for foundations with an intact 

skirt-soil interface with those for foundations with a gapped interface. As expected, the 

displacement rates are higher for the latter case, due to the free water drawn directly into 

the skirt compartment from the gap at skirt tip level.  

9.3.2. Seepage length 

The displacements during the linear portion of the time-displacement curves (in Figure 

9.7) arise solely from seepage of water towards the top plate such that the displacement 

rates are equivalent to the average seepage velocity of water at the top of the soil plug. 

Figure 9.8 shows normalised seepage velocities for all the foundations studied with 

intact and gapped skirt-soil interfaces.  

From Darcy’s law, the seepage velocity may be expressed as 
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ikv ×=  (9.3) 

where i is the hydraulic gradient, which is a function of the applied load per unit area (q), 

unit weight of pore water (γw) and seepage length (s): 
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From the seepage velocities obtained from the finite element analyses (Figure 9.8), the 

seepage length can be calculated using the relationship (adjusting for the slightly greater 

excess pore pressure of Δu/q = 1.03):  
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Figure 9.9 shows the normalised seepage lengths, s/D, calculated using Equation (9.6) 

for foundations with intact and gapped skirt-soil interfaces, for the range of embedment 

ratios studied.  

Previous studies have reported equivalent seepage lengths for suction caissons with 

different embedment ratios in sand, although the main focus has been on the maximum 

hydraulic gradient (so minimum seepage length) adjacent to the skirt wall (Erbrich & 

Tjelta, 1999; Houlsby & Byrne, 2005; Senders & Randolph, 2009). Senders & 

Randolph (2009) also gave an expression to calculate the average seepage length as a 

function of the foundation embedment ratio: 
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Slightly improved fits to the seepage lengths calculated from this study were obtained 

through minor adjustments to the constants in Equation (9.7). Seepage lengths from this 

study shown in Figure 9.9 can be generally expressed as: 

⎥
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where (A, B, C) = (π, 0.22, 1) and (π, 0.14, 1) for the intact and gapped skirt-soil 

interfaces respectively for the best fits with the numerical data. The upper limit of 

normalised seepage length (constant A) for the best fits is equal to π,  which is also the 

theoretical value of normalised seepage length for sheet pile wall with very low 

embedment ratios (Bruggeman, 1999). For very high embedment ratios, the seepage 

length tends to be equal to the skirt length, as the hydraulic head loss essentially occurs 

inside the skirt compartment. The seepage lengths calculated using Equation (9.7), 

normalised as s/D, are also plotted in Figure 9.9 for comparison.  

9.3.3. Comparison with centrifuge results 

In order to validate the applicability of this study, the numerical results have been 

compared with results from centrifuge model tests presented in Figure 7.5 of Chapter 7. 

A closer view of the results is presented in Figure 9.10(a) and (b), showing respectively 

the time-displacement profiles during the sustained load tests on foundations with intact 

and gapped skirt-soil interfaces. The displacements due to swelling and seepage of 

water into the skirt compartment are plotted, i.e. after first subtracting the immediate 

elastic displacement from the total displacement of the foundation. The time-

displacement behaviour follows a quasi-linear trend in all cases, with the gradients 

indicating the rate of flow of water into the skirt compartment.  
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The seepage velocities from the centrifuge tests, calculated from Figure 9.10, are plotted 

against the respective normalised loads in Figure 9.11. The results are compared with 

the seepage velocities predicted using Equations (9.5) and (9.8) with a back-calculated 

value of k = 2 × 10-9 m/s and assigning the loads applied in the centrifuge tests. The 

assumed value of k corresponds to the coefficient of permeability that gives best 

prediction of the seepage velocities from centrifuge tests. The kaolin clay used in the 

centrifuge sample has an expected coefficient of permeability in this range, between 1.1 

× 10-10 m/s and 5.1 × 10-9 m/s (Acosta-Martinez & Gourvenec, 2006).   

It can be seen that the seepage velocities using the equations derived from FEA are 

consistent with those from the centrifuge tests at low loads (q/qu less than about 0.2), 

but the experimental seepage velocities are much higher at high load ratios. This is due 

to the non-linear behaviour of real soil, so that at high load ratios the displacement 

response becomes increasingly dominated by the non-linear and time-dependent 

response of the soil around the foundation (e.g. due to creep), rather than seepage into 

the skirt compartment. Note that for the lower load levels where the rate of movement is 

well predicted from the seepage analysis, the cumulative foundation displacements are 

less than about 1 % of the foundation width, so that strains within the soil are small 

apart from locally close to the skirt tips. 

9.3.4. Design considerations 

There are some caveats on using the results from this finite element study in design 

practice. In particular: 

• The assumption of elastic properties for the soil ignores the non-linear and strain 

rate-dependent nature of real soil. The results appear applicable for loads 
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equivalent to low proportions (less than about  20 %) of the ultimate load capacity 

of the foundation. 

• In the finite element study, it was assumed that soil inside the skirt was fully 

bonded to the top plate and that suction was maintained beneath the top plate 

throughout the analysis. In reality suction would be lost once the cumulative 

displacement reached a significant proportion of the skirt depth (depending on 

how much soil is dragged down adjacent to the skirts).  

• The skirt walls were assumed to be fully smooth in all the analyses. The effect of 

interface friction down the skirts would be to reduce the ratio of excess pore 

pressure to the applied uplift pressure, and hence reduce the magnitude of time-

dependent displacements.  

• Uniform, time-independent, isotropic properties were assumed for the soil in the 

analyses. Application of the results therefore need to consider the average 

permeability of the soil in the zone of interest, particularly within the soil plug, 

and any changes that might occur due to swelling of the soil. 

9.4. Conclusions 

A numerical technique has been presented for simulating the time-dependent 

displacement response of skirted foundations loaded in uplift, using small strain finite 

element analysis. The study considered isotropic elastic properties for the soil, with the 

main focus being on steady state seepage into the skirt compartment, and the balance 

between displacements resulting from swelling of the soil and those from seepage. The 

analyses led to refinement of previously published expressions for estimating the 

average seepage path length as a function of the foundation embedment ratios, also 

evaluating the influence of a physical gap down the external skirts. For a given seepage 
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path length it is then straightforward to evaluate the steady state rate of foundation 

displacement as a function of the permeability of the soil and the applied loading. The 

results showed good agreement with results from centrifuge model tests for low to 

moderate load levels relative to the ultimate uplift capacity. 
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Table 9.1. Parameters used for the study 

Parameters Values 

Foundation:  

Foundation diameter, D 12 m 

Skirt embedment ratios, d/D 0.1, 0.2, 0.3, 0.5 & 1 

Skirt wall thickness, tw 0.1 m (tw/D = 0.008) 

Inner skirt wall-soil interface Fully smooth, Hard normal  contact 
with no separation allowed 

Skirt tip-soil interface & outer skirt wall-soil 
interface 

Fully smooth, Hard normal  contact 
with separation allowed after contact 

Top plate-water interface Fully smooth, Hard normal  contact 
with no separation allowed  

Material property Rigid body 

Soil:  

Young’s modulus, E 5000 kPa 

Poisson’s ratio, ν 0.2 

Coefficient of permeability, k 1 × 10-9 m/s 

Void ratio, e 1.3 

Specific weight of water, γw 10 kN/m3 

Soil-water interface Fully smooth, Hard normal  contact 
with no separation allowed 

Water:  

Element thickness 0.05 m 

Young’s modulus, Ew 0.01 kPa 

Poisson’s ratio, νw 0 

Coefficient of permeability, kw 1 m/s  

Void ratio, ew 1.3 



Numerical Modelling of Seepage beneath Skirted Foundations Subjected to Uplift 

Centre for Offshore Foundation Systems (COFS)  9‐18 

 

vertical uplift load 

skirted foundation

zone of transient 
consolidation

negative excess pore 
pressure

ax
is

 o
f s

ym
m

et
ry

seabed

potential water-filled gap

seepage of  free water 

vertical uplift load 

skirted foundation

zone of transient 
consolidation

negative excess pore 
pressure

ax
is

 o
f s

ym
m

et
ry

seabed

potential water-filled gap

seepage of  free water 

 
Figure 9.1. Schematic of a skirted foundation subjected to vertical uplift loading 
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Figure 9.2. Finite element mesh used for the study 
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Figure 9.3. Influence of the choice of elastic modulus of water elements on the pore pressure 

dissipation (along the foundation centreline) and foundation displacement with time (d/D = 0.2, q 

= 100 kPa) 
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Figure 9.4. Comparison of the initial excess pore pressure distribution beneath the foundation 

top plate for foundations with and without water elements (d/D = 0.2, q = 100 kPa) 
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(b) 

Figure 9.5. Time histories of (a) pore pressure dissipation and (b) displacements for foundations 

with different embedment ratios subjected to a constant uplift load of 100 kPa 



Numerical Modelling of Seepage beneath Skirted Foundations Subjected to Uplift 

Centre for Offshore Foundation Systems (COFS)  9‐23

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0 0.2 0.4 0.6 0.8 1 1.2
T = cvt/D2

w
t γ

w
/q

d/D = 0.1
d/D = 0.2
d/D = 0.3
d/D = 0.5
d/D = 1

          swelling & seepage
          only swelling

 
(a) 

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0 0.02 0.04 0.06 0.08 0.1 0.12
T = cvt/D2

w
t γ

w
/q

d/D = 0.3

swelling & seepage

only swelling

 
(b) 

Figure 9.6. Comparison of the time histories of foundation displacements due to consolidation 

alone with that due to consolidation and seepage (b) Time-displacement curve for d/D = 0.3 for 

the initial 1 year period 
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Figure 9.7. Time histories of foundation displacements for intact (solid lines) and gap (dotted 

lines) cases 
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Figure 9.8. Normalised rate of foundation displacement for different embedment ratios 
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Figure 9.9. Normalised seepage lengths calculated from FEA for different embedment ratios 
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(b) 

Figure 9.10. Time-displacement profiles from centrifuge sustained load tests for foundations 

with (a) intact and (b) gapped skirt-soil interfaces 
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(b) 

Figure 9.11. Comparison of the normalised rate of foundation displacements under different 

loads from centrifuge with that using equations derived from FEA (assuming k = 2 × 10-9 m/s) 

for foundations with (a) intact and (b) gapped skirt-soil  
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Chapter 10. Design Recommendation for Critical Skirt 

Spacing Under General Loading 

10.1. Introduction 

Throughout this thesis, the study was concentrated only on the pure vertical loading of 

skirted foundations. In this Chapter, one critical aspect of the skirted foundation design 

is addressed, when they are subjected to combined vertical, horizontal and moment 

loading or ‘general’ loading.  

In Chapter 4, for determining the bearing capacity factors for skirted foundations, it was 

assumed that the soil plug inside the skirt acts as a rigid body. The effect of assuming 

the soil plug as a rigid body was also studied under vertical loading, in uniform soil and 

soil with shear strength increasing with depth (section 4.6). It was concluded that the 

effect of the type of embedment (solid or skirted) is only significant for low skirt 

embedment ratios and high soil strength heterogeneity, where there is potential for 

development of a failure mechanism inside the soil plug and in practice, internal skirts 

are provided in an effort to prevent this failure mechanism inside the soil plug.   

Some previous research has also shown that for foundations with a peripheral skirt only, 

an internal mechanism is unlikely to occur for deep skirts and a uniform profile of 

undrained strength with depth, but the potential is increased for shallow skirts and a 

high degree of strength heterogeneity (Yun & Bransby, 2007; Bransby & Yun, 2009). 

Although these previous works have identified the foundation configurations and soil 

conditions most susceptible to the development of internal mechanisms, the question of 

the number of internal skirts required to ensure rigid soil plug behaviour – whether for 
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idealised cases of uniaxial loading or more realistic combinations of general loading – 

has not been addressed to date. 

Maximum capacity is achieved when the soil plug displaces as a rigid body during 

plastic failure of the foundation. In order to ensure this, a sufficient number of internal 

skirts should be provided. If too few internal skirts are provided, failure mechanisms 

involving deformation within the soil plug may occur, leading to a reduction in load-

carrying capacity. Figure 10.1 illustrates some examples of these potential ‘internal 

mechanisms’, as compared with the behaviour of a corresponding solid foundation, for 

the simplified cases of pure vertical and pure horizontal loading. In the examples 

shown, deformation within the soil plug occurs when there are no internal skirts and 

when a single internal skirt is provided, while the provision of two (or more) internal 

skirts results in the same failure mechanism as that induced by the solid foundation. 

Despite the potential for plastic deformation to occur within the soil plug, skirted 

foundations are often treated as embedded solid foundations when assessing ultimate 

capacity, on the basis that sufficient internal skirts have been provided to ensure that the 

soil plug displaces rigidly. For example, the assumption of a solid, rigid foundation is 

inherent in the classical bearing capacity calculation methods presented in current 

recommended practices and industry guidelines (e.g. API 2000, ISO 2003). If, however, 

the provision of internal skirts is insufficient, the critical collapse mechanism will 

extend into the soil plug, resulting in a load-carrying capacity that is smaller than the 

anticipated design value. 

This Chapter presents results from a comprehensive numerical investigation of the 

critical number of internal foundation skirts required to ensure that the soil plug 

confined within a skirted foundation displaces as a rigid block, thus ensuring that the 



Design Recommendation for Critical Skirt Spacing Under General Loading 

Centre for Offshore Foundation Systems (COFS)  10‐3

maximum load-carrying capacity of the foundation can be realised. The study was 

performed using OxLim, a finite element limit analysis (FELA) program developed at 

Oxford University. A brief introduction to OxLim is provided in Chapter 2. Problem 

specific details are presented below. 

10.2. Scope of study 

10.2.1. Foundation geometry 

This study considers both solid and skirted shallow foundations with embedment to 

breadth ratios, d/B, between 5 % and 50 %. The range of embedment ratio was selected 

to represent a range encountered in the field, for example shallow foundations for 

subsea systems typically lie in the range 0.05 ≤ d/B ≤ 0.2 while foundations for fixed-

bottom or buoyant platforms typically lie in the range 0.2 ≤ d/B ≤0.5. For the skirted 

foundations, the peripheral and internal skirts are modelled with a thickness to breadth 

ratio tw/B = 0.001 and are positioned with uniform spacing, s, across the foundation 

base plate. The modelled skirt thickness ratio represents a value towards the lower end 

of the range used in the field (e.g. Bye et al., 1995, Erbrich & Hefer, 2002) and has been 

selected to minimize the effect of the geometry of the skirts on the calculated bearing 

capacities and failure mechanisms. A foundation with peripheral skirts only is referred 

to as having ‘zero internal skirts’. Figure 10.2 shows the modelled geometry and the 

nomenclature adopted in this Chapter. 

In practice, skirted foundations and/or the distribution of internal skirts may often adopt 

a three-dimensional arrangement. Skirted foundations for gravity base structures, 

jackets or buoyant facilities are likely to be quasi-circular or rectangular with length to 

breadth aspect ratio L/B between 1 and 2 while subsea foundations are likely to be 

rectangular, also with L/B between 1 and 2.  
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However, plane strain modelling is considered adequate for the purpose of this study, 

where the focus is identifying underlying mechanisms. Failure mechanisms dominated 

by sliding and rotation are essentially in-plane and therefore shape effects of three-

dimensional foundation geometry would not be expected to be significant. Failure 

mechanisms with a significant axisymmetric component, such as vertical bearing 

failure, would be expected to be more significantly affected by three-dimensional 

effects, although design situations with vertical load close to critical values are perhaps 

unlikely. When considering foundations with a length to breadth aspect ratio greater 

than 1, it should be borne in mind that the effective embedment ratio for loading acting 

perpendicular to the long edge is defined by d/L rather than d/B, such that closer 

spacing of skirts may be required along the long axis of the foundation compared with 

the short axis. It is probable that three-dimensional effects, if relevant, would increase 

the stability of the soil plug, such that a prediction of critical skirt spacing – or the 

minimum required number of internal skirts – based on plane strain conditions would 

lead to a design erring on the safe side. 

10.2.2. Soil properties 

The soil is modelled as a rigid–plastic, purely cohesive material, such that its response 

is defined completely in terms of the undrained shear strength, su. In the field, the 

variation of strength with depth can often be approximated with sufficient accuracy as a 

linear function. The degree of strength heterogeneity can then be defined in terms of the 

dimensionless group kB/sum, where k is the gradient of the strength profile, B is the 

foundation breadth and sum is the mudline strength intercept. In this study two limiting 

strength profiles are considered: uniform (kB/sum = 0) and linearly increasing with depth 

from zero strength at the mudline (kB/sum = ∞). These two cases are illustrated 

schematically in Figure 10.3. 
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10.2.3. Interface conditions 

The skirted foundations are modelled as perfectly smooth, such that no shear stress can 

be mobilised along the foundation–soil interface (roughness factor α = 0). This is to 

ensure that the capacity calculations are conservative with respect to interface strength 

(in practice it is more usual to assume α = 0.3 to 0.8). The extent of the smooth 

interface includes all surfaces in contact with the soil: the external and internal skirt 

faces, the skirt tips and the underside of the foundation base plate. 

The solid foundations are modelled with smooth sides (α = 0) and fully rough bases (α 

= 1). The rough base of the solid foundation is intended to be comparable with the soil-

on-soil shearing surface that develops at the base of a skirted foundation, assuming 

sufficient internal skirts have been provided. 

In all cases the foundation–soil interface is taken to be fully bonded, i.e. unlimited 

tensile normal stresses can be mobilised between the foundation and the soil. From the 

studies conducted in previous chapters and other literature (Dyvik et al., 1993; 

Andersen & Jostad, 1999; Watson et al., 2000; Gourvenec et al., 2009) it is known that 

negative excess pore pressures can develop between the underside of the foundation 

base plate and the soil plug, allowing transient uplift to be resisted. A ‘zero-tension’ 

interface is not considered here since, should a gap form, local drainage would take 

place in the vicinity of the foundation, and the duration over which the negative excess 

pore pressures in the soil plug could be relied upon to resist transient uplift loads would 

be compromised. The assumption of undrained behaviour, as adopted in this study, 

would therefore be invalid. It is acknowledged that gapping between the foundation 

skirts and the adjacent soil may occur, particularly when a foundation is subjected to 
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predominantly horizontal loading in soil with a low degree of strength heterogeneity. 

However, the potential for gapping is a separate consideration in the design process. 

10.2.4. Loading 

The solid and skirted foundations are modelled as discrete rigid bodies with a single 

load reference point located on the centreline of the foundation at mudline level. The 

sign convention for combined vertical, horizontal and moment loading (V, H, M) is 

defined in Figure 10.4. 

Figure 10.5 shows the procedure used to establish failure envelopes for combined 

loading. Initial analyses involving pure vertical loading are used to identify the vertical 

bearing capacity, Vult, of each foundation. Ultimate limit states for combined loading 

are then identified by conducting radial probes in M/B:H space at constant V. These 

probes are defined by an angle θ (see Figure 10.5) and are applied at 5º intervals from 0º 

to 180º. Various levels of vertical load are considered, relative to the uniaxial vertical 

capacity of the corresponding solid foundation: V/Vult = 0, 0.1, 0.25, 0.5 and 0.75. For 

each probe, lower and upper bound collapse loads are computed as described in the 

following section. The respective solution points are joined as shown in Figure 10.5 to 

give lower and upper bound failure envelopes for each plane of constant V/Vult. 

The soil and the foundations are all modelled as weightless materials, thus ensuring that 

geostatic equilibrium is automatically satisfied at the start of each analysis. When 

applying these results in practice, the total weight of the foundation (minus the total 

weight of displaced soil) should be included as part of the applied vertical force, V. 
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10.3. Results 

All results are presented in terms of normalised quantities. The geometric characteristics 

of the foundations are defined by the embedment ratio, d/B, and the skirt spacing ratio, 

s/B (see Figure 10.3). The bearing capacity failure envelopes, or interaction diagrams, 

are presented in terms of the dimensionless loads V/Bsu, H/Bsu and M/B2su (for uniform 

strength) or V/B2k, H/B2k and M/B3k (for strength proportional to depth). The one 

exception is that the vertical bearing capacities in Figure 10.7b are normalised by the 

local strength at skirt tip level, su0 = kd, in order to illustrate more clearly the effect of 

the number of internal skirts on the familiar bearing capacity factor Nc. 

10.3.1. Validation 

The first validation exercise was to confirm that OxLim produced correct results for the 

vertical bearing capacity of a surface strip footing on soil with uniform strength (kB/sum 

= 0) and strength proportional to depth (kB/sum = ∞). In both cases exact analytical 

solutions are available, Vult/Bsu = 2 + π (Prandtl, 1921) and Vult/B2k = 1/4 (Davis & 

Booker, 1973), and both results are independent of the footing roughness. As expected, 

the lower and upper bound solutions obtained from OxLim were found to bracket each 

of these exact solutions to within the target bracketing precision of ± 1 %. 

In terms of validation against established (albeit numerical) results, Figure 10.6 

compares some combined loading failure envelopes obtained using Oxlim with those 

obtained using the commercial finite element software Abaqus (Dassault Systèmes 

2009) given by Gourvenec & Barnett (2011). The problem considered is the basic case 

of a rough strip footing on the surface of a soil deposit with uniform strength. Figure 

10.6 shows that there is good overall agreement between the two methods. Furthermore, 

for each value of V/Vult, the lower and upper bound failure envelopes from OxLim lie 
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very close together, demonstrating that even for general loading conditions, tight 

numerical bracketing of the exact solution was achieved using FELA. 

10.3.2. Vertical loading 

Figure 10.7 compares vertical bearing capacity factors for solid and skirted foundations 

as a function of embedment ratio, for both uniform strength (kB/sum = 0) and strength 

proportional to depth (kB/sum = ∞). In the latter case, the vertical capacity Vult is 

normalised with respect to su0, the strength at depth d, as this best illustrates the 

variation of bearing capacity as a function of the number of internal skirts at low d/B, 

and the convergence of bearing capacity with increasing d/B. Also with respect to 

Figure 10.7b, it should be noted that the reduction in bearing capacity factor with 

increasing embedment ratio is an effect of normalisation by an ever-increasing strength 

at skirt tip level; the actual bearing capacity Vult increases with increasing d/B. In Figure 

10.7 average values of the lower and upper bound solutions from OxLim are shown. 

Figure 10.7a shows that in uniform soil, the vertical bearing capacity of a foundation 

with peripheral skirts only (i.e. zero internal skirts) is equal to that of a solid embedded 

foundation, indicating that the soil plug displaces rigidly even without the provision of 

internal skirts. By contrast, Figure 10.7b shows that in soil with strength proportional to 

depth, the bearing capacity is markedly affected by the absence or provision of internal 

skirts, particularly for embedment ratios d/B < 0.3. 

The trends of the bearing capacity factors presented in Figure 10.7 are reflected in the 

mechanisms accompanying failure. For soil with uniform strength, the solid and 

externally skirted foundations exhibit identical mechanisms over the full range of 

embedment ratios considered (0.05 ≤ d/B ≤ 0.5). Figure 10.8 illustrates these 

mechanisms for selected embedment ratios of d/B = 0.1 and 0.5. The similarity of the 
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mechanisms for the solid and skirted foundations echoes the similarity of the bearing 

capacity factors. For soil with strength proportional to depth, the difference in bearing 

capacity factor (as seen in Figure 10.7b, d/B < 0.3) arises from a difference in failure 

mechanism. Significant plastic deformation can now take place within the soil plug, 

particularly at low embedment ratios, as illustrated for an example case, d/B = 0.1, in 

Figure 10.9. It is however possible for the soil plug of a skirted foundation in soil with a 

high degree of strength heterogeneity to behave rigidly in the absence of internal skirts, 

provided the embedment is sufficient. This is clear from the mechanisms in Figure 

10.10 (kB/sum = ∞ and d/B = 0.5) and is reflected in the convergence of the various 

curves in Figure 10.7b for embedment ratios d/B > 0.3. 

The results presented in Figure 10.7 to 10.10 are consistent with existing theoretical 

solutions. Broadly speaking, for a skirted foundation, an internal failure mechanism 

would not be expected to develop when a Prandtl-type mechanism governs failure of the 

corresponding solid foundation, but it would be expected when a Hill-type mechanism 

governs failure. (Prandtl- and Hill-type mechanisms are illustrated schematically in 

Figure 10.11.) For surface foundations (d/B = 0) it is well established that a Hill-type 

mechanism governs failure of smooth footings and becomes critical for rough footings 

when the degree of strength heterogeneity, quantified by the dimensionless group 

kB/sum, reaches a certain threshold of approximately 1 (Kusakabe et al., 1986). A 

similar trend has been noted for embedded solid foundations, with a Hill-type 

mechanism being critical for smooth-based embedded foundations and having the 

potential to become critical for rough-based embedded foundations, particularly in the 

presence of a strength heterogeneity ratio larger than 1 or 2 (Martin & Randolph, 2001). 

Because skirted foundations are essentially rough-based due to the soil-on-soil interface 

at skirt tip level, a Prandtl-type mechanism would be expected to govern vertical 
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bearing capacity failure in a soil having uniform strength with depth, while a Hill-type 

mechanism would be expected in a deposit having a highly heterogeneous strength 

profile – as was observed in the FELA analyses undertaken for this study. 

10.3.3. General loading 

Failure envelopes in normalised H-M load space were calculated in selected planes of 

constant V, expressed as a percentage of the uniaxial vertical capacity, Vult, of a 

corresponding solid foundation. Failure envelopes for a solid foundation, and for skirted 

foundations with up to eight internal skirts, were calculated for all combinations of the 

following parameters: 

• embedment ratio d/B = 0.05, 0.1, 0.2, 0.3 and 0.5 

• shear strength gradient kB/sum = 0 and ∞ 

• vertical load level V/Vult = 0, 0.1, 0.25, 0.5 and 0.75 

In each case, OxLim was used to perform a series of radial probes as shown in Figure 

10.5, resulting in both lower bound and upper bound failure envelopes. For clarity, 

however, only the upper bound envelopes are plotted in the figures below. 

Examples of the calculated failure envelopes are illustrated in Figure 10.12 to 10.15 for 

two selected embedment ratios (d/B = 0.1 and 0.5), both strength profiles (kB/sum = 0 

and ∞) and three selected vertical load levels (V/Vult = 0, 0.5 and 0.75). The interpreted 

results for the whole study are summarised in Figure 10.21 and 10.22, and are discussed 

in detail in the section ‘Design Recommendations’. 

In Figure 10.12 to 10.15 generally, the innermost failure envelope corresponds to a 

foundation with peripheral skirts only. The addition of internal skirts leads to an 

increase in load-carrying capacity, which is reflected in expansion of the H-M failure 

envelope on each plane of constant V. The outermost failure envelope corresponds to 
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the rough-based solid foundation that defines the optimum, maximum load-carrying 

capacity (and is in most cases coincident with the failure envelope for a skirted 

foundation with sufficient internal skirts). 

Figure 10.12 shows failure envelopes for a foundation with shallow skirts (d/B = 0.1) in 

uniform soil (kB/sum = 0). In the absence of vertical load (V/Vult = 0) a single internal 

skirt is sufficient to ensure that the soil plug displaces rigidly under any combination of 

horizontal and moment load, such that optimal capacity is achieved. With increasing 

vertical load, additional internal skirts are required to ensure plug rigidity under all 

combinations of H and M. When V/Vult = 0.75, loading ratios M/B:H ≈ 0.3 to 2.0 are 

critical – i.e. they require the largest number of internal skirts before reaching the 

maximum capacity. Strictly speaking, the optimal configuration requires five internal 

skirts, though little improvement in capacity is achieved with more than two skirts. 

Figure 10.13 shows corresponding failure envelopes for a foundation with deeper skirts 

(d/B = 0.5) in soil with uniform strength. In this case low vertical loads are critical, 

requiring one internal skirt to ensure soil plug rigidity, while under higher vertical loads 

the optimal solid foundation capacity is achieved for all directions of loading in H-M 

space, even if no internal skirts are provided. 

Figure 10.14 and 10.15 show that when the soil strength is proportional to depth (kB/sum 

= ∞), more internal skirts are required, particularly when the skirt embedment ratio is 

low, as in Figure 10.14. This would be expected since with this type of strength profile, 

there is a strong tendency for the failure mechanism to propagate into the softer, near-

surface soil. In fact, Figure 10.14 shows that six or more internal skirts are required to 

ensure soil plug rigidity for a foundation with d/B = 0.1 in soil with strength 

proportional to depth – twice as many as are required with the same embedment ratio in 

a deposit with uniform strength (cf. Figure 10.12). When the skirts are longer, Figure 
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10.15 (for d/B = 0.5) shows that failure to provide any internal skirts leads to a 

significant loss of capacity with respect to the optimum. However, there is little benefit 

in providing more than one internal skirt, since this is sufficient to achieve maximum 

capacity for nearly all loading directions in H-M space, at all levels of vertical load. 

It is noteworthy that optimal foundation capacity of a skirted foundation may fall short 

of the capacity of a rough-based solid foundation with the same embedment ratio, 

particularly for shallow embedment in soil with a high degree of strength heterogeneity. 

That is, addition of further skirts does not lead to an incremental increase in capacity 

and the maximum capacity obtained is less than that for an equivalent rough-based solid 

foundation. In the case of zero mudline strength (kB/sum = ∞) the failure mechanism at 

skirt tip level may be affected by the potential zero-strength failure plane on the 

underside of the foundation base plate; a smooth foundation–soil interface would have 

the same effect in soil with a non-zero mudline strength. In this study, a smooth skirted 

foundation gave inferior V-H-M capacity, compared with a smooth-sided rough-based 

solid foundation of equal embedment ratio, when d/B = 0.05, i.e. convergence of the 

failure envelopes of the skirted foundations with n and n + 1 internal skirts occurred at a 

lower ultimate limit state than that achieved by the solid foundation (Figure 10.16). 

However, when the embedment ratio exceeds a critical value (0.05 < d/B ≤ 0.1 in this 

study) the effect of soil-on-soil shearing at skirt tip level becomes sufficiently remote 

from the zero-strength underside of the foundation base plate, and equal bearing 

capacity can be mobilised by a smooth skirted foundation and a smooth-sided rough-

based solid foundation. In the limit of an infinite number of smooth-sided, smooth-

tipped internal skirts being provided, the capacity of a skirted foundation would tend 

towards that of a smooth-based solid foundation. In practice, with normalised skirt 
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thicknesses rarely exceeding tw/B = 0.01, the ratio of total skirt tip area to overall 

foundation area would typically be less than 5 %. 

Failure envelopes for combined loading, such as those in Figure 10.12 to 10.15, show 

that the number of internal skirts is always critical for ‘positive’ combinations of H-M 

loading, i.e. H and M both acting in their positive directions (according to the sign 

convention defined in Figure 10.4). This is of course the case in nearly all practical 

situations, with moment loading arising from horizontal loads acting on the 

superstructure at various lever arms above the mudline. Furthermore, the number of 

internal skirts is critical mostly at high levels of vertical load (V/Vult = 0.5 or greater), 

indicating potential efficiencies if the applied vertical loads are known to be limited – as 

is often the case for skirted mat foundations for subsea structures. 

The failure mechanisms occurring under general loading confirm the trends observed in 

the failure envelopes. Figure 10.17 to 10.20 illustrate failure mechanisms for selected 

V-H-M load combinations, considering foundations with embedment ratios d/B = 0.1 

and 0.5, and both of the strength profiles considered. In each figure, the solid foundation 

is compared with a series of skirted foundations, beginning with the externally skirted 

case (zero internal skirts) and showing the transition in failure mechanism as internal 

skirts are added, up to the point where effective rigidity of the soil plug is achieved and 

the failure mechanism is essentially identical to that of the solid foundation. Note that 

the load combinations corresponding to the mechanisms in Figure 10.17 to 10.20 are 

cross-referenced in the failure envelope plots in Figure 10.12 to 10.15 respectively. 

10.3.4. Design recommendation 

Figure 10.21 is a summary plot showing the number of internal skirts necessary for a 

plane strain skirted foundation to displace with a rigid soil plug, and thus achieve 
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maximum capacity under general V-H-M loading. The critical number of skirts is 

identified either by convergence of the H-M failure envelopes of skirted foundations 

with n and n + 1 internal skirts, or by convergence of the H-M failure envelope of the 

skirted foundation with that of the solid foundation, at every vertical load level. The 

number of internal skirts required for ‘practical’ convergence of the failure envelopes, 

rather than strict coincidence of the failure envelopes, was determined with a certain 

amount of engineering discretion. For example (as mentioned earlier) considering the 

results in Figure 10.12, strictly five internal skirts are required to achieve coincidence of 

the failure envelope of the skirted foundation with that of the solid foundation, although 

negligible improvement in capacity is achieved with more than two skirts. In this case, 

the critical number of internal skirts is taken as two. 

The solid lines in Figure 10.21 indicate a linear interpolation between the critical (i.e. 

the minimum) number of internal skirts required to mobilize maximum V-H-M capacity 

for each of the embedment ratios considered in this study. In practice, interpolated 

values of the critical number of skirts for intermediate embedment ratios should be 

rounded up in order to err on the safe side – as indicated by the broken lines in Figure 

10.21. 

It is clear from Figure 10.21 that more skirts are required for low skirt embedment ratios 

and for soils with a high degree of strength heterogeneity. In many cases, more than 

twice as many internal skirts are required in soil with strength proportional to depth 

(kB/sum =  ∞) compared with uniform soil (kB/sum = 0) across the range of embedment 

ratios considered in this study.  

Figure 10.21 also reveals a non-linear relationship between the required number of 

internal skirts and the embedment ratio, with a higher rate of change at low embedment 



Design Recommendation for Critical Skirt Spacing Under General Loading 

Centre for Offshore Foundation Systems (COFS)  10‐15

ratios. For d/B > 0.2, the required number of internal skirts begins to stabilise, 

particularly in the soil with uniform strength. A continued reduction in the required 

number of internal skirts, and a diminishing effect on bearing capacity of the 

development of an internal mechanism, is clearly to be expected with increasing 

embedment ratio. However, there is no evidence here to suggest that increasing the 

embedment ratio will eventually guarantee soil plug rigidity without the provision of 

internal skirts. Indeed, it has been noted elsewhere that failure mechanisms for suction 

caissons, with typical length to diameter ratios in excess of three, can involve an 

‘inverted scoop’ mechanism at the base of the soil plug if the centre of rotation is 

located beneath the toe of the caisson (Randolph & House, 2002). 

As discussed above, Figure 10.21 defines the required number of internal skirts for plug 

soil rigidity under any combination of V-H-M loading, and efficiencies may be realised 

if limited vertical loads can be relied upon in-service. In practice, the design of many 

subsea foundations is dominated by the H and M load components, and the design 

vertical load, V, is less than 25 % of the ultimate vertical capacity, Vult. Figure 10.22 

shows the required number of internal skirts needed to achieve maximum H-M capacity 

under various levels of vertical load, V/Vult. This indicates that fewer skirts are often 

sufficient if the vertical load is limited. In the case of soil with strength proportional to 

depth, Figure 10.22b, a reduction in the required number of internal skirts is achieved 

over the full range of embedment ratios. For uniform soil, Figure 10.22a, efficiencies 

are only realised for low embedment ratios (d/B < 0.2). This is because efficiencies of 

this type can only be achieved for cases where high vertical loading provides the critical 

case (in terms of the number of skirts required), e.g. in Figure 10.12. Limiting the 

applied vertical load will not lead to a reduction in the required number of internal skirts 

if the critical case is associated with low vertical load, e.g. in Figure 10.13. 
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The efficiencies available from limiting the vertical load level are relatively modest, 

even when kB/sum = ∞,with one or at most two internal skirts being saved (although at 

high embedment ratios this is a reduction by half).This indicates that the required 

number of internal skirts is governed by the H and M components of loading, rather 

than the V component. As such, explicit consideration of the horizontal and moment 

loading applied to a skirted foundation should form an essential part of the design.  

10.3.5. Practical considerations 

The curves presented in Figure 10.22 provide a practical guideline for determining the 

minimum number of internal skirts. However, the data should be treated with caution 

and considered with regard to the following points: 

• These results have been derived for idealised material characteristics, foundation 

geometries and interface conditions. In practice, a variety of other factors (e.g. 

strength anisotropy) may affect the maximum load-carrying capacity, and there may 

also be installation problems (e.g. tilting, or failure to achieve full skirt penetration) 

that affect the effective embedment depth achieved. 

• The present investigation is restricted to an idealised two-dimensional (plane strain) 

cross-section through a skirted foundation. In the case of a square, circular or 

rectangular skirted foundation, three-dimensional effects may be present in the 

failure mechanisms under various load combinations, although this is likely to be 

most significant under high vertical loads. Failure mechanisms dominated by sliding 

or overturning are generally ‘in plane’ and therefore three-dimensional effects are 

likely to be minimal. It is worth reiterating that the critical skirt spacing along the 

long axis of a rectangular foundation would be governed by the effective 

embedment ratio along that axis, i.e. d/L rather than d/B. Therefore closer spacing of 
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skirts may be required along the length compared with the breadth of a rectangular 

foundation  

• In reality, a foundation with very short skirts placed on soil with low mudline 

strength will tend to settle until sufficient bearing capacity is achieved, resulting in a 

higher effective embedment and thus a reduction in the required number of internal 

skirts. For example, a foundation with d/B = 0.05 placed on a soil with (near) zero 

mudline strength may not require the full complement of five or six internal skirts as 

indicated by the results presented in Figure 10.21 and 10.22. Conversely, 

unanticipated soil plug heave during installation, or scour around the foundation, 

may reduce the effective embedment depth, leading to insufficient internal skirts 

being provided to ensure rigidity of the soil plug, and an associated reduction in 

foundation capacity. 

10.4. Concluding remarks 

Results from an extensive numerical study, carried out using finite element limit 

analysis, of the undrained capacity of shallow skirted foundations under general V-H-M 

loading is presented. In particular, the focus has been on the critical number of internal 

foundation skirts necessary to ensure that the soil plug confined by a skirted foundation 

displaces rigidly, such that maximum foundation load-carrying capacity (equivalent to 

that of a corresponding solid foundation) can be mobilised. 

The critical number of internal skirts has been identified for skirt embedments ranging 

from 5 % to 50 % of the foundation breadth, considering soils with both uniform 

strength and strength proportional to depth (representing the extremes of the generic 

linearly varying strength profile characterised by the dimensionless parameter kB/sum). 

The results indicate that the skirt embedment, the degree of strength heterogeneity and 
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the level of applied vertical load all have significant influences on the number of 

internal skirts required. The critical number of internal skirts has been quantified by 

constructing numerous V-H-M failure envelopes, and by studying the corresponding 

failure mechanisms. The overall findings have been summarised in graphical form 

(Figure 10.21 and 10.22) as a function of the key variables. 

The results presented provide practical guidance on the minimum number of foundation 

skirts that should be provided to prevent an internal mechanism developing within the 

soil plug, thereby allowing the optimum load carrying capacity of a skirted foundation 

to be realised. Further research is required to extend these findings to general loading of 

skirted foundations with three-dimensional geometries. 
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Figure 10.1. Examples of failure mechanisms of solid and skirted shallow foundations under (a) 

pure vertical load and (b) pure horizontal load  

 

 

 

 
Figure 10.2. Definition of terminology to describe solid and skirted foundations 
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Figure 10.3. Definition of soil strength profiles 

 

 
Figure 10.4. Sign convention and nomenclature 

 

 

 
Figure 10.5. Load probes and definition of failure envelopes 
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Figure 10.6. Comparison of V-H-M failure envelopes predicted with OxLim and Abaqus: rough-

based surface strip foundation on a deposit with uniform shear strength   
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(b) 

Figure 10.7. Vertical bearing capacity of solid and skirted foundations for (a) kB/sum = 0 and  

(b) kB/sum = ∞ 
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Figure 10.8. Soil velocity vectors accompanying vertical bearing failure of solid and externally 

skirted foundations for kB/sum = 0. Examples showing (a) d/B = 0.1 and (b) d/B = 0.5 

 

 
Figure 10.9. Soil velocity vectors accompanying vertical bearing failure of solid and skirted 

foundations for kB/sum = ∞ and low embedment ratio, d/B = 0.1 
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Figure 10.10. Soil velocity vectors accompanying vertical bearing failure of solid and externally 

skirted foundations for kB/sum = ∞ and high embedment ratio, d/B = 0.5 

 

 
Figure 10.11. Hill- and Prandtl-type failure mechanisms for a shallow foundation under pure 

vertical load 
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Figure 10.12. Failure envelopes for kB/sum = 0 and d/B = 0.1 
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Figure 10.13. Failure envelopes for kB/sum = 0 and d/B = 0.5 
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Figure 10.14. Failure envelopes for kB/sum = ∞ and d/B = 0.1 
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Figure 10.15. Failure envelopes for kB/sum = ∞ and d/B = 0.5 
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Figure 10.16. Failure envelope for kB/sum = ∞ and d/B = 0.05 
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Figure 10.17. Soil velocity vectors at failure for kB/sum = 0 and d/B = 0.1; loading V = 0,        

M/B:H = 0.577 
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Figure 10.18. Soil velocity vectors at failure for kB/sum = 0 and d/B = 0.5; loading V = 0,       

M/B:H = 0.577 
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Figure 10.19. Soil velocity vectors at failure for kB/sum = ∞ and d/B = 0.1; loading V = 0.75Vult, 

M/B:H = -1 
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Figure 10.20. Soil velocity vectors at failure for kB/sum = ∞ and d/B = 0.5; loading V = 0.75Vult, 

M/B:H = 1 
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Figure 10.21. Number of internal foundation skirts required to mobilise maximum V-H-M 

capacity 
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Note for (a): Data for V/Vult ≤ 0.5 is coincident with data for V/Vult ≤ 1 for d/B < 0.2 and coincident with data for 

V/Vult ≤ 0.25 for d/B ≥ 0.2. 

Figure 10.22. Number of internal foundation skirts required to mobilise maximum H-M capacity 

under various levels of vertical load for (a) kB/sum = 0 and (b) kB/sum = ∞ 
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Chapter 11. Concluding Remarks 

11.1. Introduction 

This thesis presented results from physical and numerical modelling studies on different 

aspects of the behaviour of offshore shallow skirted foundations in clay. Physical 

modelling was performed in a drum centrifuge at 200g to study the failure mechanisms 

and load-displacement behaviour of skirted foundations, with embedment ratios varying 

from 0.1 to 0.5, subjected to short-term compression and uplift. Centrifuge model tests 

were also used to determine the effect of the presence of a gap at the skirt-soil interface 

on the short- and long-term uplift load response and to assess the potential of a gap 

arrestor in retarding the adverse effects of gapping, for selected embedment ratios. 

Numerical modelling was performed using the finite element software, Abaqus, to 

predict the bearing capacity factors and failure mechanisms in compression and uplift 

and to study the seepage around skirted foundations subjected to vertical uplift. Finite 

element limit analysis was performed using OxLim to determine the critical number of 

internal skirts required to maintain rigidity of the soil plug inside the skirt compartment 

under general loading. 

This Chapter summarises the key findings from the research presented in this thesis 

along with caveats on the limitations of aspects of the study and recommendations for 

future research.   

11.2. Original contributions 

Following are the specific outcomes of this research: 
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11.2.1. Bearing capacity factors for skirted foundations in compression 

Bearing capacity factors are an important part of foundation design. For shallow 

foundations, the existing database is limited and does not cover the range of foundation 

geometries and soil conditions encountered offshore. A comprehensive set of undrained 

bearing capacity factors in compression is presented in this thesis for a range of 

foundation geometries (circular and strip; embedment ratios (d/D) from 0 to 1), skirt-

soil interface roughness (rough, smooth, intermediate roughness) and soil conditions 

(soil strength heterogeneity factor, kD/sum = 0 to 200), determined through small strain 

finite element (SSFE) analysis and finite element limit analysis (FELA). An expression 

for calculating the bearing capacity factors is also proposed, which enables the 

prediction of bearing capacity factors for a wide range of foundation and soil conditions.  

The bearing capacity factors identified in this study are equally relevant to onshore 

shallow foundation design.   

11.2.2. Reverse end bearing potential of skirted foundation 

Although the reverse end bearing potential of skirted foundations due to development of 

suction beneath the top plate was investigated in some previously published studies, no 

systematic study had been undertaken to investigate the uplift capacity in comparison 

with the compression capacity for a range of foundation embedment ratios. In this 

thesis, the bearing response in short-term compression and uplift for a range of 

foundation embedment ratios (d/D = 0.1, 0.2, 0.3 & 0.5) was investigated through 

centrifuge model tests and finite element analysis.  

From the centrifuge model tests it was observed that normalised peak short-term uplift 

resistance of similar magnitude to that in compression was mobilised for all the 

embedment ratios studied, provided the skirt-soil interface was intact and the foundation 



Concluding Remarks 

Centre for Offshore Foundation Systems (COFS)  11‐3

was fully sealed. Peak uplift resistance was mobilised at displacements equivalent to 2 

to 5 % of the foundation diameter, increasing with increasing embedment ratio. Steady 

state compression resistance was reached at displacements equivalent to ≤ 5 % of the 

foundation diameter.  

In uplift, it was observed that the magnitude of peak uplift resistance and the foundation 

displacement to which suction was maintained beneath the top plate depended on the 

initial foundation installation depth. Over-penetration led to a reduction in the 

magnitude of peak uplift resistance and increase in the displacement to which suction 

was maintained. Suction was maintained beneath the top plate for displacements 

equivalent to 30 to 50 % of the skirt embedment depth, for the foundations just installed 

in soil (i.e., not over-penetrated), increasing with increasing embedment ratio.  

Vented uplift tests indicated that the frictional resistance was only 10 % of the potential 

reverse end bearing capacity of the foundation studied. Hence taking account of the 

reverse end bearing capacity would lead to efficiencies in foundation design allowing 

lighter foundation designs or larger design loads to be carried. 

Load-displacement relationships were also studied using large deformation finite 

element (LDFE) analysis and the results were compared with centrifuge model test 

results. The results showed that the LDFE method can replicate the load-displacement 

response of the foundations over large displacements, pre- and post-yield. 

11.2.3. Soil failure mechanisms in short-term compression and uplift 

Soil failure mechanisms during undrained compression and uplift were derived from the 

images taken during half-model centrifuge tests, using particle image velocimetry (PIV) 

analysis. The failure mechanisms were also studied using LDFE and SSFE analysis. 
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Half-model testing in the centrifuge was challenging due to the confined geometry of 

skirted foundations. During compression loading, high pressures were developed inside 

the skirt compartment, which caused breakage of the contact between the foundation cut 

face and the transparent window, resulting in clay movement ‘through’ the skirt face. A 

reliable methodology for studying the failure mechanism of skirted foundations was 

developed for this study - by providing a plane strain shaft to the foundation which 

extended across the full width of the box and by using compressible foam tape instead 

of conventional ‘O’ ring seals between the model foundation and the transparent 

window.  

From the centrifuge test results, it was observed that even for the shallowest embedment 

studied, reverse end bearing was mobilised during undrained uplift. For a given 

embedment ratio, there were some similarities and some differences in the failure 

mechanisms in compression and uplift; (1) the depth of failure zone beneath the skirt tip 

was similar in compression and uplift for all the embedment ratios; (2) a Prandtl-type 

mechanism governed failure in compression whereas a combination of Hill- and 

Prandtl-type mechanism was observed in uplift; (3) failure mechanisms reached the soil 

surface for all the uplift tests, but was confined around the skirt tip in compression for 

embedment ratios ≥ 0.3. On comparing the vertical and horizontal components of soil 

velocity vectors, it was apparent that one of the factors that may cause differences in 

failure mechanisms in compression and uplift is the effect of soil self weight.  

LDFE analysis could reasonably predict the differences in failure mechanisms during 

compression and uplift. However, SSFE analysis gave identical failure mechanisms in 

compression and uplift for given foundation and soil parameters.   
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11.2.4. Effect of gapping on the short- and long-term uplift response 

Having recognised the reverse end bearing potential of skirted foundations, a study was 

conducted to investigate the effect of formation of a gap between the outer skirt wall 

and the soil on the uplift response of skirted foundations. Centrifuge tests of short-term 

uplift on foundations with embedment ratio d/D = 0.1, 0.2 and 0.3, with intact and 

gapped skirt-soil interfaces were undertaken and the responses were compared.  An over 

consolidated soil profile was chosen to ensure that a gap formed and remained open. It 

was observed that the presence of a gap did not affect the magnitude of peak uplift 

resistance mobilised. However, the suction beneath the top plate was lost at a very small 

uplift displacement.  

In order to identify the effect of gapping on the foundation response under long-term 

loading, centrifuge tests were conducted at load proportions equivalent to 10, 20, 40 and 

60 % of the peak short-term resistance with out a gap.  It was observed that, at higher 

load proportions, the presence of a gap led to an increase in the rate of displacement of 

around two times, also halving the uplift displacement at which suction was lost. It is 

noted that a gap has a greater tendency to form and remain open in an over consolidated 

material and gapping is less likely to be problematic in very soft normally consolidated 

soils.  

11.2.5. Gap arrestors 

As the presence of a gap, if formed, is detrimental to the reverse end bearing capacity of 

skirted foundations, techniques to mitigate gaping and any consequential effects were 

investigated. Centrifuge models of skirted foundations were equipped with a flexible 

latex membrane, a so-called gap arrestor, around the outer skirt wall, such that the 

membrane lay flat on the soil surface around the skirt. Gaps were created with the gap 
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arrestor attached to the foundation and the foundations were subjected to short- and 

long-term uplift loads. It was observed that the provision of the gap arrestor enabled 

suction to be maintained for larger foundation displacements under short- and long-term 

uplift. The rate of displacement was reduced and suction was lost at larger foundation 

displacements under long-term uplift loads when a gap arrestor was provided, compared 

to when no gap arrestor was provided but a gap was present at the skirt-soil interface. In 

many cases, the presence of the gap arrestor resulted in the foundation responding in a 

similar manner to a foundation with an intact skirt-soil interface. 

11.2.6. Seepage beneath skirted foundations 

A numerical technique was adopted to study the time-dependent displacement of skirted 

foundations subjected to uplift, due to swelling of the underlying soil and seepage of 

water into the skirt compartment. SSFE analyses were conducted for an isotropic poro-

elastic half space. The seepage of water was modelled by providing a layer of soft 

poroelastic material immediately below the foundation top plate. The model was used to 

investigate the rate of displacement for skirt embedment ratios d/D from 0.1 to 1, with 

intact and gapped skirt-soil interfaces. The results were compared with available 

theoretical solutions and experimental results, and expressions were provided for 

calculating the equivalent average seepage lengths as a function of the foundation 

embedment ratio, for both intact and gapped foundation-soil interfaces. From the 

seepage length, the steady state rate of foundation displacement can be evaluated as a 

function of the permeability of the soil and the applied loading. The results showed 

good agreement with results from centrifuge model tests for loads less than around 20 

% of the respective ultimate uplift capacity. The displacements at higher loads were not 

captured as the assumption of elastic properties for the soil ignored the non-linear and 

strain rate dependent nature of real soil. 
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11.2.7. Critical number of internal skirts 

The critical number of internal foundation skirts necessary for the soil plug confined by 

a skirted foundation to displace as an intact block was explored using finite element 

limit analysis (FELA) software, OxLim. The study was conducted on plane strain 

skirted foundations having embedment ratios d/B 0.05 to 0.5, subjected to combined 

vertical-horizontal-moment (VHM) loading, for soils with both uniform strength and 

strength proportional to depth. The results indicated that the number of internal skirts 

required depends on several factors such as skirt embedment, the degree of strength 

heterogeneity and the level of applied vertical load. The overall results were presented 

in graphical form to provide practical guidance on the minimum number of foundation 

skirts that should be provided to prevent an internal mechanism developing within the 

soil plug. 

11.3. Recommendations for Future Research 

11.3.1. General loading 

All the numerical and experimental studies, except the study on critical skirt spacing, 

were restricted to monotonic vertical loading of skirted foundations in order to establish 

a benchmark of uniaxial loading from which more complex loading conditions may be 

considered. In the offshore environment, skirted foundations may be subjected to either 

direct uplift (when used as part of a tripod support for a fixed structure or through 

buoyancy of a floating structure) or more commonly to high overturning moments. It 

would be interesting to investigate the effect of gapping and the efficiency of gap 

arrestors for foundations subjected to combined VHM loading. 
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11.3.2. Failure mechanisms in presence of a gap 

In Chapter 7, a hypothesis was put forward on the soil failure mechanism when a gap is 

present at the skirt-soil interface. Half model centrifuge tests and PIV analysis would be 

helpful to visualise the actual soil flow mechanism during undrained loading of skirted 

foundation with a gap, although there are several challenges in successfully conducting 

such tests. Some of the challenges include managing the gap generating process and 

keeping a uniform distribution of flock particles used to create contrast. A possible 

option is to install the foundation at 1g and manually cut a gap at the skirt-soil interface 

without disturbing the rest of the soil.  

11.3.3. Optimum design of gap arrestors 

In this thesis, the efficiency of gap arrestors was introduced through some centrifuge 

model tests, for which an arbitrary size of gap arrestor was used. Numerical or 

experimental studies should be conducted to optimise the dimensions of the gap arrestor 

for maximum efficiency under combined VHM loading. 

11.3.4. Advanced soil models for numerical study 

The numerical studies presented in Chapters 4, 5 and 6 assumed soil as a linearly elastic 

perfectly plastic Tresca material. In Chapter 9, soil was assumed as an isotropic elastic 

material and in Chapter 10, soil was modelled as a rigid-plastic purely cohesive material. 

Further studies are recommended using advanced soil models considering the non-linear 

nature of real soil.  

11.3.5. Critical skirt spacing – 3D foundation geometry 

The study conducted to determine the critical skirt spacing for skirted foundations was 

restricted to two dimensional plane strain conditions (since the software was restricted 

to two-dimensional conditions). Three dimensional effects may be present under 
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combined loading in the case of square, rectangular or circular foundations. The study 

could be extended to three dimensional space to determine the critical skirt spacing for 

other geometries of foundations.  

11.4. Summary 

Shallow skirted foundations are a proven foundation concept for shallow water 

developments in the form of gravity bases, jackets, tension leg platforms (TLPs), subsea 

structures and (increasingly) wind turbines. The transition of offshore developments 

into deeper waters and the associated changes in field architecture, with greater reliance 

on subsea infrastructure such as oil well heads and pipeline end terminals, has resulted 

in increased use of shallow foundations. Shallow skirted foundations also provide an 

attractive alternative to deeper suction caisson foundations or piled foundations for 

deepwater buoyant facilities if reverse end bearing (REB) can be relied on and the effect 

of gapping (if a risk) can be mitigated.   

The results presented in this thesis provide increased confidence in relying on the REB 

potential of skirted foundations and explicitly provide a means of predicting the 

required number of internal skirts under general loading, undrained vertical bearing 

capacity factors and displacement rates under sustained uplift. 

The work presented in this thesis was motivated by industry demand to meet challenges 

of deepwater engineering and results have already been applied in practice. 
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