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ABSTRACT 
 
Most offshore drilling in shallow to moderate water depths (< 150 m) is performed from self-

elevated jack-up rigs due to their proven flexibility, mobility and cost-effectiveness. One of 

the major geohazards during the installation of jack-up rigs is spudcan-footprint interactions. 

When a spudcan is located on or near a footprint slope, there is a tendency for the spudcan to 

slide towards the centre of the footprint, inducing excessive lateral forces and bending 

moments to the rig. 

This study reports a measure for easing spudcan-footprint interactions. It focuses on adjusting 

the geometry of the spudcan and therefore does not require expensive mechanical operations 

on the seabed. Two existing novel spudcan shapes, skirted spudcan with four rectangular 

holes and skirted spudcan with six circular holes and sloped bottom profile, were investigated 

through three-dimensional large deformation (LDFE) analyses. The efficiency of the 

spudcans was studied against a generic spudcan shape, including the effects of spudcan offset 

distance from the centre of the footprint and the depth of the footprint. Both soft and stiff 

seabed conditions were considered, with the undrained shear strength increasing with depth. 

The results showed that the spudcan with hole was more effective at mitigating spudcan-

footprint interactions, and reduced the maximum horizontal force by up to 42.3% and the 

maximum moment at the top of the jack-up leg by up to 38.3%. 

In order to optimise the spudcan shape, systematic LDFE analyses have been carried out, 

varying the spudcan’s underside profile, skirt length and number of holes through the 

spudcan periphery. A spudcan with a flatter (or even concave) underside profile and with 

holes was shown to reduce the induced horizontal force and moment significantly during 

reinstallation next to an existing footprint. The reverse was true for the peripheral skirt. Based 

on the results, an optimised spudcan shape was proposed with a flat base and four holes 
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through the spudcan. The optimal shape reduced the maximum horizontal force by 42% and 

the maximum moment by up to 46%. 

The previously noted investigations were carried out considering a single leg with a fixed 

head condition at the top i.e. allowing no sliding. The global behaviour of a jack-up rig was 

then explored considering a simplified three-legged unit using beam model for the hull and 

legs. Both leg-by-leg preloading and simultaneous preloading processes were simulated. A 

detailed parametric study assessing the consequences of the spudcan-footprint interactions, 

such as the risk of the jack-up and spudcan sliding towards the footprint centre, overturning 

of the jack-up rig, and of structural failure of the jack-up leg due to excessive stresses; was 

discussed. The novel spudcan reduced the maximum horizontal force by 31%, maximum 

rotation by 23% (for soft clay), maximum horizontal force by 34.2%, maximum lateral 

displacement by 19.2% and maximum rotation by 31.5% (for stiff clay). More importantly, 

detail truss leg analysis showed that the leg near the footprint, which would fail with the 

generic spudcan, may not fail with the novel spudcan. 

The thus far investigations were carried out considering a footprint with an intact soil 

strength to remove additional variability. The effect of soil strength remoulded during the 

creation of the footprint (through installation and extraction of a spudcan) on the 

reinstallation of jack-up rigs near the footprint was then investigated, varying the degree of 

consolidation occurred after initial spudcan penetration, offset distance of spudcan 

reinstallation from the footprint centre, and spudcan shape. Compared to the footprint with 

intact soil strength, the footprint with remoulded soil strength enhanced the maximum 

horizontal force, maximum moment, maximum lateral displacement, and rotation by 

12~20%. The critical offset distance was found to be between half and one spudcan diameter 

with the spudcan centre being at the crest of the footprint. The novel spudcan shape was 

shown to be effective at easing spudcan-footprint interactions, reducing horizontal force, 
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moment, lateral displacement and rotation by about 50%; and total stress on the jack-up leg 

by 41%. 

Finally, the effectiveness of the optimised novel spudcan was confirmed through a series of 

centrifuge tests, varying the footprint geometries, undrained shear strength of clay deposits, 

offset distance of reinstallation, and elapsed time.  
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NOMENCLATURE 

 
Ahole total hole area 

Ahull cross-sectional area of equivalent hull beam model 

Ahull bottom       bottom area of jack-up rig hull 

Aleg cross-sectional area of equivalent leg beam model 

Anet net spudcan plan area at largest section 

Ar&c cross-sectional area of rack and chord 

Atotal total spudcan plan area at largest section 

ARsu area of Rsu 

cv consolidation coefficient for kaolin clay 

D spudcan diameter at largest section 

Dbrace brace diameter 

Dchord chord diameter 

De  object effective diameter 

DF footprint diameter 

Dh hole diameter 

d 
penetration depth of spudcan base (lowest point of largest 

section) 

d/Dcritical normalised critical penetration depth 

dinitial initial penetration depth 

dend final penetration depth 

dh hole diameter 

Esteel Young’s modulus of steel 

ET elapsed time 

e vertical force eccentricity 

eleg eccentricity of leg 

eMmax eccentricity at maximum moment 

Fimb imbalance force induced by Rsu 

fr foundation rotational stiffness reduction factor 

G shear modulus of foundation soil 

g Earth’s gravitational acceleration 

H horizontal force at spudcan base level 
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Hmax            maximum horizontal force at spudcan base level 

hmin minimum element size 

Ihull moment of inertia of equivalent hull beam model 

Ileg moment of inertia of equivalent leg beam model 

Ir&c moment of inertia of rack and chord 

K column effective length factor 

Kbuoy spring stiffness of buoyancy 

KdV, KdH and KdM 
vertical, horizontal and moment foundation stiffness depth 

factors 

KISO  foundation stiffness calculated by ISO guidance (2012)  

KV,ISO, KH, ISO and KM,ISO 
vertical, horizontal and moment foundation stiffness calculated 

by ISO guidance (2012)  

KLDFE foundation stiffness calculated by LDFE analysis  

KV, LDFE, K H, LDFE and  

K M, LDFE  

vertical, horizontal and moment foundation stiffness calculated 

by LDFE analysis 

k shear strength gradient with depth 

LH horizontal location of remoulded soil strength mapping 

LV vertical location of remoulded soil strength mapping 

Lbay bay length 

Lleg length of leg 

Lrack length of rack 

Ls skirt length 

M   moment at spudcan base level 

Ma additional moment induced by horizontal force and jack-up leg 

height 

Mmax maximum moment at spudcan base level 

Mt moment at leg top 

Mt,max maximum moment at given jack-up leg height 

Nh number of hole 

OT operating time 

QV, QH and QM vertical, horizontal and moment ultimate bearing capacities at 

the penetrated depth. 

RP reference point (see Figure 2-2) 
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RP1 shifted reference point to leg top 

Rsu remoulded soil ratio 

Rx, Ry & Rz rotational displacement 

rr&c radius of gyration of rack and chord 

St soil sensitivity 

su undrained shear strength 

su,ave average undrained shear strength 

su,dinitial soil strength at initial penetration depth (de) 

su,intact intact soil strength 

su,ref reference undrained shear strength 

su,remoulded remoulded soil strength  

su,zF soil strength at tip of footprint 

tbrace brace thickness 

tchord chord thickness 

track rack thickness 

Ux, Uy & Uz directional displacement 

V vertical force 

Vc vertical resistance acting on center side of spudcan 

VT vertical resistance acting on top side of spudcan 

v  spudcan penetration velocity 

z penetration depth below soil surface 

zF footprint depth 

 interface friction ratio 

b spudcan base angle 

 distance between footprint centre and spudcan centre 

 inclination angle  

Fbuoy. change in static buoyancy force on the hull bottom (or the 

required force for s) 

s  change in hull vertical displacement 

abcd relative deflection at four different locations (see Figure 4-9) 

abcd relative rotation at four different locations (see Figure 4-9) 

 spudcan lateral displacement at RP 
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H,max maximum spudcan lateral displacement 

Rsu difference of remoulded soil ratio 

rem  remoulded strength ratio 

   shear strain rate 

  reference shear strain rate 

 ratio between footprint depth and spudcan diameter = zF/D 

 ratio between footprint diameter and spudcan diameter = DF/D 

 the ratio of the distance between the footprint centre and 

spudcan centre, , and the spudcan diameter 

 rate parameter for logarithmic expression 

C Coulomb friction coefficient  

 spudcan rotation at RP 

max maximum rotation at RP 

F footprint slope angle 

sea density of sea water 

axial, V structural axial stress 

beam structural beam stress 

beam,max maximum structural beam stress 

bending structural bending stress 

E Euler’s buckling strength 

criteria design criteria (ISO 2012) 

yield yield stress of steel 

max limiting shear strength at soil-spudcan interface 

  Poisson’s ratio of foundation soil 

 reduction factor of foundation stiffness  

 cumulative plastic shear strain   

95  cumulative plastic shear strain required for 95% remoulding 
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Typically, a self-propulsion system is not installed in a jack-up rig and it relies on a barge 

and/or tugboats to get to site. Figure 1-2 shows an overall installation and extraction sequence 

of a jack-up rig at a site. A jack-up rig is towed from a shipyard or other site. Once on site, 

the jack-up is positioned by lowering the legs on to the seabed followed by adjusting the 

position while the hull rests on the water surface. The hull is then slowly elevated out of 

water, causing the spudcans to penetrate under the self-weight of the jack-up rig. Prior to 

commencing jack-up operations, spudcans are routinely proof loaded by static vertical 

preloading thus expanding the capacity envelope to obtain an acceptable margin of safety 

against the extreme storm design event (SNAME 2002). Typically preloading is 

accomplished by pumping seawater into holding tanks within the hull, causing the spudcan 

foundations to penetrate into the seabed until the load on the spudcan is equilibrated by the 

resistance of the underlying soil. In general, the preload is 50 % ~ 100 % higher than the 

operating weight of the jack-up rig. The ballast is then discharged and the hull is jacked up 

further to provide an adequate air-gap for subsequent operation.  

1.2.  Footprint 

After the completion of operation at a site, the spudcans are retrieved, and the jack-up rig 

moves to either a shipyard or in another site. Critically, the extracted spudcans leave 

depressions or craters, denoted as ‘footprint’, with disturbed soil along the track of a spudcan 

penetration and extraction (i.e. beneath the footprint) and around. Figure 1-3 shows two 

examples of the footprints left on a seabed surface. Hossain and Dong (2014) presented the 

observed soil failure mechanisms during spudcan extraction.  
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Figure 1-2. Installation sequence of a jack-up rig

Hull Hull Hull

Hull

Tugboat
HullWater surface

Seabed

Air gap
Hull

Footprint

Hull

Air gap

Ballast water

(a) towing (b) Lowering legs (c) Spudcan touch-down (d) Preloading 
(Lifting up hull and filling ballast tank)

(e) Fully preloaded condition (f) Pumping out water 
and operating

(g) Extracting spudcan and 
move to other site
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The feature of a footprint has been investigated by a number of researchers, mostly through 

physical modelling. Cassidy et al. (2009) presented footprint surface elevation as a function 

of the applied preload, with greater preload creating a deeper and wider footprint. Kong et al. 

(2010) reported typical footprint shapes in soft clay, assembling previously published test 

results (Gan 2009; Cassidy et al. 2009). In stiff clay, Gan (2009) showed that the footprint is 

cylindrical with the diameter equaling the spudcan diameter.  

Leung et al. (2007) and Gan et al. (2012) have presented the disturbed soil strength by 

spudcan penetration and extraction. In addition, to investigate the effect of time, the soil 

strength with different operating time (0 year and 2 years) and elapsed time (1 year and 100 

years) was measured by a ball penetrometer at various distances from the footprint centre 

(Gan et al. 2012). Figures 1-4 and 1-5 show the remoulded soil strength affected by elapsed 

and operating times. The spudcan geometry may also have effect on the footprint formation 

(Zhang 2018). 
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1.3.2. Main factors affecting spudcan-footprint interactions 

When a jack-up rig is installed nearby a footprint, spudcan-footprint interactions result in a 

change in the vertical, horizontal and moment responses. In general, in comparison to the 

response during installation on a flat intact seabed, the vertical resistance at shallow 

penetration depths (at least up to the depth or toe of the footprint) reduces and then increases 

gradually and merges with the response on a flat ground. The horizontal force and moment 

induced by spudcan-footprint interactions increase up to a local maximum value, followed by 

decrease as the penetration depth increases, which are negligible on a flat seabed. The 

responses of a rig during reinstallation nearby a footprint are significantly affected by the 

following factors.  

Effect of footprint geometry 

Kong et al. (2013) carried out a series of centrifuge tests at 250g in the drum centrifuge at the 

University of Western Australia (UWA). Various conical footprint shapes generated 

manually by using a cutting tool, not by spudcan installation and extraction, were used by 

referring previously tested footprint geometries (see Figure 1-7a). This approach is able to 

capture the isolated effect of footprint geometries, eliminating the soil disturbance. The 

undrained shear strength was measured as su = 7.5 + 0.92z (kPa) for z < 3.4 m and = 5.0 

+1.68z (kPa) for z  3.4 m, where z is the penetration depth below the soil surface. The 

diameter and depth of the footprint were varied between 1.0D and 2.0D, and 0.17D and 

0.33D (where D is the spudcan diameter), respectively. The spudcan penetration offset 

distance ranged from 0.5D to 1.0D. The detailed footprint shape and spudcan penetration 

location are shown in Figure 1-7a. The responses are plotted in Figure 1-7b, indicating the 

tendency of increasing maximum horizontal force with deeper footprints.  
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Table 1-1. Summary of test details and critical offset distance 

 
Note: * Numerical analysis 

Reference Spudcan shape
Initial penetration 

depth, dinitial
Intact soil strength, su,intact

Tested offset 
distance (m)

Critical offset 
distance

Horizontal
force

Moment

Stewart and 
Finnie 
(2001)

6.48 m (= 0.54D) 12.0 + 2.65z (kPa)
0.0D, 0.25D, 0.5D, 
0.75D, 1.0D, 1.5D 

and 2.0D
0.50D~1.0D -

Cassidy et 
al. (2009) 5.67 m (= 0.31D) 7.5 + 2.0z (kPa)

0.25D, 0.50D, 1.0D 
and  1.5D

0.50D 0.50D

Gan (2009)
5.19 ~ 5.61 m 

(= 0.87D ~ 0.94D)
28.0 + 5.0z (kPa)

0.0D, 0.25D, 0.50D, 
0.75D, 1.00D and 

1.50D
0.75D 0.75D

Kong et al. 
(2013)

DF = 2.0D & zF = 
0.33D

(artificial conical 
footprint)

7.5 + 0.92z (kPa) z  3.4 m
5.0 + 1.68z (kPa) z 3.4 m

0.5D, 1.0D and 
1.5D

1.0D 0.5D

Hartono
(2014)

Generic spudcan
4.71 m (= 0.47D)

Normally consolidated (NC): 
2.0z (kPa)

Overconsolidated (OC): 
17.0z0.55 (kPa)

NC : 0.25D, 0.50D, 
0.75D, 1.0D, 1.25D 

and 1.50D
0.5D 0.25D

OC : 0.25D, 0.50D, 
0.75D, 1.0D, 1.25D 

and 1.50D
0.75D 0.75D

Skirted spudcan

NC: 0.25D, 0.50D, 
0.75D and 1.0D

1.0D 0.50D

OC: 0.25D, 0.50D 
and 0.75D

0.50D 0.75D

*Zhang 
(2018)

DF = 2.0D & zF = 
0.50D

(artificial footprint)
22.5 (kPa)

0.55D, 0.75D, 1.0D, 
0.25D and 1.55D

0.75D 0.55D

8015

D = 12 m

D = 18.19 m

118

80
11

D = 6 m

80
11

D = 10 m

10 m

2 m

2.5 m

D = 15 m

1.725m

D = 7.5 m

1.5 m
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The maximum horizontal force peaked at  = 0.5D ~ 1.0D. Note, the moment data was not 

provided in the paper. 

Cassidy et al. (2009) performed tests on overconsolidated clay with su = 7.5 + 2.0z (kPa), 

varying as 0.25D, 0.50D, 1.00D and 1.50D. A Mod V “A” class model spudcan with a 

diameter of 18.19 m was used (Table 1-1). The critical offset distance, where the largest 

forces are induced to the spudcan, was identified at 0.50D.  

Gan (2009) presented the results from a series of tests on a 6 m diameter generic spudcan 

(Table 1-1) in clay with su = 28.0 + 5.0z (kPa). The offset distances were varied between 

0.0D and 1.50D, and the critical offset distance was identified at  = 0.5D ~ 0.75D.  

Kong et al. (2013) produced the footprints manually using a cutting tool. The diameter and 

depth of the footprints were 2.0D and 0.33D, and the offset distance ranged from 0.50 to 

1.5D. The critical offset distance for horizontal force and moment were reported as 1.0D and 

0.5D, respectively.  

Hartono (2014) compared the effect of offset distance for a generic and a skirted spudcan in 

normally consolidated clay with su = 2.0z (kPa) and overconsolidated clay with su = 17z0.55 

(kPa). For the generic spudcan, the range of the tested offset distance was 0.25D ~ 1.50D. 

The critical distance for normally consolidated clay was recorded as 0.5D and 0.25D for 

horizontal force and moment, respectively and for overconsolidated clay was 0.75D for both 

horizontal force and moment. For the skirted spudcan, the critical offset distance for 

horizontal force and moment changed to 1.0D and 0.50D for normally consolidated clay and 

0.50D and 0.75D for overconsolidated clay.  

Zhang (2018) carried out 3D LDFE analyses in clay with su = 22.5 kPa, ranging offset 

distance from 0.55D to 1.55D. The critical offset distance for horizontal force and moment 

was found at 0.75D and 0.55D, respectively.  
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In summary, regardless of spudcan shape and soil strength profile, the critical offset distance 

for horizontal force ranged from 0.5 to 1.0D, and for moment from 0.5 to 0.75D. 

Effect of leg (or jack-up) rigidity 

Stewart & Finnie (2001) noted that the rigidity of the jack-up leg may dictate the leg splay or 

sliding towards a footprint centre.  For example, if the leg is fully flexible such that it does 

not resist any lateral force, the spudcan will tend to move into the crater. In contrast, a fully 

rigid leg will penetrate vertically and hence will induce large horizontal force to the leg.  

Cassidy et al. (2009) tested the effect of leg flexibility by reducing the flexural stiffness by 8. 

However, the responses did not indicate any large difference, at least for the changes of leg 

stiffness within a realistic range for current jack-ups. It was thought that the fixed connection 

between the top of the loading leg and the centrifuge actuator restricted lateral rotational 

movements. As such, the contribution of the reduced leg stiffness to the overall system 

flexibility was not significant.  

To allow free sliding of a leg, Gaudin et al. (2007) developed an experimental device. They 

reported a significant reduction in bending moment due to free lateral sliding.  

Kong et al. (2015) developed this further and considered the behaviour of a whole jack-up rig 

during reinstallation next to a footprint. This was achieved through 1g and centrifuge tests 

combining physical and numerical modelling in “a real-time hybrid testing method”. A 

spudcan attached with a leg was installed on a footprint, while the other parts of the jack-up 

rig were modelled numerically. The measured load data from the physical model test was 

used as an input to the numerical jack-up model in a real time. The obtained movement from 

the numerical analysis feedbacked as an input in the physical model test. Some differences 

were found between the responses from the hybrid testing method and fixed head testing 
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method, with the former provided lower vertical force, horizontal force and moment. This is 

because the allowed sliding with a lateral displacement resulted a reduction in responses. 

Effect of long elapsed time 

The soil is disturbed by a spudcan penetration and extraction. The remoulded strength 

beneath and along the footprint and around the footprint is changed with the passing of time. 

For a long elapsed time, which is defined as a time between the extraction of a spudcan and 

reinstallation of another spudcan, the excess pore pressure induced by the spudcan 

penetration is dissipated and the soil strength is gradually recovered (see Figures 1-4 and 1-

5). Gan et al. (2012) compared the responses after a long elapsed time of 100 years and a 

short elapsed time of 0 to 1 year. For the long elapsed time, the vertical resistance force was 

higher, and horizontal force and moment were lower.  

Effect of spudcan shape (skirted spudcan) 

Teh et al. (2006) tested a skirted flat footing as a mitigation measure of spudcan-footprint 

interactions in both sand and clay at 1g condition. However, the measured horizontal force 

and moment of the skirted footing were larger than that of a generic spudcan. Gaudin et al. 

(2007) proposed that a skirted spudcan can be a technical solution to limit lateral 

displacement for spudcan-footprint interactions. This study tested a skirted and a generic 

spudcan using a free lateral sliding device. The spudcans were penetrated at  = 1.0D. The 

lateral displacement for the skirted spudcan was 27% lower than that for the generic spudcan, 

without increasing the bending moment in the leg. In contrast, Kong (2011) reported an 

increase of horizontal force by a factor of two for a skirted spudcan compared to that for a 

flat-based footing. It should although be noted that Kong (2011) considered a fixed head 

condition i.e. did not use a sliding device.  
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However, there were two variables, skirt and spudcan bottom slope, and hence their effects 

could not be decoupled, as spudcan underside profile may also play a significant role in 

spudcan-footprint interactions. This is investigated further in this thesis and discussed in 

chapter 3. 

Summary 

Based on the previous discussion, the potential influential factors are listed in Table 1-2 with 

a note on their effect. These factors are systematically considered in this thesis. 
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Table 1-2.  Summary of potential factors affecting spudcan-footprint interactions 

Vertical resistance froce Horizontal resistance froce Moment resistance

Deeper dept

Reduced  in shallow 
penetraton depth, but 
converged in deep 
penetration depth

Incresed Not significantly changed
Kong et al. (2013),
Zhang (2018)

Larger 
diameter

Not significantly changed Incresed Not significantly changed
Kong et al. (2012),
Zhang (2018)

Increased with 
In  = 0.5D ~1.0D, largest 
horizontal froce occurred

In  = 0.5D ~0.75D, largest 
moment occurred

Stweart and Finnie 
(2001),
Cassidy et al. (2009),
Gan (2009),
Kong et al. (2013),
Hartono (2014), 
Zhang (2018)

Leg 
stiffness 
reduction

Not reported Not significantly changed Not significantly changed

Stweart and Finnie 
(2001),
Cassidy et al. (2009),
Kong et al. (2015)

Free lateral 
sliding

Reduced H = 0 Reduced
Gaudine et al. (2007),
Kong et al. (2015)

Increased Reduced Reduced Gan et al. (2012)

Increased Not clear Not clear

Gaudine et al. (2007),
Kong (2011),
Hossain et al. (2012),
Hartono (2014)

Long elpased time

spudcan shape 
(skirted spudcan)

Effect

Leg (or jack-
up) 

rigidity

RefereceFactors

Footprint 
geometry

Offset distance, 
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up is reinstalled on or adjacent to a footprint. SNAME (2008) suggests two more 

recommendations: (a) based on the reliable record for the exact location of the existing 

footprints, an identical footing should be installed exactly on the footprint; (b) one footing 

should be located over a footprint with the others on virgin soil. However, the application of 

the first approach is further limited because in general, the selection of a jack-up rig with an 

identical footing is not always possible in practice. The second suggestion could be an 

effective approach to minimise the potential sliding, but the horizontal force and moment 

induced by the interaction cannot be eliminated (Hartono 2014) and can result in a 

catastrophic damage on a leg of a jack-up rig in an extreme case.   

1.4.2. Infilling method 

The infilling method is that the footprint crater is infilled with soils to level the seabed 

surface. The infilling material should be carefully selected with the material properties 

similar to the surrounding soil being suggested for the successive mitigation (SNAME 2008; 

ISO 2012). Jardine et al.  (2001 & 2002) and Grammatikopoulou et al. (2007) have 

investigated the infilling method through numerical modelling. However, the method was 

found to be inconclusive of its advantage or satisfactory. The pattern of soil movement 

became markedly asymmetrical, which led to intolerable forces and moments developing in 

the jack-up leg before the target preload level was reached. Use of a gravel loading platform 

incurred the potential for slope-base failure.  

1.4.3. Stomping method 

Jardine et al. (2002) defined stomping as a process where the spudcan is initially emplaced 

further away from the footprint centre than the intended position, and then the spudcan is 

used to displace the soil towards the footprint. Hartono (2014) performed a series of 

centrifuge tests to examine the efficiency of the stomping method varying the number of 

penetration, i.e. single and double penetration. The vertical resistance capacity was reduced 
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because of the additional soil disturbance around the footprint induced by the process of the 

stomping penetration. The horizontal force and moment also reduced significantly. However, 

the application of this mitigation method has a limitation due to clearance between a jack-up 

rig and the fixed platform. Moreover, in the process of single or double stomping, long rig-

time may be required because this method can be applicable only under mild weather 

conditions. 

1.4.4. Reaming method 

The reaming method (or leg-working method) is one of the most widely used mitigation 

methods in the field. GM-Fugro (2003) defined that this method is a technique that involves 

forcing the leg into position by incremental vertical reciprocation (downward and upward 

movements of the leg) to advance the spudcan(s) at the required position. It is also reported 

that this method is appropriate for the Gulf of Mexico and offshore India where the seabed 

consists of soft clay. Hartono et al. (2014) also tested this mitigation method to investigate 

the proper amplitude of leg reciprocation and increment in penetration for further leg 

reciprocation with the fixed number of cycle of 2 (see Figure 1-12; Table 1-3).  
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Table 1-3. Reaming test results (after Hartono et al. 2014) 

 

The results showed that for making this method effective in easing spudcan-footprint 

interactions, small amplitude and increment are required to locally remould the soil beneath 

the spudcan, as shown in Table 1-3. However, similar to stomping, this method requires 

additional mechanical operations to be carried out offshore, leading to additional cost and 

time.  

1.4.5. Other mitigation method 

Perforation drilling (Hossain and Stainforth 2016) and simultaneous water jetting and 

spudcan preloading (Handidjaja et al. 2009) have been investigated or trialed as a potentially 

effective mitigation method. However, due to the lack of published documents, the efficiency 

of these methods has not sufficiently been validated.  

1.5.  Research Objectives and Outline 

The overarching aim of this thesis is to provide guidance on mitigating structural and 

foundation failures, without additional mechanical operation on the seabed, during jack-up 

installation nearby a footprint by adjusting the footing design. Optimisation is conducted in 

Test 
Soil 
type 

Number 
of 

cycles 
Amplitude

Incremental 
penetration 

Depth of 
first 

reaming 

Result 
Hmax 
(MN) 

Mmax 
(MN.m) 

Reference 
(without 
reaming) 

Soft 
clay 

N/A N/A N/A N/A 0.58 10.33 

Reaming 
1 

2 

1 4 5.0 0.61 9.08 

Reaming 
2 

4 4 5.0 0.45 8.70 

Reaming 
3 

2 2 10.0 0.54 9.60 

Reaming 
4 

1 1 9.0 0.40 7.84 
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terms of skirt length to footing diameter ratio, spudcan underside profile and number of holes 

through the base of the spudcan.  

The key aims of this research are to:  

• Calibrate and validate a numerical model against previous studies such as reported 

centrifuge test data and numerical analysis results. 

• Evaluate if changing spudcan shapes can reduce the induced forces from spudcan-

footprint interactions. 

• Develop an optimised spudcan shape to mitigate spudcan-footprint interactions.  

• Evaluate the effect of modelling the global response of a jack-up rig on spudcan-

footprint interactions.  

• Assess the effect of soil strength heterogeneity on spudcan-footprint interactions. 

• Confirm the efficiency of the optimised spudcan shape (or the proposed novel 

spudcan) through centrifuge tests. 

To achieve these goals, leading edge techniques in numerical and physical modelling have 

been employed. 

 

The outline of this thesis is as follows. 

Chapter 2: This chapter focuses on changing spudcan shapes to ease spudcan-footprint 

interactions. The investigation was carried out through 3D LDFE analyses. Firstly, for 

ensuring the accuracy of the numerical model, vertical (V), horizontal (H) and moment (M) 

loads acting on a spudcan were validated against the measured data from centrifuge tests 

performed by Kong et al. (2013) and computed data from LDFE analyses using the 

remeshing and interpolation technique small strain conducted by Zhang et al. (2015). 

Secondly, the effect of the previously developed two spudcan shapes, skirted spudcan with 

four rectangular holes and skirted spudcan with six circular holes and sloped bottom profile, 

at mitigating spudcan-footprint interactions has been evaluated through comparison with the 
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performance of a generic spudcan shape. An extensive parametric investigation was then 

undertaken, encompassing the relevant range of various parameters related to the footprint 

geometry, offset distance and soil strength.  

Chapter 3: This chapter aims at providing optimal solution for mitigating spudcan-footprint 

interactions during jack-up reinstallation by adjusting the spudcan shape. The investigation 

was carried out through 3D LDFE analyses. To optimise the shape of the spudcan, an 

extensive parametric investigation was performed, varying the skirt length, underside profile 

of spudcan and number of holes through the base of the spudcan.  

Chapter 4: This chapter focuses on the global behaviour of three-legged jack-up rigs due to 

the reinstallation of one of the spudcans next to a footprint. The investigation was carried out 

through 3D LDFE analyses of soil-structure interaction combining a global jack-up structure 

idealised by equivalent beam elements. Both leg-by-leg and simultaneous all-leg preloading 

processes, as commonly or sometimes used in the field, were considered with appropriate 

boundary conditions. An extensive parametric investigation was undertaken, varying the 

footprint geometry, soil strength and spudcan shape. The risk of the jack-up and spudcan 

sliding towards the footprint centre, overturning of the jack-up rig and of structural failure of 

the jack-up leg due to excessive stresses were assessed. Finally, the ability of the novel 

spudcan shape developed in chapter 3, coupled with the global jack-up model, to mitigate the 

consequences of spudcan-footprint interactions was highlighted. 

Chapter 5: This chapter focuses on the effect of remoulded soil strength of a footprint on the 

reinstallation of jack-up rigs near the footprint. The soil remoulding was from the initial 

spudcan penetration and extraction process. Due to the limitation of the LDFE technique and 

soil constitutive model used, the footprint was not created through penetration and extraction 

of a spudcan. Instead, the measured soil strength profiles and footprint geometries, from the 
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centrifuge data (Gan et al. 2012), were directly mapped in the LDFE simulations. The global 

jack-up modelling framework of chapter 4 was incorporated. An extensive parametric 

investigation was undertaken varying the relevant range of parameters, such as the (a) 

remoulded soil zone and strength underneath a footprint surface; (b) elapsed time (ET: time 

between the formation of a footprint or extraction of a spudcan and re-installation of a 

spudcan); and (c) offset distance (). Additionally, the performance of the novel spudcan 

shape, developed in chapter 3, was assessed. 

Chapter 6: This chapter focuses on the confirmation of the efficiency of the novel spudcan 

through measured centrifuge test data. Firstly, the responses of the novel spudcan penetration 

in a footprint created artificially by using a cutting tool were compared with those of a 

generic spudcan. Finally, real footprints were generated through a generic spudcan 

penetration and extraction and the comparative responses were explored. Of particular 

interest was the effect of elapsed time on the efficiency of the novel spudcan.  

Chapter 7: The new findings from this research are summarised and recommendations are 

provided for future studies. 
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2. NUMERICAL INVESTIGATION OF NOVEL SPUDCAN 
SHAPES FOR EASING SPUDCAN-FOOTPRINT 
INTERACTIONS  

2.1.  Introduction 

2.1.1. ‘Mobile’ jack-up rig and spudcan-footprint interactions  

Most offshore drilling in shallow to moderate water depths (< 150 m) is performed from self-

elevating jack-up rigs due to their proven flexibility, mobility and cost-effectiveness 

(CLAROM 1993; Randolph et al. 2005). Today’s jack-ups typically consist of a buoyant 

triangular platform supported by three independent truss legs, each attached to a large 10 to 

20 m diameter spudcan. After the completion of the task, the legs are retracted from the 

seabed, leaving depressions, referred to as a crater or ‘footprint’, at the site (see Figure 2-1a).  

Jack-ups often return to sites where previous operations have left footprints in the seabed. 

This is, for example, to drill additional wells or service existing wells; installing structures 

such as jackets or wind turbines (Killalea 2002; Osborne and Paisley 2002; InSafeJIP 2011). 

When a spudcan is located on or near a footprint slope, there is a tendency for the spudcan to 

slide towards the center of the footprint, inducing excessive lateral forces and bending 

moments to the rig (see Figure 2-1b). Adverse spudcan displacement could result in an 

inability to install the jack-up in the required position, leg splay, structural damage to the leg, 

and at worst, bumping or collapsing into the neighbouring operating platform. The frequency 

of offshore incidents during installation near footprints has increased by a factor of four 

between the period 1979~88 and 1996~06 (Osborne 2005) and at an even higher rate over 

2005~2012 (Jack et al. 2013), with examples of offshore incidents also documented by Hunt 

& Marsh (2004), Brennan et al. (2006) and Handidjaja et al. (2009). 
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2.1.2. Spudcan footprint geometry 

In general, the soil strength profile, the depth of detaching the spudcan base from the 

underlying soil during extraction, and the degree of soil reverse backflow around the 

extracting spudcan dominate the formation of the footprint. From the results of a series of 

half-spudcan centrifuge tests, Hossain and Dong (2014) concluded that a conical footprint of 

depth zF = 0.22~0.33D was formed in soft clay whilst a cylindrical footprint of depth 

zF = 0.5~0.66D was formed in stiff clay. In addition, the combined effects of soil heaving 

during initial penetration of the spudcan and reverse backflow during extraction resulted in a 

soil bulge extending laterally over 1.92~1.96D particularly in soft clay. These findings are 

consistent with footprints measured in Gan (2009), Teh et al. (2010), and Erbrich et al. (2015). 

Critical footprint depth (zF) of 0.33D and 0.66D and width of 2D were considered in this 

study.  

Natural fine grained soils experience remoulding during the spudcan penetration and 

extraction event. This disturbance is healed gradually with the passing of time through 

dissipation of excess pore pressure. Centrifuge tests in Kaolin clay showed full recovery of 

the original strength taking 1~1.5 years in the vicinity of the footprint, though of course this 

is a function of the soil’s permeability (Leung et al. 2007). Further disturbance and strength’s 

greater that the original intact strength were measured at greater depths below the depth to 

which the spudcan was originally penetrated and after the passing of many years (see 

contours of Gan et al. 2012). Because of the complexity and variety of possible strength 

gradients around the footprint, in this study, an artificial footprint with the soil strength along 

and adjacent to the footprint identical to the intact strength profile was considered. This 

allows a consistent evaluation of the benefits of the spudcan shape (and allows comparisons 

with the testing programs of Kong et al. 2013, 2015a and 2015b). Further numerical study 

and experiments in more complex soil profiles are recommended.    
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2.1.3. Previous work 

Penetration of spudcan foundations next to footprints has been addressed by a number of 

researchers, with of particular interest being on spudcan-footprint interactions and consequent 

influence on jack-up legs with various fixity conditions. Gaudin et al. (2007), Leung et al. 

(2007), Cassidy et al. (2009), Gan et al. (2012), Kong et al. (2013) reported data from 

centrifuge tests. Tho et al. (2013) and Zhang et al. (2015) performed 3D LDFE simulations 

using the remeshing and interpolation technique with small strain-analysis (RITSS) technique 

and coupled Eulerian-Lagrangian (CEL) approach, respectively, in the commercial finite 

element package ABAQUS. From all investigations, as summarized in Figure 10 of 

Kong et al. (2013), the critical offset distance  (defined as the distance between the footprint 

center and spudcan center) was identified as 0.5D~1.0D. From case histories, Handidjaja et al. 

(2009) found that if  > 1.5D~1.7D, the effect of interaction can be neglected, while Teh et al. 

(2010) reported a minor slip for  = 1.0D. 

2.1.4. Existing methods for mitigating spudcan-footprint interactions  

For mitigating spudcan-footprint interactions, only a minimum attention was paid. In the field, 

stomping, successive leg repositioning (Brennan et al. 2006), use of an identical or very 

similar spudcan diameter and exactly on the existing footprint (Erbrich et al. 2015), and water 

jetting along with the spudcan preloading (Handidjaja et al. 2009) have been used. 

Perforation drilling was also identified as a potential means for mitigating spudcan-footprint 

interactions (Maung and Ahmad 2000; Hossain and Stainforth 2016). Additional works 

involved with these methods incur additional cost and time to be applied in the field.  

2.1.5. Objectives of present study  

This study focuses on tweaking spudcan shapes to ease the spudcan-footprint interactions. 

The investigation was carried out through 3D large deformation finite element (LDFE) 

analyses. Firstly, for ensuring the accuracy of the numerical model, vertical (V), horizontal 
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(H) and moment (M) loads acting on a spudcan were validated against the results from 

centrifuge test result performed by Kong et al. (2013) and from LDFE using RITSS 

conducted by Zhang et al. (2015). Secondly, the effect of the previously developed novel 

spudcan shapes (Lee et al. 2015) at mitigating spudcan-footprint interactions has been 

evaluated through comparison with the performance of a generic spudcan shape. An 

extensive parametric investigation was then undertaken, encompassing the relevant range of 

various parameters related to the footprint geometry, reinstallation location and soil strength.  

2.2.  Numerical Analysis 

2.2.1. CEL method for large deformation problem 

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

in the commercial FE package ABAQUS/Explicit (Dassault 2012). Qiu et al. (2011), 

Chen et al. (2013), Tho et al. (2013), Hu et al. (2014), Hamann et al. (2015), Kim and 

Hossain (2015) and Zheng et al. (2015) investigated various geotechnical problems using the 

CEL approach and provided confidence to its applicability to solve problems involving large 

deformations. 

The CEL approach is identified as advantageous in circumventing mesh distortion in large 

deformation problems. The soil is tracked as it flows through an Eulerian mesh, fixed in 

space, by computing the material volume fraction in each element. The Eulerian element can 

be materially void or occupied partially or fully by more than one material, with the volume 

fraction representing the portion of that element filled with a specified material. The 

structural element, such as a spudcan, is discretized with Lagrangian elements, which can 

move through the Eulerian mesh without resistance until they encounter Eulerian elements 

containing soil. The interaction between the structure and the soil is represented using a 

contact algorithm named ‘general contact’ in ABAQUS (Dassault 2012).   
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2.2.3. Constitutive law and material parameters 

The soil was modelled as a linear elastic–perfectly plastic material obeying a Tresca yield 

criterion, but extended as described later to capture strain-rate and strain-softening effects. A 

user subroutine was implemented to track the evolving soil strength profile. The elastic 

behaviour was defined by a Poisson’s ratio of 0.49 and Young’s modulus of 500su throughout 

the soil profile. Total stress analyses were carried out adopting a uniform effective unit 

weight over the soil depth, representing a typical average value for field conditions.   

The interaction between Lagrangian (e.g. spudcan) and Eulerian (e.g. soil) materials is 

represented by a general contact algorithm that is based on a penalty contact method in 

ABAQUS (Dassault 2012). Therefore, the spudcan-soil interface was modelled as frictional 

contact, using this algorithm and specifying a (total stress) Coulomb friction law together 

with a limiting shear stress (max). Two different contact properties were applied for the side 

and bottom of a spudcan. For the side friction of a spudcan shoulder, skirt and holes, the 

Coulomb friction coefficient was set to a high value of C = 50, in order to allow the value of 

max (= su,ave; where  is the frictional ratio taken as the inverse of the soil sensitivity, 1/St; 

su,ave is the average undrained shear strength along the frictional surface) to govern failure 

(Ma et al. 2014; Koole 2015). For the friction between the bottom profile of a spudcan and 

footprint slope, C was taken as 0.1 from the validation study against measured test results 

(see Figure 2-5; Kong et al. 2012), without specifying a max (see Appendix A). It allows the 

frictional behaviour will be governed by the contact pressure beneath the spudcan (Wang et 

al. 2012; Wang et al. 2015; Mao et al. 2015). 

2.2.4. Incorporation of combined effects of strain rate and strain softening 

The Tresca soil model was extended in order to take the combined effects of rate dependency 

and gradual softening into account following the Einav & Randolph model 

(Einav & Randolph 2005). The undrained shear strength at individual Gauss points was 
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modified at the beginning of each time step, , according to the average rate of maximum 

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

strain, expressed as  

	 1
| |,

1 /
,  (2-1)

The first bracketed term augments the strength according to the maximum strain rate relative 

to a reference value, , which was considered as 1.5%/h as consistent with triaxial tests 

(Lunne et al. 2006), following a logarithmic law with rate parameter  taken as 0.1 for 

‘circular’ spudcan foundations (Low et al. 2008). The second part of Equation 2-1 models the 

degradation of strength according to an exponential function of cumulative shear strain, , 

from the intact condition to a fully remoulded ratio, rem (= 1/St = ). The relative ductility is 

controlled by the parameter, , which represents the cumulative shear strain required for 95% 

remoulding. A typical value of  = 15 (i.e. 1500% shear strain; Randolph 2004) was 

considered. Further details can be found in Hossain and Randolph (2009) and 

Zheng et al. (2015). 

2.3. Validation against Centrifuge Testing and Previous LDFE Analysis  

The LDFE results were validated against previously published centrifuge test data and LDFE 

results using the alternative RITSS method. Kong et al. (2013) presented data from a 

centrifuge test carried out at 250 g in kaolin clay. A model flat base circular footing 

(D = 15 m) was adopted, instead of real spudcans to eliminate any effects of spudcan base 

profile, and an idealized artificial footprint (DF = 2D and zF = 0.33D; footprint A in Figure 2-

2) were used in that testing. The slope angle of the footprint (F) was 18.4. The soil 

undrained shear strength of su,ref was deduced from T-bar penetration tests as sum,ref = 7.5 kPa 
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at the ground surface with a linearly increasing gradient of k = 0.92 kPa/m down to 3.4 m; 

and sum,ref = 5 kPa and gradient of k = 1.68 kPa/m for the soil below 3.4 m. The footing was 

penetrated at an offset of = 0.55D from the footprint center. In the LDFE simulation, these 

parameters and  = 0.1; rem = 1/St = 1/3; 95 = 15; and  = 1.5% h-1 were used. For the 

same case, Zhang et al. (2015) performed a 3D LDFE simulation using the RITSS technique. 

The soil was modelled as an elasto-plastic material obeying a Tresca yield criterion, with 

strain softening and rate dependency of the undrained shear strength not incorporated.   

Figure 2-5 shows penetration resistance profiles, in terms of horizontal force (H), vertical 

force (V) and bending moment (M) distribution along the normalized penetration depth, d/D 

(where d is the penetration depth of spudcan base i.e. lowest point of largest section from 

mudline). The results from Zhang et al.’s (2015) LDFE/RITSS simulation are also included 

for comparison. By comparing with the measured data, the horizontal and vertical load 

responses from this study are in reasonable agreement, while the moment response is slightly 

higher. The horizontal load response from the LDFE/RITSS analysis is significantly higher. 

It can be explained as the LDFE/RITSS analysis adopted a ‘tie restrained condition’ between 

the soil and the footing, and an ideal Tresca soil material (without any softening effect). This 

may have led to a larger horizontal force. Additionally, to show the effect of strain rate and 

softening, the results from (i) rate dependent, non-softening soil ( = 0.1; rem = 1) and (ii) 

rate independent, softening soil ( = 0; rem = 1/3; 95 = 15) are also plotted in Figure 2-5.  
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2.4. Results and Discussion: Parametric Study   

To examine whether by changing spudcan shape spudcan-footprint interactions can be 

mitigated, an extensive parametric study was carried out varying (a) the spudcan shape 

(conventional or generic spudcan – referred to as spudcan A, novel spudcan with 

4 rectangular holes – referred to as spudcan S, and  novel spudcan with 6 circular holes and 

sloped bottom profile – referred to as spudcan H; Table 2-1 and Figure 2-6); (b) the 

reinstallation location ( = 0.55D ~ 1.5D); (c) the footprint geometry (zF = 0.33D and 0.66D); 

and (d) the soil undrained shear strength (soft to stiff clay deposit). The results from this 

parametric study, as assembled in Table 2-2, are discussed below. Parameters in terms of rate 

dependency and strain-softening were taken as  = 0.1; rem = 1/St = 1/3; 95 = 15; and  = 

1.5% h-1, as they typically provided good match in the validation exercise. 

2.4.1. Effect of novel spudcan geometry (Group I, Table 2-2) 

Numerical analyses were performed using 3 spudcans (spudcan A, spudcan S and spudcan H) 

of 15 m diameter (Group I; Table 2-2). The shape of spudcan A (Figure 2-6a) was chosen 

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

illustrated by Menzies & Roper (2008). The basic shape of spudcan S (Figure 2-6b) is similar 

to spudcan A. A skirt of height 2 m was added around the periphery, and four evenly spaced 

rectangular holes (2 m  4.95 m) were made at the base close to the skirt. The ratio of skirt 

length to diameter (L/D) was 0.13. The shape of spudcan H (Figure 2-6c) is innovative 

andfeaturing six evenly spaced circular holes (of diameter Dh = 2.1 m) with slopes at the base. 

More details can be found in Lee et al. (2015). The spudcans were penetrated at an offset of 

= 0.55D from the footprint center (zF = 0.33D, DF = 2D and F = 18.4; footprint A in 

Figure 2-2). 
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Table 2-1. Details of spudcans 

Description 
Symbol 
(unit) 

Spudcan A 
(conventional 

type) 

Spudcan H 
(6 circular 

holes) 

Spudcan S 
(4 rectangular 

holes) 

Spudcan diameter D (m) 15 15 15 

Skirt length Ls (m) - 1.9 2.0 

Spudcan base angle 
(underside profile) b (

o) 13.0 
-43.0 ~ 21.5   

(8 slopes per 1 
hole) 

13.0 

Number of holes - - 6 4 

Hole size m - dh = 2.1 2 x 4.95 

Total spudcan plan area  
(at largest section) 

Atotal (m
2) 176.7 176.7 176.7 

Total hole area Ahole (m
2) - 20.8 40.2 

Net spudcan plan area 
(Atotal – Ahole) 

Anet (m
2) 176.7 155.9 136.5 

Anet / Atotal (%) 100 88.2 77.2 
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Table 2-2. Summary of 3D LDFE analyses performed  

Group 
 

Spudcan shape 
(see Figure 2-6) 

su,ref  

(kPa) 
Footprint depth, 
zF (m) 

Offset distance, 
 (m) 

Spudcan responses 
Note Hmax  

(MN) 
Mmax  
(MN-m)

Mt,max
^  

(MN-m)

I 

Spudcan A 

Soft clay* 
0.33D 
(footprint A; see 
Figure 2-2) 

0.55D 

1.44 21.3 -194.4 

Effect of spudcan shape 
Spudcan H 

1.17 
(18.8%)+ 

22.0 
(-3.3%) 

-167.5 
(13.8%) 

Spudcan S 
1.32 
(8.3%) 

21.8 
(-2.3%) 

-188.0 
(3.3%) 

II 

Spudcan A 

Soft clay 
0.33D 
(footprint A) 

1.0D 1.06 11.14 -155.7 

Effect of offset distance 
1.5D - - - 

Spudcan H 
1.0D 

0.99 
(6.6%) 

11.64 
(-4.5%) 

-143.4 
(7.9%) 

1.5D - - - 

III 
Spudcan A 

Stiff clay# 
0.66D 
(footprint B; see 
Figure 2-2) 

0.55D 
4.96 68.01 -676.5 

Effect of combined footprint 
depth and soil strength Spudcan H 

4.02 
(19.0%) 

59.4 
(12.7%) 

-581.2 
(14.1%) 

IV 
Spudcan A 

Stiff clay 
0.33D 
(footprint A) 

0.55D 
2.67 43.3 -358.4 

Effect of soil strength 
Spudcan H 

1.54 
(42.3%) 

45.1 
(-4.2%) 

-221.2 
(38.3%) 

V 
Spudcan A 

Homogeneous 
stiff clay$ 

0.66D 0.55D 
3.22 39.24 -445.2 

Effect of homogeneous  soil 
strength 

Spudcan H 
2.79 
(13.3%) 

36.67 
(6.6%) 

-410.6 
(7.8%) 

* Soft clay: su,ref = 7.5 + 0.92z kPa (for z < 3.4 m) and 5.0 + 1.68z kPa (for z ≥ 3.4) (Kong et al. 2013)  
# Stiff clay: su,ref = 19.0 + 1.46z kPa (Menzies & Roper 2008) 
$ Homogeneous clay: su,ref = 19.0 kPa 
^ Jack-up leg height, Lleg = 150 m 
+ Reduction percentage compared to spudcan A 
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It is seen that vertical forces (V) and maximum moments (Mmax) for all the spudcans are 

similar. Note, at the shallow penetration stage prior to the footprint toe level (d/D < 0.33), the 

vertical forces (V) for spudcans H and S are larger than that for spudcan A although the net 

area (Anet) is smaller (Anet = 155.9 m2 and 136.5 m2 for spudcans H & S vs 176.7 m2 for 

spudcan A; Table 2-1). This indicates that the effect of the increased initial bottom contact 

area by trapped soil (see Figure 2-8b) and the frictional resistance mobilized between the 

trapped soil flowed through the holes and the holes peripheral surface (as was modelled as 

frictional contact; see Figures 2-8a~2-8e) outweigh the effect of less net area. After the 

footprint toe level (d/D > 0.33), the gap gradually diminishes and the curves merge together. 

This is because the soil flowed back around the spudcan and the flowed through the holes 

gradually seal the holes (see Figure 2-8e) with negligible or no further effect of the holes. By 

using spudcan H, a reduction in induced horizontal force was measured. The maximum 

horizontal force (Hmax) for spudcan H is around 1.17 MN, which is about 18.8 % lower than 

that for spudcan A (Hmax = 1.44MN). As discussed later, this is because the holes of the 

advancing spudcan and underside profiles (e.g. slopes) provide a preferential soil flow path, 

forcing the spudcan to remain vertical. The depth of the peak also shifts down (0.05D for 

spudcan A to 0.2D for spudcan H) due to the skirt. The deeper mobilisation of Hmax of 

spudcans S and H provides more potential for the spudcan to reach its vertical capacity before 

reaching its horizontal capacity Hmax. For instance, for spudcan A, V = 10.0 MN at 

Hmax = 1.44 MN; while for spudcan H, V = 29.5 MN at Hmax = 1.17 MN. 

Soil failure mechanisms 

Figure 2-8 depicts the instantaneous (resultant) velocity vectors during reinstallation of the 

spudcans in soft clay (note, the instantaneous velocity vector plots are not the same as for the 

real Lagrangian material, but the representation of the deformed soil flow in Eulerian element; 



Chapter 2. Numerical investigation of novel spudcan shapes for easing spudcan-footprint interactions 

 

 

 

50 
 

e.g. Tho et al. 2013; Kim et al. 2015). The soil failure mechanisms show that the asymmetric 

soil (and hence the tendency of horizontal force towards the footprint toe) has been reduced 

by the novel spudcan owing to soil flowing through the holes.  

For the generic spudcan, once the footprint toe level is reached, the localized soil backflow 

on the right hand side begins to collapse back on the spudcan (d/D = 0.38 in Figure 2-8). 

Generally, after passing this depth, soil begins to flow back on both sides of the spudcan 

(Zhang et al. 2015); the influence on the failure mechanism caused by the presence of the 

footprint geometry therefore diminishes.  

For the novel spudcans in Figures 2-8b and 2-8c, the holes on the spudcans make this process 

occur earlier, easing the footprint interactions. Interestingly, spudcan H shows more 

efficiency compared to spudcan S, even though the net area of spudcan H is larger 

(Anet = 155.9 m2 for spudcan H vs 136.5 m2 for spudcan S; see Table 2-1). It can be explained 

that the underside profile (e.g. various slopes at the base) of spudcan H reduces the horizontal 

force to some extent by trapping more soil volume underneath. Based on these results, only 

spudcan H was used as a novel spudcan for further parametric studies described below.   

2.4.2. Effect of offset distance (Groups I and II, Table 2-2) 

Spudcan reinstallation processes near the idealized footprint (zF = 0.33D, DF = 2D and 

F = 18.4) were investigated with different offset distances (e.g. β = 0.55D, 1.00D and 

1.50D; Groups I and II; Table 2-2). This parametric study aims at investigating the 

combination effect between the spudcan shape and offset distance during reinstallation 

processes. The results of this analysis are plotted in Figure 2-9. Figures 2-10 and 2-11 show 

the corresponding failure mechanism. Deviations in the vertical penetration resistances are 

shown in the initial penetration stage (see Figure 2-9b). 
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The horizontal force and moment reduce with increasing . The reduction in Hmax with 

increasing  for spudcan A is more pronounced than that for spudcan H. Eventually the 

horizontal force for spudcan A becomes lower than that for spudcan H for  = 1.50D. This 

could be attributed to the skirt on spudcan H. As  increases and particularly for  = 1.50D, 

the left skirt of spudcan H touches the soil surface and buries earlier than the shoulder of 

spudcan A (see Figure 2-11). The buried section of the left skirt is still close to the footprint 

slope. This leads to increase the resulting imbalance in earth pressure, compared to the 

generic spudcan. 

The corresponding soil flow mechanisms can be seen in Figures 2-10 and 2-11. As the 

reinstallation location moves away from the center of the footprint (i.e. increasing ), the 

localized soil backflow is initiated earlier on the left hand side of the spudcan, which 

significantly reduces the asymmetry of the soil failure mechanism of the spudcan. As a 

consequence, the horizontal force and moment dramatically reduce with increasing the offset 

value up to  = 1.50D. The reduction in Hmax with increasing  for spudcan A is more 

pronounced than that for spudcan H. This could be attributed to the skirt and holes on 

spudcan H that initiate the symmetry of soil failure mechanisms earlier than spudcan A (see 

Figure 2-11).  

2.4.3. Effect of footprint depth and soil strength (Groups III, IV and V, Table 2-2) 

So far, as discussed in section 4.2, a conical crater of dimensions 2D wide ( = 2) and 0.33D 

depth ( = 0.33) and slope angle F = 18.4 was considered for soft clay deposits 

(su,ref = 7.5 + 0.92z kPa (for z < 3.4 m) and 5.0 + 1.68z kPa (for z ≥ 3.4 m); footprint A in 

Figure 2-2). The effect of footprint depth and soil strength were explored considering both a 

shallow (DF = 2D, zF = 0.33D) as well as a deeper conical crater (DF = 2D, zF = 0.66D depth; 

footprint B in Figure 2-2) with a stiff clay strength more representative of that found in the 
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field the Gulf of Mexico (su,ref = 19 + 1.46z kPa; Menzies & Roper 2008) for spudcan A and 

spudcan H (Groups III and IV; Table 2-2). An analysis was also carried out on a uniform clay 

deposit with su,ref = 19 kPa (Group V; Table 2-2) for comparison. Note, the deeper conical 

crater was shifted down by a cylindrical cavity of depth 0.33D (hence slope angle F is the 

same of 18.4) as shown in Figure 2-2. 

The effects of footprint geometry and soil strength are shown in Figure 2-12 for both 

spudcans A and H. With a deeper footprint depth (zF = 0.66D; Group III; Table 2-2), the 

maximum horizontal force increases significantly (185% for spudcan A; 261% for spudcan 

H). The corresponding moments was also nearly 50% higher compared to that for a shallow 

footprint crater on the clay deposit with identical strength (zF = 0.33D; Group IV; Table 2-2). 

This is because of the asymmetric soil flow, which is more critical for the deeper footprint 

depth. As expected, spudcan H shows a mitigation effect regardless of footprint depths. For 

instance, for the shallow footprint depth (i.e. zF = 0.33D) with stiff clay, Hmax of spudcan H is 

1.54 MN, which is about 42.3% lower than that of spudcan A (Hmax = 2.67 MN). For the 

deeper footprint depth (i.e. zF = 0.66D) this difference is 19% on the soil deposit with su,ref = 

19 + 1.46z kPa and 13% on the clay with su,ref = 19 kPa.  As shown in Figure 2-13, in general, 

the failure mechanisms in the stiff clay are consistent to those in the soft clay (Figure 2-8 and 

Group I; Table 2-2), but the amount of soil flowing through the holes is different. Due to the 

higher soil strength, the effect of hole is of course more pronounced and it leads to an 

increase in the reduction of Hmax (reduction Hmax = 42.3% for the stiff clay in Figure 2-12a vs 

18.8% for the soft clay in Figure 2-9a).    
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2.4.4. Effect of horizontal force on jack-up leg bending moment  

The horizontal force induced by spudcan-footprint interactions generates additional bending 

moment (Ma) along a jack-up leg and the largest one occurs at the top level (or just below the 

hull). If the moment is over the structural capacity, the leg can be damaged. Therefore, the 

reduction in horizontal force on the spudcan has a significant effect on the structural integrity 

of the jack-up leg.  

All the results in the thus far discussed parametric studies are obtained using the reference 

point at the center of spudcans (see RP in Figure 2-2). With this reference point, the bending 

moment (M) on the spudcan is induced only by the resultant vertical force and its eccentricity 

as the resultant horizontal force H passes nearly through RP. If the reference point is located 

at the top of the leg (see RP1 in Figure 2-14a), an additional moment (Ma) will be mobilized 

by H and its eccentricity (= the leg length). The horizontal and vertical forces are not affected 

by this change of RP. 

The analyses of Group IV (Table 2-2) were carried out to examine the effect of this shifting 

of the reference point. The leg length was setup as Lleg = 150 m, which is similar to the 

practical maximum length (submerged in water i.e. = maximum operable water depth) in the 

field (e.g. GustoMSC CJ-80, KFELS N-Class; Koole & van der Kraan 2015). The top head of 

the leg was fully fixed and the spudcan was considered as a rigid body. Thus, the additional 

bending moment (Ma) at RP1 due to the horizontal force acting on the spudcan can be 

calculated as Ma = H x Lleg (Figure 2-14a). The total moment about RP1 can therefore be 

calculated as Mt = M + Ma. The Mt profiles are shown in Figure 2-14b and the values of the 

maximum moment, Mt,max, about RP1 are summarized in Table 2-2. With the reference point 

being shifted from RP to RP1, the novel spudcan H shows more benefit in reducing Mt,max 

about the fixed leg head.  For instance, for the shallow footprint with stiff clay (Group IV; 

Table 2-2), the reduction in Mt,max is as high as 38.3% by replacing the generic spudcan A 
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2.5. Concluding Remarks  

To ease spudcan-footprint interactions during a jack-up installation near exiting footprints, 

the performances of two novel spudcan shapes, skirted spudcan with four rectangular holes 

(spudcan S) and skirted spudcan with six circular holes and sloped bottom profile (spudcan 

H), were investigated against a conventional/generic spudcan (spudcan A). The potential of 

spudcan sliding towards to the existing footprint center was evaluated by the maximum 

horizontal force and moment acting on the spudcan during installation. The computed LDFE 

results presented in this paper have confirmed that the novel spudcan H is more effective at 

mitigating spudcan-footprint interactions than the novel spudcan S and the generic spudcan A. 

It is attributed to the holes and various slopes at the base of spudcan H, allowing more soil 

volume to be trapped underneath the spudcan and forcing the soil to flow through the holes. 

With the footprint geometries setup in the current study in both soft and stiff clays, spudcan 

H can reduce the maximum horizontal force by up to 42.3% and the maximum moment up to 

38.3% at the top of the jack-up leg, when comparing with the generic spudcan A. It should be 

noted that the novel spudcan H shows comparable vertical resistance to the generic spudcan 

A. 

In this chapter, the analyses were performed on previously developed novel spudcan shapes 

aiming at assessing their performance in easing spudcan-footprint interactions, and the 

viability of the numerical technique in analysing novel spudcan penetration adjacent to a 

footprint. Further systematic analyses are being carried out varying skirt length, bottom 

profile, and number of holes to propose an optimum spudcan shape at mitigating spudcan-

footprint interactions in Chpater 3. 
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3. OPTIMISING SPUDCAN SHAPE FOR MITIGATING 
HORIZONTAL AND MOMENT LOADS INDUCED ON A 
SPUDCAN PENETRATING NEAR A CONICAL FOOTPRINT 

3.1. Introduction 

Systematic investigations on how to mitigate spudcan-footprint interaction issues are notably 

limited with industry restricted to conducting trials, such as stomping (Jardine et al. 2001; 

Hartono 2014), reaming (Hartono et al. 2013; Hartono 2014; Hartono et al. 2014), infilling 

(Jardine et al. 2001; Jardine et al. 2002; Grammatikopoulou et al. 2007) and successive leg 

repositioning (Brennan et al. 2006) and water jetting with the  spudcan preloading 

(Handidjaja et al. 2009), under field conditions. The effect of the stomping method was 

reported by Jardine et al. (2001, 2002) and Hartono (2014). It shows a significant 

effectiveness in mitigating the spudcan-footprint interactions. The reaming method was also 

investigated as effective way with small amplitude of leg up-and-down movement (Hartono 

et al. 2013; Hartono 2014; Hartono et al. 2014). However, both methods on improving the 

seabed condition require additional mechanical operations, which can increase the installation 

cost of the jack-up rig. The potential of using the infilling measures was addressed by Jardine 

et al (2001, 2002) and Grammatikopoulou et al. (2007). However, the pattern of soil 

movement became markedly asymmetrical, which led to intolerable forces and moments 

developing in the jack-up leg before reaching the target preload level. The effect of the skirt 

was also evaluated as a mitigation measure on the interaction by a series of experimental tests 

(Teh et al. 2006; Gaudin et al. 2007; Kong 2011; Kong et al. 2013; Hossain and Dong 2014). 

These test results consistently indicated that the skirt has induced higher horizontal and 

moment forces, while it shows a positive effect on reducing the lateral displacement.  More 

recently, Hartono (2014) carried out centrifuge tests for a flat-based footing with skirt. It 

showed some positive effect on mitigating the horizontal force and moment in OC clay. As 
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such, the effect of skirt is not yet clear. More systemic analyses for each structural component, 

such as skirt, underside profile etc., need to be clarified. 

This study aims at providing optimal spudcan shape on mitigating spudcan-footprint 

interaction issues during jack-up reinstallation by adjusting the spudcan shape. The 

investigation was carried out through 3D large deformation finite element (LDFE) analyses. 

To optimise the shape of the spudcan, an extensive parametric investigation was performed 

by varying the skirt length, underside profile of a spudcan and number of holes.  

3.2. Numerical Analysis Details 

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

in the commercial FE package ABAQUS/Explicit (2012). In this study, the same soil model 

with the footprint shape A in Chapter 2 was used.  

3.3. Results and Discussion: Parametric Study   

A systematic parametric study of spudcan geometry was performed by varying the (a) skirt 

length (Ls); (b) underside profile (b); and (c) configuration of holes on the spudcan: number 

of holes (Nh). For the comparison of various spudcan shapes, the undrained soil strength 

(su,ref), outer diameter of the spudcan (D = 15 m), and distance from the centre of the footprint 

(D; critical offset distance from Kong et al. (2013), Zhang et al. (2015) and Jun et al. 

(2018)) were fixed. Parameters in terms of rate dependency and strain-softening were taken 

as  = 0.1;  = 1.5% h-195 = 15, as they provided good match in the validation exercise. 

The results from this parametric study, as assembled in Table 3-1, are discussed below.  
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Table 3-1. Details of the spudcans  

Group Spudcan type D (m) Ls (m) b ()

Hole 

Atotal 
(m2) 

Anet 
(m2) 

su,ref 

(kPa) 
zF (m)  (m)

Spudcan responses 

Note 
Nh Dh (m) 

Hmax  

(MN) 

Mmax  

(MN-m)

Mt,max
^  

(MN-m)

I Spudcan A 

15 

- 

13 

- 176.7 

Soft 
clay* 

0.33D 0.55D

1.44 21.3 -194.4 Generic 

II 
Spudcan S1 1.9 

1.77  
(-23%)+ 

26.1 
(-23%) 

-257.0 
(-32%) 

Skirt Effect 
Spudcan S2 3.9 

2.72 
(-89%) 

20.6 
(+3%) 

-401.8 
(-107%) 

III 
Spudcan U1 - 0 

0.98 
(+32%) 

22.3 
(-5%) 

-125.4 
(+35%) Underside 

Profile Effect 
Spudcan U2 1.9 -15 

1.11 
(+23%) 

23.4 
(-10%) 

-159.6 
(+18%) 

IV 

Spudcan H1 

- 0 

4 3.4 

176.7 141.4

0.84 
(+42%) 

22.7 
(-7%) 

-105.4 
(+46%) 

Hole Effect Spudcan H2 6 2.7 
0.85 

(+41%) 
22.5 

(-6%) 
-109.3 
(+44%) 

Spudcan H3 8 2.4 
0.86 

(+40%) 
22.8 

(-7%) 
-110.6 
(+43%) 

 * Soft clay: su,ref = 7.5 + 0.92z kPa (for z < 3.4 m) & 5.0 + 1.68z kPa (for z ≥ 3.4) (Kong et al. 2013)  
^ Jack-up leg length Lleg = 150 m 
+ Reduction percentage compared to Spudcan A: “+ve” – reduction; “-ve” – increase 
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Figure 3-2. Comparison results for skirt length effect (Groups I and II; Table 3-1): (a) Horizontal force; (b) Vertical force; (c) Moment 

distribution 
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The maximum moment (Mmax) is not proportional to the skirt length. The maximum moment 

of spudcan S1 is 26.1 MN-m (+23% of spudcan A), whereas spudcan S2 has a slightly smaller 

maximum moment than spudcan A (-3% of spudcan A). The moment at the reference point 

(RP) is induced by the vertical forces (V) and its eccentricity (e) (see Figure 3-3a), and by the 

imbalance horizontal force (that is relatively negligible and hence not discussed further; see 

Appendix B). Figure 3-3b plots the eccentricity (e = M/V), as a function of normalised 

penetration depth, indicating an identical value of eMmax = 2.1 m for spudcans A and S1 at the 

depths of mobilising the maximum moment (Mmax). However, as V is higher for spudcan S1, 

the corresponding moment is higher. For spudcan S2, by contrast, eMmax is significantly lower 

of 1.6 m, and as such, although V is higher, compared to spudcans A and S1, the induced 

Mmax is lower. This can be explained illustrating the corresponding soil failure mechanisms, 

as shown in Figure 3-4. As the skirt length Ls increases, the more lateral soil flow is 

restrained by the skirt, which is more on the left hand side as the soil tends to direct towards 

the footprint toe. This results in an increase in the vertical force of the trapped soil in the skirt 

on the left side, and reduces the eccentricity shifting the line of action of V towards left. 

However, at the depths of mobilising Mmax, which are very shallow (<0.1D), spudcan S1 with 

a short Ls was unable to restrain the soil.   

In the field, spudcan-footprint interactions generally result in buckling of the leg at just below 

the hull. If the reference point is located at the top of the leg (see RP1 in Figure 3-5a), an 

additional moment (Ma) will be mobilized by H and the leg length, L1. Therefore, the total 

moment at RP1 is Mt = M + Ma. Note, the horizontal (H) and vertical forces (V) are not 

affected by this change of RP. The total moment (Mt) distributions are shown in Figure 3-5b.  
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Figure 3-5. Effect of horizontal force on induced moment: (a) Shift load reference point; 

(b) Moment distribution at RP1 

 

The leg length was setup as L1 = 150 m, which is similar to the practical maximum length in 

the field (e.g. GustoMSC CJ-80, KFELS N-Class). With the reference point being shifted 

from RP to RP1, the longest skirted spudcan S2 clearly shows the highest maximum total 

moment (Mt,max), which is more than double the generic spudcan A about the fixed leg head.  

In summary, the skirt length has a negative effect on reducing the horizontal responses of 

spudcan, and hence mitigating spudcan-footprint interaction issues. As such, non-skirted 

spudcans are selected for subsequent explorations. This finding is contrary to Hartono’s 

centrifuge test results (Hartono 2014). They concluded that a flat-based footing with skirt (Ls 

= 0.25D) has potential to reduce the horizontal forces in OC clay. However, it needs to be 

clear which structural component is an essential part for the mitigation. A particular 
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The results of these spudcans, the generic spudcan (spudcan A) and a no-hole flat-based 

spudcan are shown in Figures 3-11 and 3-12. Overall, the holes on the spudcan show a 

positive effect on reducing the horizontal force (approximately 10% smaller than that of 

spudcan U1) because the holes on the advancing spudcan provide a preferential soil flow path 

and force the spudcan to penetrate vertically (see Figure 3-13). However, the comparison 

results with spudcan A show that the underside profile has a much larger effect (32% 

reduction of Hmax) than the holes (10% reduction of Hmax). In addition, Figure 3-12 shows 

that the effect of the number of holes (Nh) is minimal. Thus, the net spudcan area (Anet) is 

more critical at mitigating spudcan-footprint interaction issues than the hole diameter (Dh) if 

Dh is sufficient to enable the soil to flow through the holes.  
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Figure 3-11. Comparison results of hole effect (Groups I, III and IV; Table 3-1): (a) Horizontal force; (b) Vertical force; (c) Moment 

distribution at RP and RP1 
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Figure 3-14. Mitigation efficiency of tested spudcans 

 

Overall, the skirt has a negative effect, whereas the flat base, negative-sloped base, and holes 

have positive effects on reducing both horizontal force and moment. The diameter and 

number of holes have minimal effects if the soil can flow through the holes.  Based on all 

findings, the flat-based spudcan with minimum number of holes (spudcan H1; Group IV, 

Table 3-1) is selected as the optimum spudcan at mitigating spudcan-footprint interaction 

issues. As shown in Table 3-1 and Figure 3-14, using spudcan H1, both Hmax and Mt,max can 

be reduced by 42% and 46%, respectively, compared to the generic spudcan. The change of 

Mmax is small because of the selection of RP at the centre of the spudcan base, making the H-

induced moment negligible.  

3.4. Concluding Remarks  
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analyses were performed: (i) first, varying the skirt length, which caused a worsening  effect 

(i.e., increased induced horizontal force and moment) with increasing skirt length; (ii) second, 

varying the spudcan base slope angle, and a flat-based (apart from the spigot) spudcan 

provided positive effect for full penetration depths; and (iii) finally, varying the number and 

diameter of holes on the spudcan, which directed that a 4-hole flat-based spudcan is the 

optimal shape. In comparison with the performance of the generic spudcan shape, this 

optimal shape reduced the maximum horizontal force by 42% and the maximum total 

moment by up to 46%, which confirm the potential to ease spudcan-footprint interactions 

without any additional mechanical operations.  

In this chapter, the analyses were performed considering a fixed head boundary condition at 

the spudcan, a single strength profile of clay deposit, and a conical footprint of geometry. 

Further analyses of installing a three-legged jack-up into footprint soil profiles that vary in 

strength due to remoulding, consolidation and recovering by time effect are discussed in 

Chapters 4 and 5. 
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To alleviate this issue, the first step was to investigate the performance of a spudcan 

installation next to a footprint. Due to both physical testing and numerical simulation 

challenges, the problem was simplified by considering a single cylindrical leg attached to a 

flat plate or generic spudcan and either a fixed head condition at the top of the leg (Leung et 

al. 2007; Cassidy et al. 2009; Gan et al. 2012; Kong et al. 2013; Kong et al. 2015; Tho et al. 

2013; Zhang et al. 2015) or a free head condition that allows sliding of the leg (Gaudin et al. 

2007; Hossain & Sainforth 2016; Hossain et al. 2017). The soil failure mechanisms were 

exposed, the underlying behaviour was elucidated, and the critical offset ratio  (defined as 

 = /D, where  is the distance between the footprint centre and the spudcan centre, and D 

is the spudcan diameter) was identified as 0.5~1.  

The following step was to explore potential mitigation measures. Thus far a number of 

measures have been trialled or examined, including: (a) infilling the crater (Jardine et al. 

2001& 2002); (b) capping the infilled crater with gravel loading platforms 

(Grammatikopoulou et al. 2007); (c) stomping (Jardine et al. 2002; Hartono 2014); (d) 

reaming (Hartono et al. 2013; Hartono 2014; Hartono et al. 2014); (e) perforation drilling 

(Hossain & Stainforth 2016); (f) successive repositioning until the legs stabilise in the 

desired position (Brennan et al. 2006); (g) use of a spudcan with a diameter identical or very 

similar to the existing footprint diameter, placed in the same location as the existing 

footprint (Erbrich et al. 2015); and (h) simultaneous water jetting and spudcan preloading 

(Handidjaja et al. 2009). In relation to the case histories in the North Sea, Jardine et al. 

(2002) and Grammatikopoulou et al. (2007) examined the potential of using the former two 

measures. However, the results were mostly inconclusive or unsatisfactory. The pattern of 

soil movement became markedly asymmetrical, which led to intolerable forces and moments 

developing in the jack-up leg before the target preload level was reached. Infilling the crater 

with different type of soil created additional problems such as punch-through. Use of a 
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gravel loading platform incurred the potential for slope-base failure. Stomping involves 

raising and lowering the jack-up leg over and away from the footprint to displace the soil 

towards the footprint. Jardine et al. (2002) and Hartono (2014) tested stomping and showed 

that it is effective in mitigating spudcan-footprint interactions where a spudcan penetrated up 

to the depth of initial penetration during creating the footprint. Reaming, also known as leg-

working or leg reciprocation, was tested by Hartono (2014) and Hartono et al. (2013 & 

2014), varying strategies involving different amplitude of leg penetration-extraction cycles. 

It was found that reaming technique is only effective when a small amplitude of penetration-

extraction cycle was used. Perforation drilling involves puncturing the soil by drilling a 

number of holes (and removing the soil) up to some depths beneath the footprint toe. 

Hossain & Stainforth (2016) showed that the removal of soil inside the spudcan perimeter, 

with an area of 9% perforated, is effective in easing spudcan-footprint interactions. 

However, all these techniques require additional mechanical operations to be carried out 

offshore, leading to additional cost and time. 

Consequently, Hossain et al. (2017) and Jun et al. (2018a & b) have focused on adjusting 

spudcan shapes to ease spudcan-footprint interactions. These studies have led to the 

establishment of a novel spudcan shape with a flat base and 4 holes (Jun et al. 2018b); the 

flat base reduces the induced horizontal force on the bottom slope of the spudcan and the 

holes provide a preferential soil flow path and force the spudcan to penetrate vertically. It 

has been shown that this shape can effectively ease spudcan-footprint interaction issues such 

as reducing the induced horizontal force. However, like the previous research on traditional 

spudcans these studies have considered only a single leg or fixed head condition with a 

novel spudcan; hence, the results cannot reflect the global behaviour of a jack-up rig, which 

may undergo leg splay and rotation and is effected by the connecting hull and other two 

legs.  
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This study focuses on the effect of global jack-up rig behaviour on spudcan-footprint 

interactions. The investigation was carried out through 3D large-deformation finite element 

(LDFE) analyses of soil-structure interaction combining a global jack-up structure idealised 

by equivalent beam elements. Both leg-by-leg and simultaneous all-leg preloading processes 

(Amodio et al. 2015), as commonly or sometimes used in the field, are considered with 

appropriate boundary conditions. An extensive parametric investigation was undertaken, 

varying the footprint geometry, soil strength and spudcan shape. Finally, the risk of sliding 

towards the footprint centre, overturning of the jack-up rig and structural failure were 

assessed by the proposed global jack-up modelling technique. 

4.2. Numerical Analysis 

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

in the commercial Finite Element (FE) package ABAQUS/Explicit (Version 6.12; Dassault 

2012). Qiu et al. (2011), Chen et al. (2013), Hu et al. (2014), Hamann & Grabe (2015), Kim 

and Hossain (2015, 2016 & 2017), Tho et al. (2015) and Zheng et al. (2015) have 

investigated various geotechnical problems using the CEL approach and provided evidence 

that it is applicable to solve problems involving large deformations. Extensive background 

information about CEL, spudcan installation and footprint modelling can be found in, Hu et 

al. (2015), Zheng et al. (2015) and Jun et al. (2018a & b); this information is not repeated 

here. 

4.2.1. Modelling for spudcan-footprint interaction 

Considering the symmetry of the problem, half of the spudcan and soil were modelled. The 

lateral extension of the soil domain was 4.0D from the centre of the spudcan (D is the spudcan 

diameter) on the spudcan penetration side and 3.0D on the opposite side, and the depth of the 

soil domain was ~5.5D to avoid boundary effects during the installation process (as obtained 

from preliminary convergence studies and considered by researchers, Zheng et al. 2015; Jun 
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A conical footprint (with diameter, DF = 2D and depth, zF = 0.33D; see Figure 4-2b) or a 

cylindrical footprint (with diameter, DF = D and depth, zF = 0.66D; see Figure 4-2c) with the 

soil strength along and adjacent to the footprint identical to the intact strength profile was 

considered. Generally, natural fine grained soils experience remoulding during a spudcan 

penetration and extraction event. This disturbance is healed gradually with the passing of time 

through dissipation of excess pore pressure (Leung et al. 2007; Gan et al. 2012). The changes 

of strength in kaolin clay were presented by Gan et al. (2012) plotting strength contour as a 

function of the jack-up operational period (0 and 2 years) and the intervening period before 

reinstallation (1 and 100 years). Leung et al. (2007) showed a full recovery of the original 

strength in kaolin takes 1~1.5 years in the vicinity of the footprint. In this study, the soil 

strength along and adjacent to the footprint identical to the intact strength profile was 

considered because of two main reasons: (i) removing the variety of possible strength 

gradients around the footprint has allowed for a consistent evaluation of the benefits of a new 

global modelling technique (and comparisons with the existing data from centrifuge tests 

(Kong et al. 2013) and numerical analyses (Jardine et al. 2002), as reported by Jun et al. 

2018a & b), (ii) due to the limitation of the current CEL approach and the used Tresca soil 

model, it is not possible to capture the effect of the jack-up operational period and the 

intervening period before reinstallation, and to maintain suction at the base of the extracting 

spudcan (Chen et al. 2013; Tho et al. 2014). 

This study considered two different spudcan shapes: (a) a generic spudcan with a shape 

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

(Menzies & Roper 2008), and (b) a novel spudcan with a flat base and four holes (Jun et al. 

2018b) for easing spudcan-footprint interaction issues. The details of these shapes are shown 

in Figure 4-3. These spudcans were simplified as a rigid body and connected to the jack-up 

rig (this will be discussed later).  
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	 1
| |,

1 /
,  (4-1)

The shear strain rate, , within the soil was evaluated according to  

	
∆ ∆

∆
 (4-2)

where 1 and 3 are the cumulative major and minor principal strains, respectively, over the 

incremental time.  All the parameter definitions are given in the notation list. Further details 

can be found in (Hossain and Randolph 2009; Zheng et al. 2015; Kim et al. 2017). The 

importance of considering this extended soil model, compared to a simple rate-independent 

and non-softened Tresca model, and corresponding effects have recently been highlighted by 

spudcan-footprint interaction problems by Hartono et al. (2014), Zhang et al. (2015), Jun et al. 

(2018a, b) and Zhang (2018) for other problems by many researchers e.g. Zhou and Randolph 

(2007), Hossain and Randolph (2009), Kim et al. (2015) and hence not repeated here. The 

soil-spudcan interface was modelled as frictional contact using a general contact algorithm 

with a limiting shear stress. 

The mesh dependence of the strain softening behavior can be compensated by combining the 

rate-dependent model (Needleman 1988; Sluys and De Borst 1992; Oka 2005; Zhou and 

Randolph 2007). For that and for considering at least a reasonable operative shear strength, 

combined rate dependency and progressive softening was implemented although the 

considered constant penetration rate of 0.1 m/s may not represent the rate during a spudcan 

sliding towards a footprint centre. Further accuracy of this numerical model was confirmed by 

Jun et al. (2018a, b) through e.g. mesh size exercise and validation exercise against measured 

centrifuge test data.  
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4.2.2. Modelling for a simplified global jack-up rig 

To examine the global behaviour induced by spudcan-footprint interactions, a simplified jack-

up rig was modelled, as shown in Figure 4-2. According to the ‘equivalent leg’ and 

‘equivalent hull’ model schemes (SNAME 2008), the legs and hull were constructed by 

‘beam’ elements with equivalent properties; the properties of these elements are summarised 

in Table 4-1. The hull and legs are generally connected by a jacking system (e.g., roller). In 

this study, this connection was modelled by ‘beam connector’ elements, allowing movement 

in vertical direction (Uz = free) while maintaining the other degrees of freedom (Ux, Uy, Rx, 

Ry and Rz) fully coupled at the leg-hull connection (Jardine et al. 2002). The spudcan and a 

leg were connected by a ‘MPC tie’ (see Figure 4-2), allowing the movement of all degrees of 

freedom (Ux, Uy, Uz, Rx, Ry and Rz) at the connection point. Symmetric conditions were 

applied to the overall model. In the field, a hull is generally submerged in shallow water (with 

a draft) during (at least) the initial preloading, particularly if a hazard (e.g., punch-through or 

spudcan-footprint interaction) was forecasted. Note, the leg-to-hull connection can be 

idealised by spring element (ISO 2012) and the effect was discussed in Appendix C. 

The corresponding vertical buoyancy effect on the hull base was applied using spring stiffness 

(Kbuoy) according to   

∆s 	
∆

 (4-3)

where s is the hull vertical displacement, Kbuoy (= sea × g × Ahull bottom / number of springs) is 

the spring stiffness of the static vertical buoyancy effect, and Fbuoy is the changed static 

buoyancy force on the hull bottom (or the required force for s). sea is the density of the sea 

water (1.025 ton/m3), g is the acceleration of gravity (9.81 m/s2), and Ahull bottom is the hull 

base area. Although a controlled leg penetration (0.1 m/s) was modelled, changes of buoyancy 

occurred due to the rotation of the hull, which was caused by the sliding of the jack-up rig 
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towards the footprint and rotation of the legs. Note that (i) no spring for the rotation was 

considered, and (ii) other environmental loads induced by winds, waves and currents were 

ignored, as it is usual for a relatively calm weather condition to be considered during 

preloading (InSafeJIP 2011). 

Table 4-1. Main dimensions and properties of a simplified jack-up rig model 

Main dimensions and properties Value 

Total leg length 180 (m) 

Leg length between hull and seabed 150 (m) 

Each side length of hull (hull shape: equilateral triangle) 80 (m) 

Cross-sectional area of equivalent leg beam model, Aleg 

0.71 (m2) 

0.35 (m2) for a symmetric 
condition 

Cross-sectional area of equivalent hull beam model, Ahull 

2.79 (m2) 

1.40 (m2) for a symmetric 
condition 

Moment of inertia of equivalent leg beam model, Ileg 

21.26 (m4) 

10.63 (m4) for a symmetric 
condition 

Moment of inertia of equivalent hull beam model, Ihull 

55.51 (m4) 

27.76 (m4) for a symmetric 
condition 
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4.2.4. Modelling for penetration scenarios 

To reflect the preloading sequences in the field, two different preloading processes were 

considered: (a) Preloading A, leg-by-leg preloading: two legs were first installed on the flat 

ground, and then the third leg was penetrated (at a constant rate of 0.1 m/s) near a footprint 

(see Figure 4-4); (b) Preloading B, simultaneous preloading: all three legs were penetrated 

simultaneously (at a constant rate of 0.1 m/s; see Figure 4-5). To reduce the computational 

time, the spudcans on the flat ground were replaced by foundation springs. The details of the 

modelling techniques are described below.  

Preloading A, leg-by-leg preloading: The spudcans installed on the flat ground were 

assumed to be pre-embedded to a depth of 0.25D (Kong et al. 2015). The spudcans were 

replaced by the attached foundation springs (three per each leg; see inset in Figure 4-4), and 

the corresponding stiffnesses were calculated according to the International Standard 

Organisation guidelines (ISO 2012) 

KV,ISO = KdV × 2GD / (1-)                       (vertical stiffness)     (4-4) 

KH,ISO = KdH ×16GD(1-) / (7-8)            (horizontal stiffness)    (4-5) 

KM,ISO = KdM ×GD3 / 3(1-)                      (moment stiffness)    (4-6) 

where KdV, KdH and KdM are the stiffness depth factors, G is the shear modulus of the 

foundation soil and  is Poisson’s ratio of the soil. The third spudcan then penetrated the 

footprint slope at a constant penetration velocity of v = 0.1 m/s. Note that it was assumed that 

a single leg penetration is carefully controlled by sequential filling and discharge of preload 

ballast tanks around the leg to minimise the impact on the global moment equilibrium 

(InSafeJIP 2011). Note, ISO guidance (ISO, 2012) recommends using a secant reduced 

rotational stiffness to ensure compliance with the yield interaction surface. However, a secant 

stiffness model is not applicable for penetrating foundations. Furthermore, the rotational 
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reaction induced by the spudcan-footprint interaction is relatively very small compared to the 

horizontal and moment forces. As such, for the considered problem with spudcan continuous 

penetration initial foundation springs / stiffness (KV, KH and KM) were adopted. The effect 

with some assumptions was evaluated in Appendix C.  
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Preloading B, simultaneous preloading: All legs are sometimes installed simultaneously, as reported by Amodio et al. (Amodio et al. 2015) for 

a jack-up rig installation near an existing footprint. They employed simultaneous preloading of three legs in the initial preloading stage (see 

Figure 4-5). The changes in the stiffness of the other two legs during this continuous penetration process cannot be represented by the foundation 

stiffness from the ISO guidelines (2012), which give a constant stiffness at a given depth (Equations 4-4 ~ 4-6). Therefore, the evolution of 

stiffness was derived directly from a series of LDFE simulations considering the same soil and spudcan properties. For example, as shown in Fig. 

6a, the simplified vertical stiffness (KV,LDFE) was extracted from the results of penetration tests on the flat ground. In addition, the simplified 

horizontal (KH,LDFE) and moment (KM,LDFE) stiffness were obtained from lateral swipe and rotation tests at different depths (d/D = 0.0, 0.1 and 

0.2), respectively (see Figures 4-6b and 4-6c). The stiffness for any intermediate depths can be picked through interpolation. The correlation of 

the combined load components was not considered. This modelling approach is consistent with that followed by Ibsen et al. (2013) and 

Østergaard et al. (2015) for the study of monopoles and bucket foundations. The penetration velocity (v) of the three legs was assumed to be 0.1 

m/s. 
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4.3. Results and Discussion   

To examine the effect of various factors on jack-up rig spudcan-footprint interactions, an 

extensive parametric study was carried out varying the (a) preloading processes (preloading 

A and preloading B), (b) soil strength (su,ref = 2.4 + 1.35z kPa to represent soft clays and 50 

kPa corresponding to very stiff clays), (c) footprint geometry: shallow footprint (DF = 2D 

and zF = 0.33D to represent footprints in soft clays, e.g., Gan 2009; Hossain et al. 2012; 

Hossain & Dong 2014; Erbrich et al. 2015) and deep footprint (DF = 1D and zF = 0.66D to 

represent footprints in moderate to stiff clays, e.g., Erbrich 2005; Gan 2009), and (d) 

spudcan shape (generic spudcan and novel spudcan; D = 15 m). The results from this 

parametric study, as assembled in Table 4-2, are discussed below. The parameters for the 

rate dependency and strain-softening of the clay soil were assumed to be  = 0.1, rem = 1/St 

= 1/3, 95 = 15, and   = 1.5% h-1, as they typically provided a good match with the data 

from the field and centrifuge tests (Jun et al. 2018a & b; Zheng et al. 2015).  
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Table 4-2. Summary of 3D LDFE analyses performed  

Group 
Spudcan 
shape 

su,ref 

(kPa) 

Footprint 
depth, zF 
(m) 

Footprint 
diameter, 
DF (m) 

Offset 
distance
,  (m) 

Penetration scenario 
Spudcan response 

Note Hmax  
(MN) 

Mmax  
(MN-m)

max 

(m) 
max 
() 

I 
Generic 
spudcan 

*Soft 
clay 

0.33D 2.0D 0.55D 

Fixed head condition 1.02 13.1 - - 
Effect of 
global 
response 
and large 
sliding 
 

Preloading A (KISO) 0.94 13.8 0.49 -0.23 

Preloading B 
(KLDFE) 

= 1.0 0.93 13.6 0.55 -0.13 
= 0.5 0.75 13.7 2.67 -0.11 
= 0.3 0.56 13.4 3.98 -0.08 
= 1.0 0.25 12.5 6.23 -0.04 

II 
Generic 
spudcan 

#Very 
Stiff 
clay 

0.66D 1.0D 0.50D 
Fixed head condition 7.55 73.0 - - 

Leg 
damage Preloading A (KISO) 6.35 72.0 3.43 -1.37 

III 
Novel 
spudcan 

*Soft 
clay 

0.33D 2.0D 0.55D 
Preloading B 
(KLDFE) 

= 1.0 0.64 13.8 0.40 -0.10 
Effect of 
novel 
spudcan 

= 0.1 0.27 12.2 3.72 -0.05 
#Very 
Stiff 
clay 

0.66D 1.0D 0.50D Preloading A (KISO) 4.18 58.2 2.35 1.06 

Note: *Soft clay: su,ref = 2.4 + 1.35z (kPa) (Menzies & Roper 2008) 

#Very stiff clay: su,ref = 50.0 (kPa) 
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4.3.1. Effect of preloading process and foundation stiffness 

The effect of the global behaviour of spudcan-footprint interactions was investigated by 

comparing the modelling results with those from single spudcan penetration analyses with a 

fixed head condition (infinite horizontal and rotational stiffness, allowing only vertical 

displacement). The soft clay conditions (su,ref = 2.4 + 1.35z in the Gulf of Mexico; Menzies 

and Roper 2008), conical footprint geometry (DF = 2D and zF = 0.33D; see Figure 4-2b), and 

 = 0.55D were chosen from the field measurements and centrifuge tests. As noted previously, 

two different preloading processes were considered by using different types of foundation 

stiffness (KISO and KLDFE). For simultaneous preloading (preloading B), additional reduction 

of the foundation stiffness (e.g.,   KLDFE, where  = 0.1, 0.3 and 0.5) was considered to 

quantify the effect of the foundation stiffness. These reduced stiffness cases correspond to 

various spudcan embedment conditions and seabed soil strength heterogeneity, for instance, 

one leg penetrating the footprint slope while the other two legs are adjacent to a region that is 

lower than the footprint area. A similar approach using reduced stiffness was considered by 

Kong et al. (2015). 

Figure 4-7 shows a comparison of the performance of the generic spudcan in terms of the 

horizontal (H), vertical (V), moment (M) stiffnesses, lateral displacement () and rotation 

distribution () at the spudcan reference point RP (see Figure 4-3) along the normalised 

penetration depth d/D. The corresponding soil failure mechanisms are displayed in Figure 4-8.  
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The profiles of the vertical force (V) for the fixed head condition with the two global jack-up 

rig preloading processes are very consistent (Figure 4-7a). However, for preloading B, a 

reduced stiffness resulted in a reduced vertical resistance at shallow penetration depths (d/D < 

0.2). This is due to sliding with the increasing lateral displacement allowing for a reduction in 

the resistance (see Figure 4-7d). As shown in Figure 4-8, during sliding, instead of 

verticalpenetration, the movement of the spudcan along the footprint slope dominates the 

behaviour. The lateral sliding stops at approximately d/D = 0.2 (the maximum lateral 

displacement, Hmax = 6.23 m for  = 0.1), where the base of the spudcan is in full contact 

with the soil (see Figure 4-8b); hence, the penetration resistance profile rises sharply and 

merges with those of the no sliding or minor sliding cases.  

The induced horizontal force (H) with global modelling is 8~9% lower than that with the 

fixed head condition (0.93~0.94MN vs 1.02 MN; see Figure 4-7b). This reduction arises 

mainly from the lateral sliding towards the footprint centre, diminishing the asymmetry of the 

soil failure mechanism (see Figures 4-7d and 4-8). Relative to the fixed head condition, both 

reduction of H and lateral sliding displacement H increase with decreasing stiffness K 

(Figures 4-7b and 4-7d) confirms the previously identified explanation. The maximum 

horizontal force (Hmax) for 0.1  KLDFE is 0.25 MN, which is approximately 75% lower than 

that for the fixed head condition (Hmax = 1.02 MN).  

All the moments (M) in this parametric study are shown in Figure 4-7c. The moment (M) at 

RP is mainly governed by the resultant vertical force (V) and its eccentricity from RP as the 

resultant horizontal forces nearly pass through RP (Kong et al. 2013; Zhang et al. 2015; Jun et 

al. 2018a & b). As such, the differences in the maximum moment (Mmax) are not very large 

(see Figure 4-7c).  

The lateral displacement, , and rotation, , are plotted in Figures 4-7d and 4-7e, respectively. 

Both values are 0 regardless of the penetration depth for the fixed head condition, as the 



Chapter 4. Global jack-up behaviour next to a footprint 

 

 

 

108 
 

spudcan was forced to penetrate vertically. The maximum lateral displacements for 

preloading A and preloading B are respectively max = 0.49 m and 0.55 m, which increase 

with decreasing  or stiffness (Figure 4-7d). For instance, max = 6.23 m for  = 0.1. 

Interestingly, the trend is reversed for the rotation . The maximum rotation value max is -

0.23 for preloading A and -0.13 for preloading B. max decreases with w or the stiffness 

(Figure 4-7e). For instance, max = -0.04 for  = 0.1. This is because of the domination of the 

global jack-up movement mechanism, translational to leg splay, as explained below.   

Figure 4-9 shows the schematic diagram for the relative lateral displacement (H) and rotation 

() at four characteristic locations in the jack-up rig: (a) location A (a and a) is at the 

spudcan on the flat seabed; (b) locations B and C (b, c and b, c) are at the connection 

between the hull and the leg; and (c) location D (d and d) is at the spudcan near the 

footprint.  
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Table 4-3. Displacement and rotation at each location (locations a, b, c and d) at the penetration depth with Hmax and max 

 
 
 

Lateral displacement at max (m)  Rotation at max (degree) 

a b c d Hmax a b c d max 

Preloading A 
(KISO) 

Measured 
value 

0.00 0.01 0.00 0.48 0.49 0.00 -0.03 -0.03 -0.17 -0.23 

Ratio* 0% 2% 0% 98% 100% 0% 13% 13% 74% 100% 

Preloading B 
(KLDFE) 

Measured 
value 

0.05 0.25 0.00 0.25 0.55 0.12 -0.08 -0.03 -0.13 -0.12 

Ratio 10% 45% 0% 45% 100% -100% 67% 25% 108% 100% 

Preloading B 
(0.5KLDFE) 

Measured 
value 

2.25 0.20 0.00 0.22 2.67 0.09 -0.06 -0.03 -0.11 -0.11 

Ratio 84% 8% 0% 8% 100% -82% 55% 27% 100% 100% 

Preloading B 
(0.3KLDFE) 

Measured 
value 

3.65 0.16 0.00 0.17 3.98 0.07 -0.05 -0.02 -0.08 -0.08 

Ratio 92% 4% 0% 4% 100% -88% 63% 25% 100% 100% 

Preloading B 
(0.1KLDFE) 

Measured 
value 

6.09 0.07 0.00 0.07 6.23 0.03 -0.02 -0.01 -0.04 -0.04 

Ratio 98% 1% 0% 1% 100% -75% 50% 25% 100% 100% 

Note: *Ratio: Location / max & Location / max 



Chapter 4. Global jack-up behaviour next to a footprint 

 

 

 

111 
 

For the relatively higher stiffness cases (i.e., KISO and KLDFE), the maximum lateral 

displacements occur at locations B and D, while the displacements at location A and C are 

minimal. This is because, for instance, at location A, the actual lateral responses lie in the 

elastic zone of stiffness KISO and KLDFE (see Figure 4-10). This minimum lateral displacement 

at locations A and C and maximum lateral displacement at B and D results in leg splay of the 

global jack-up. However, by reducing the foundation stiffness ( × KLDFE,  = 0.1, 0.3 and 

0.5), the displacements at location A increase remarkably (see Figure 4-10), while those at B 

and D decrease. Therefore, the global jack-up deformation pattern changes to a horizontal 

translational mode (see insets in Figure 4-10).  

In all the cases, the rotation increments at location D (d) are almost identical to the resultant 

rotation at the spudcan location RP (; see Table 4-3). This attributes to the fact that the 

buoyancy spring stiffness (Kbuoy) restricts the rotation of the hull, leading to the other rotation 

components compensating with each other (a + b + c  0).  
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= 0.5D (Figure 4-11) and 0.55D (Figure 4-7). For instance, the maximum horizontal force 

(Hmax) is 682% greater for a deep cylindrical footprint. This is because of the more profound 

asymmetric soil flow to deeper penetration depths, as can be observed by comparing the soil 

failure mechanisms between Figures 4-8 and 4-12, and the increased undrained shear strength. 

In addition, the global modelling confirms that the lateral sliding towards the footprint centre 

reduces the induced horizontal force. 

Figure 4-7c and 4-11c plot the moment at RP at the spudcan centre, nominally nulling the 

influence of the resultant horizontal force H, as it nearly passes through the RP. However, if 

the reference point is shifted to the point connecting the leg with the hull, the resultant 

horizontal force H will add additional moment (= H  Lleg) and dominate the moment 

response (Jun et al. 2018a & b).  

If the consequent stress on the leg exceeds its structural capacity, the leg can be damaged. For 

example, Figure 4-13a plots the moment at the leg top for the preloading A (KISO) case shown 

in Figure 4-11c. Clearly, the moment direction is reversed, and the magnitude of the 

maximum moment is significantly higher (-467.5 MN vs 72 MN). Figure 4-13b shows that 

the beam stress distribution on the leg interacts with the footprint just below the hull (150 m 

above the soil surface), which is captured directly from the global jack-up modelling. The 

beam stress can be divided into two components: (a) pure axial stress from the vertical force 

(e.g., penetration resistance) and (b) bending stress from the spudcan-footprint interaction (i.e., 

horizontal force, moment, leg eccentricity; see inset in Figure 4-13b).  



Chapter 4.

 

 

Figure 

. Global jack-up

4-13. Beam

footp

p behaviour ne

m stress on

print 

ext to a footprin

 a leg just b

nt 

116 

below hull in very stifff clay and 

 

d a deep cyl

 

 

lindrical 

 



Chapter 4. Global jack-up behaviour next to a footprint 

 

 

 

117 
 

In this case, the structural stability of the leg is dictated by the bending stress due to the effect 

of the spudcan-footprint interaction. For instance, when the maximum beam stress (beam,max) 

is approximately -420.8 MPa, the axial stress (axial) is -82.2 MPa (19.5% of beam) and the 

bending stress (bending) is -338.6 MPa (80.5% of beam). Figure 4-13c shows the evolution of 

structural stresses with the spudcan penetration depth d/D, allowing the identification of the 

critical depth for attaining the maximum beam stress as d/Dcritical = 0.45. 

In the analyses above, the jack-up legs were simplified according to the ‘equivalent leg’ 

model scheme of SNAME (2008). To assess the structural integrity more precisely, an 

analysis was performed by considering a truss leg, following the ISO design guideline (2012). 

From the analyses above (e.g., Figure 4-13), it was found that the maximum stress was 

concentrated on the leg with the spudcan to be installed near the footprint, just beneath the 

connection of the hull with the leg. As such, for this analysis, only a 37.5-m-long section of 

that leg from the hull-leg connection point was considered, as shown in Figure 4-14. For the 

boundary conditions, three degrees of freedom (lateral displacement in the x direction, Ux, 

vertical displacement, Uz, and rotation in the y direction, Ry) at the top and bottom of the truss 

leg section were considered, while lateral displacement in the y direction (or perpendicular to 

the page), Uy, rotation in the x direction, Rx, and rotation in the vertical direction, Rz, were 

assumed to be zero due to the symmetric condition of the problem.  
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modelling with simplified legs (beam) is close to or exceeds the stability criterion (criteria), a 

detailed truss leg analysis has to be conducted.  

4.3.3. Effect of novel spudcan  

From the previous investigations (Hossain et al. 2017; Jun et al. 2018a & b), it has been 

consistently found that spudcan shape has a significant influence on spudcan-footprint 

interactions, leading to the establishment of a novel spudcan shape, with a flat base and 4 

holes, to ease spudcan-footprint interaction issues. For example, the reduction of the 

maximum induced horizontal force (Hmax) by the novel spudcan was approximately 30%~42% 

(Jun et al. 2018a) and the reduction of the lateral sliding distance was 74~98% (Hossain et al. 

2017), in comparison to the results using a generic spudcan. However, all the previous 

simulations or tests have been conducted considering a single rigid leg with either a fixed 

head or free head (allowing lateral displacement of the spudcan and leg together, Hossain et al. 

2017) condition. In this study, the performance of the novel spudcan will be assessed through 

global jack-up rig modelling.  

Lateral sliding  

To check the effect of the novel spudcan on lateral sliding, a normal (preloading B; KLDFE) 

and a reduced (preloading B; 0.1  KLDFE) foundation stiffness and a conical shallow footprint 

geometry (DF = 2D and zF = 0.33D), were chosen. Figure 4-16 shows the response profiles for 

both novel and generic spudcans as comparison. For the normal stiffness case, the novel 

spudcan reduces Hmax by 31% and Hmax by 23%, but the values of Mmax (near RP) and Hmax 

are very similar. In contrast, for the reduced stiffness case, the values of Hmax, Mmax and max 

are similar, but the novel spudcan reduces Hmax by 40%. These results can be explained by 

the corresponding soil failure mechanisms depicted in Figure 4-17. By comparing the 

mechanisms for the generic spudcan in Figure 4-8, the flat-based underside profile and holes 

on the novel spudcan provide preferential soil flow paths, somewhat anchoring the spudcan 
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spudcan (D = 16.4 m) becomes similar to the generic spudcan (Figure 4-16a), (ii) the 

horizontal force remains similar to the original novel spudcan (Figure 4-16b) as the enlarged 

flat base did not mobilise additional horizontal force, and (iii) the moment response increases 

significantly due to the enhanced imbalance vertical force (Figure 4-16c). The effect of the 

holes has been reported extensively by Jun et al. (2018a & b).  

Leg failure  

To examine the effect of the novel spudcan on the structural integrity, stiff clay with a deeper 

footprint case, discussed in Figures 4-11 ~ 4-15, was considered. The same analyses were 

carried out by replacing the generic spudcan with the novel spudcan. The results are shown in 

Figures 4-18 ~ 4-20.  

Compared to the response of the generic spudcan, the maximum horizontal force (Hmax), 

maximum moment (Mmax), maximum lateral displacement (Hmax), and maximum rotation 

(max) are reduced by 34.2%, 19.2%, 31.5% and 22.6%, respectively, by using the novel 

spudcan (see Figure 4-18). With the progress of penetration, the soil flow beneath the generic 

spudcan is mainly directed towards the other side of the footprint wall (see Figures 4-12a and 

4-12b), whereas the soil at the base of the novel spudcan flows partly through the holes and 

partly towards the other side of the footprint wall (see Figures 4-19a and 4-19b). The soil flow 

through the holes somewhat anchors the spudcan, limiting the lateral sliding of the spudcan 

towards the footprint centre.     

Figure 4-20a shows the stress distributions, as a function of the normalised spudcan 

penetration depth d/D, from the global modelling considering simplified beam legs. The 

critical spudcan penetration depth for attaining the maximum stress, d/Dcritical = 0.5, is similar 

to that (0.45) for the generic spudcan (see Figure 4-13c). However, the maximum beam stress 

of beam,max = - 315.9 MPa is 25% lower than that (420.8 MPa) for the generic spudcan. 

Nevertheless, |beam,max| = 315.9 MPa exceeds the lower bound of the design criteria, 302.8 
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MPa < criteria < 445.3 MPa. As such, a detailed truss leg analysis was carried out, and the 

stress distribution is shown in Figure 4-20b. Again, the location of the maximum beam stress 

at the 2nd (from the top) joint between the left chord and braces is consistent with the location 

of the maximum beam stress for the generic spudcan (see Figure 4-15).  

However, the maximum beam stress of |beam,max| = 298.6 MPa is now less than the lower 

bound of the design criteria, 302.8 MPa < criteria < 445.3 MPa, meaning that the leg or jack-

up rig will not fail if the novel spudcan is used. This confirms that tweaking the spudcan 

shapes (i.e., the underside profile and holes) has potential to ease spudcan-footprint 

interactions and increases the structural integrity of the jack-up rig.   
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4.4. Concluding Remarks  

A global assessment of spudcan-footprint interactions was performed through modelling of a 

complete jack-up rig considering three simplified tubular legs connected by a hull than that 

performed using a single leg or fixed head condition. The influence of buoyancy on the hull 

draft was taken into account. The two routine preloading methods, i.e. leg-by-leg preloading 

and simultaneous preloading, were simulated. The jack-up rig was set up with one leg with its 

spudcan foundation near a footprint and the other two legs with their spudcans away from the 

footprint. The two spudcans away from the footprint were replaced by vertical horizontal and 

moment springs to simplify the analysis. The stiffness of the springs were obtained from the 

LDFE analyses and artificially reduced (to capture softer soil or surface footing case) the 

values. In addition, two soil strengths and two footprint geometries were explored. Advanced 

structural integrity analyses were carried out by considering global modelling with a tubular 

leg or truss leg to identify the potential and location of leg failure due to spudcan-footprint 

interactions. Finally, the performance of a recently proposed novel spudcan in the global jack-

up rig was assessed. The following conclusions can be drawn. 

Global jack-up rig modelling showed that induced horizontal force Hmax may be 8~9% (for 

soft clay with a 2D wide and 0.33D deep footprint) and 15.9% (for stiff clay with a 1D wide 

and 0.66D deep footprint) lower compared to the fixed head condition. However, this study 

also provided an indication of the magnitude of the lateral spudcan displacement, with 

maximum displacements of Hmax = 0.45~0.55 m (for soft clay) to 3.43 m (for stiff clay), and 

maximum rotations of max = -0.13~-0.23 (for soft clay) and -1.37 (for stiff clay). The 

reduction of H with global modelling increased with decreasing stiffness K and increasing 

lateral sliding displacement H. The effect of preloading process was found to be insignificant. 

All the responses for a deep cylindrical footprint in stiff clay were significantly higher 
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compared to the results for a shallow conical footprint in soft clay, with identical spudcan 

installation offset. 

For the stiff clay with a 0.66D deep footprint and generic spudcan, the maximum beam stress 

occurred at a spudcan penetration depth of 0.5D. Both the global analysis with a tubular leg 

and detailed truss leg analysis showed that the leg on the footprint would fail at the second 

(from the top) joint between the left chord and braces due to the beam stresses caused by 

spudcan-footprint interactions. 

The novel spudcan with a flat base and 4 holes reduced Hmax by 31% and max by 23% (for 

soft clay with a 2D wide and 0.33D deep footprint) and Hmax by 34.2%, max by 19.2% and 

max by 31.5% (for stiff clay with a 1D wide and 0.66D deep footprint) against the generic 

spudcan. More importantly for the cases studied here, from the detail truss leg analysis, the 

leg near the footprint, which would fail with the generic spudcan, may not fail with the novel 

spudcan.  

Based on the results, the recommendations for the design of a spudcan penetration near a 

footprint can be proposed as  

1. The responses are affected by the footprint geometry, offset distances, and spudcan 

shape. 

2. To prevent the large lateral displacement towards the footprint centre, the horizontal 

resistance capacity at the other spudcans should be larger than the horizontal force 

induced by spudcan-footprint interactions.  

3. The structural integrity of the leg must be checked against the predicted induced 

horizontal force and moment. 

4. The novel spudcan can be used for easing spudcan-footprint interactions. 

All the analyses were performed considering a footprint with the soil strength along and 

adjacent to the footprint identical to the intact strength profile. The changes of soil strength 
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during the formation of the footprint and subsequent jack-up operational period and the 

intervening period before reinstallation were therefore not taken into account. Further 

analyses are being carried out considering soil strength heterogeneity around the footprint. 

Due to the limitation of the used LDFE technique and soil constitutive model, footprint was 

not created in the real field way of penetration and extraction of a spudcan. Instead, the 

footprint geometries and strength contour presented by Gan et al. (2012) as a function of the 

jack-up operational period and the intervening period before reinstallation were directly 

mapped in the LDFE simulations. The results are discussed in the Chapter 5.  
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5. NUMERICAL ANALYSIS OF REINSTALLATION OF 
SPUODCAN NEAR FOOTPRINTS FORMED DURING PRIOR 
INSTALLATIONS 

5.1. Introduction 

Modern jack-ups typically consist of a buoyant triangular platform supported by three 

independent truss legs, each attached to a large-diameter spudcan. After completing the initial 

operation, the legs are retracted from the seabed and leave depressions, referred to as a crater 

or ‘footprint’. Jack-ups often return to the previous operation site for more drilling where the 

footprints from previous explorations are present. Where one of the jack-up legs is located 

near an existing footprint slope, there is a tendency for the spudcan to slide towards the centre 

of the footprint, inducing excessive lateral displacements and bending moments or rotations 

of the rig. These detrimental foundation behaviours can result in an inability to install the 

jack-up at the required position, and even worse the occurrence of leg splay and structural 

damage to the whole jack-up system. The frequency of offshore incidents during installation 

near footprints has increased by a factor of four from the period 1979~88 to the period of 

1996~2005 (Osborne 2005). MSL (2004) also reported the spudcan-footprint interaction as 

the second most common reason for jack-up foundation failures.   

To investigate this issue, the characteristics of spudcan-footprint interactions have been 

investigated by a number of researchers, mostly through physical modelling. Leung et al. 

(2007) and Gan et al. (2012) presented the effect of time on the recovery of remoulded soil 

strength by using centrifuge tests. Gaudin et al. (2007) focused on large lateral sliding 

towards the footprint centre considering remoulded soil strength profiles. Cassidy et al. (2009) 

addressed the effects of leg stiffness, offset distance and remoulded soil zone on spudcan-

footprint interactions. Kong et al. (2013, 2015) studied this issue considering a footprint with 

intact soil strength (i.e. not effected by remoulding and reconsolidation), and the typical 

failure mode was addressed through centrifuge observation and subsequent particle image 
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velocimetry analyses. Hossain & Stainforth (2016) and Hossain et al. (2017) have assessed 

the performance of perforation drilling and spudcan shapes on easing spudcan-footprint 

interactions considering a footprint with intact soil strength.  

Recently the footprint-spudcan interaction problem has been addressed through numerical 

modelling. Zhang et al. (2015) and Jun et al. (2018a & b) investigated this issue through large 

deformation finite element (LDFE) simulations, by considering the artificial footprint 

geometry with intact soil strength. Hartono et al. (2014) and Tho et al. (2015) also carried out 

LDFE analysis by generating the footprint through the spudcan extraction process. However, 

due to the limitation of the used constitutive models, the effect of time or generation and 

dissipation of excess pore pressure has not been captured. Furthermore, due to the limitation 

of the used LDFE approaches and soil constitutive models, the proper suction at the base of 

the originally extracting spudcan has not been modelled, leading to “immediate breakaway” 

condition (Chen et al. 2013; Tho et al. 2013). It should be noted that, in clay, the suction at 

the base of the extracting spudcan constitutes the reverse end bearing soil flow up to a 

significant extraction distance, and is the major contributor to the extraction resistance 

(Purwana et al. 2005; Hossain and Dong 2014; Hossain et al. 2015).  

Unlike spudcan penetration into a flat seabed, the excessive horizontal force and moment 

induced by the spudcan-footprint interaction may cause a global lateral or rotational 

movement of the whole jack-up rig. However, in the reported physical and numerical 

modelling, a single leg connected with a flat plate or generic spudcan, and fixed head 

condition at the top of the leg (Leung et al. 2007; Cassidy et al. 2009; Gan et al. 2012; Kong 

et al. 2013, 2015; Zhang et al. 2015; Jun et al. 2018a, b) or free head condition that allows the 

sliding of the leg (Gaudin et al. 2007; Hossain and Stainforth 2016; Hossain et al. 2017) has 

been considered. Recently, Jun et al. (2019) developed a simplified global jack-up modelling 
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framework for examining the three-dimensional global response of a jack-up rig induced by 

spudcan-footprint interactions.  

In this paper, a series of three-dimensional LDFE analyses were carried out to investigate the 

effect of spudcan-footprint interactions. Due to the limitation of the used LDFE technique 

and soil constitutive model, footprint was not created in the real field way of penetration and 

extraction of a spudcan. Instead, the measured soil strength profiles and footprint geometries, 

from the centrifuge data (Gan et al. 2012), were directly mapped in the LDFE simulations. 

The global jack-up modelling framework (Jun et al. 2019) was incorporated. An extensive 

parametric investigation was undertaken varying the relevant range of parameters, such as the 

(a) remoulded soil zone and strength underneath a footprint surface; (b) elapsed time (ET: 

time between the formation of a footprint or extraction of a spudcan and re-installation of a 

spudcan); and (c) offset distance (: distance between the footprint centre and reinstalling 

spudcan centre). Additionally, the performance of the novel spudcan shape, developed 

recently to ease spudcan-footprint interactions (Jun et al. 2018b), was assessed. 

5.2. Numerical Analysis 

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

in the commercial Finite Element (FE) package ABAQUS/Explicit (Version 6.12, Dassault 

Systèmes 2012). Extensive background information about spudcan installation modelling can 

be found in  Zheng et al. (2015), Hu et al. (2015) and Jun et al. (2018a, b) but is not repeated 

here. 

5.2.1. Modelling of spudcan-footprint interactions 

Considering the symmetry of the problem, half of the spudcan and soil were modelled. The 

lateral extension of the soil domain was 4.5D from the centre of the footprint (D is the 

spudcan diameter) on the spudcan penetration side and 2.5D on the opposite side, and the 

depth of the soil domain was ~5.5D to avoid boundary effects during the installation process 
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(as obtained from preliminary convergence studies and considered by researchers including 

Zheng et al. 2015 and Jun et al. 2018a). The typical soil element size along the trajectory of 

the spudcan (i.e., in the fine mesh zone) was selected as 0.025D based on the mesh 

convergence study reported by Jun et al. (2018a). The footprint geometry and corresponding 

remoulded soil strength were directly imported from centrifuge data (Gan et al. 2012). A 

typical mesh is shown in Figure 5-1. The reinstallation of spudcans in clay is completed 

under undrained conditions. Thus, following the work of Einav and Randolph (2005), the soil 

was modelled as an elasto-perfectly plastic material that obeys a Tresca yield criterion with 

extensions to capture the strain rate and strain-softening effects: 

	 1
| |,

1 /
,  (5-1)

The parameter definitions are given in the notation list. Further details can be found in 

Hossain and Randolph (2009), Zheng et al. (2015) and Kim and Hossain (2017). The spudcan 

was simplified as a rigid body and connected to a simplified jack-up rig model. The 

penetration velocity of the spudcan (v) was assumed to be 0.1 m/s referring to parametric 

studies (Hu et al. 2014; Wang et al. 2015). The soil-spudcan interface was modelled as 

frictional contact using a general contact algorithm with a limiting shear stress. 
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Figure 5-2a.  As such, the global rotation of the hull (e.g. vertical displacement at each node, 

s) is controlled by the buoyance force (Fbuoy) at each node according to 

Fbuoy = Kbuoy(=sea × g × Ahull bottom/number of springs)×s                                                 (2) 

where sea is the density of the sea water (1.025 ton/m3), g is the Earth’s surface gravity (9.81 

m/s2), and Ahull bottom is the area of the hull base. To reduce the computational time, the 

spudcans on the flat ground were replaced by foundation springs (e.g., KV, KH, KM; from ISO 

2012 and Jun et al. 2018c). Note, ISO guidance (ISO, 2012) recommends using a secant 

reduced rotational stiffness to ensure compliance with the yield interaction surface. However, 

a secant stiffness model is not applicable for penetrating foundations. Furthermore, the 

rotational reaction induced by the spudcan-footprint interaction is relatively very small 

compared to the horizontal and moment forces. As such, for the considered problem with 

spudcan continuous penetration initial foundation springs / stiffness (KV, KH and KM) were 

adopted.. The effect with some assumptions was evaluated in Appendix C. Actual global 

modelling is shown in Figure 5-2b. Note that other environmental loads induced by winds, 

waves and currents were ignored, as it is common that a preloading is planned for relatively 

calm weather conditions (InSafeJIP 2011). 
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The computed horizontal, vertical and moment responses from the current LDFE technique 

are in reasonable agreement with the measured data from Gan et al. (2012). This validation 

exercise confirmed the capability and accuracy of the CEL approach in assessing responses 

during the penetration of a spudcan adjacent to an existing footprint.  

The detailed mapping (see Figure 5-4a) with more soil strength layers made the simulation 

computationally expensive (e.g., 4.5 weeks for a spudcan penetration up to 0.8D, with a high 

performance PC with 8 CPU cores and 8.0 GB memory). The numerical stability of the CEL 

approach was ensured by introducing a critical time increment Δtcritical. The value of Δtcritical 

can be approximately estimated by Lmin/cd, where Lmin is the minimum element dimension in 

the Eulerian meshes and cd is the dilatational wave speed of the material. A slight decrease in 

Δtcritical increases the computational time significantly (Zhao et al. 2016). Since the detailed 

soil strength contour has a complex curve shape (see Figure 5-4a), a small value of Lmin (or 

Δtcritical) and a massive number of soil elements (to ensure accuracy) were the result, and hence 

a computational time was very costly. The computational time was reduced by up to 56% 

without reducing Δtcritical when the soil strength contour was simplified, as shown in Figure 5-

4b. 

The effect of the global modelling was quantified by comparing with the results for the fixed 

head condition (simplified strength contour). The maximum horizontal force (Hmax) and 

moment (Mmax) for the global modelling are 0.87 MN and 15.1 MN-m, which are 

approximately 10 and 13% lower, respectively, than those of the fixed head condition (see 

Figures 5-5b and 5-5c). These reductions arise mainly from the lateral sliding towards the 

footprint centre (see Figure 5-5d) and the rotation of the spudcan (see Figure 5-5e). Based on 

this exercise, simplified soil strength contour and global modelling technique were adopted 

for subsequent analyses.    
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5.4. Results and Discussion: Parametric Study   

To examine the effect of various factors on jack-up rig spudcan-footprint interactions, an 

extensive parametric study was carried out varying the (a) remoulded soil zone (b) elapsed 

time between footprint creation and reinstallation (ET = 1 year and 100 years); (c) offset 

distance (= 0.25D ~ 1.25D); and (d) spudcan shape (generic spudcan and novel spudcan; D 

= 15 m). The intact undrained shear strength of soil (su,ref = 5 + 1.8z kPa) and the outer 

diameter of spudcans (D = 15 m) were kept constant. The results from this parametric study, 

as assembled in Table 5-2, are discussed below. 

5.4.1. Effect of remoulded soil zone from initial penetration  

The effect of the remoulded soil zone from the initial penetration-extraction of the spudcan 

was investigated by comparing the results considering a footprint with the remoulded zone or 

simplified strength contour and a footprint with undisturbed or intact soil strength (Group I, 

Table 5-2). The shape of the generic spudcan (see inset in Figure 5-6a) was chosen to be 

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

illustrated by Menzies & Roper (2008). The offset distance was fixed at = 0.5D. The 

remoulded soil strength profiles adopted were identical to those from Section 3 (ET = 1 year).  

Figure 5-6 shows the comparison responses in terms of the vertical force (V), horizontal force 

(H), moment (M), eccentricity (e), lateral displacement (H) and rotation () distributions 

along the normalised penetration depth (d/D). As expected, the penetration resistance (i.e. 

vertical force, V) for the footprint with intact soil strength is higher than that with remoulded 

soil strength due to weakening of the remoulded footprint (Rsu < 1.0). After the spudcan 

passes the remoulded zone (Rsu = 1.0), the gap between these two profiles tends to diminish. 

This is not too obvious for the vertical force profile (Figure 5-6a) but more evident for the 

horizontal force and moment profiles (Figures 5-6b and 5-6c).  
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Table 5-2. Summary of 3D LDFE analysis cases 

  
Spudcan 

shape 
su,ref 

(kPa) 

Applied time 

su mapping  
Boundary 
condition 

Offset 
distance, 
 (m) 

Hmax 
(MN) 

Mmax at RP
(MN-m) 

Mt,max at RP1
(MN-m) 

Note OT  
(years)

ET  
(years)

Validation 
 

Mod V 
“A” class 

model 
spudcan 

5.0 + 1.8z 

0 1 

- 
(Test results) Fixed 

head 

0.5D 

0.82 15.50 

- 
Validation  

case 
Detailed mapping 0.95 15.30 

Simplified mapping
1.00 16.80 

Global 
jack-up rig

0.87 15.1 

Group I Generic 
- Intact soil 0.89 18.50 -129.2 Effect of  

remoulded soil 

0 

1 Simplified mapping 1.02 17.70 -145.2 

Group II Generic 100 Simplified mapping 0.91 13.70 -130.9 Effect of time 

Group III Generic 1 

Simplified mapping

0.25D 0.69 11.50 -101.5 

Effect of  
Offset distance 

0.75D 1.27 18.60 -180.8 

1.00D 1.31 15.70 -189.9 

1.25D 0.99 12.30 -143.6 

Group IV Novel 1 1.00D 
0.66 

(48.2%)
14.20 

(9.6%) 
-88.9 

(53.2%) 
Effect of  

Novel spudcan 
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Fimb could be proportional the values of ‘+ve’ Rsu as well as the area of ‘+ve’ Rsu (ARsu) 

(see Figure 5-7a). This imbalance force induced the additional horizontal force (see inset in 

Figure 5-7b). The corresponding failure mechanisms, soil strength contour line and schematic 

diagram of imbalance force at different stages of penetration are illustrated in Figure 5-8. For 

the footprint with intact soil strength, the imbalanced horizontal force is mostly induced by 

the difference in bottom contact area between the side of the spudcan closest to the centre of 

the footprint and the one furthest (left and right side of the spudcan, as depictied in the 

diagrams of Figure 5-7). For instance, at d/D = 0.065 where Hmax occurs, the right hand side 

of the spudcan with the intact soil is fully contacted around the footprint surface and the left 

hand side is partly touched (see Figure 5-8a). With further penetration, the horizontal force is 

reduced with the increase in the contact area of the left hand side of the spudcan base (see 

Figure 5-8b). For the footprint with remoulded soil, at the initial penetration stage, the 

difference in the contact area between the left and right hand side of the spudcan base is also 

large around the footprint surface (see Figure 5-8a). However, the induced horizontal force is 

relatively small due to the very low surface soil strength (Rsu = 0.2). With further penetration, 

although both sides of the spudcan are fully contacted (see Figure 5-8b), the horizontal force 

gradually rises due to the difference in the remoulded soil strength between the left and right 

hand side of the spudcan base (see Figure 5-8b).  

The moment (M) distributions show a slightly different trend, compared to the horizontal 

force (H). With the reference point at the centre of the spudcan (see RP in Figure 5-6), the 

bending moment (M) on the spudcan is induced only by the resultant vertical force and 

eccentricity thereof, as the resultant horizontal force H nearly passes through the RP (Kong et 

al. 2013; Zhang et al. 2015; Jun et al. 2018a). As shown in Figures 5-6c and 5-6d, a slightly 

larger maximum moment (Mmax) for the footprint with intact soil is due to this larger 

eccentricity of the resultant vertical force (see Figure 5-6d). The lateral displacement and 
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Compared to the strength contour for ET = 1 year (Figures 5-3 and 5-4), the size of the 

remoulded zone is shallower due to recovery of strength through reconsolidation or 

dissipation of the induced excess pore pressure. However, there is a strengthened zone at 

~0.4D below the footprint tow, with the soil strength higher than that of the intact soil 

strength (Rsu = 1.2). Gan et al. (2012) attributed this strengthening to the squeezed soil 

volume and increase in effective shear strength during operation and the long elapsed time, 

which fully dissipated the excess pore pressure under the spudcan. 

Figure 5-11 shows the comparison responses between ET = 1 year and 100 years. The 

corresponding schematic diagram of imbalance force, failure mechanism and contour line of 

soil strength for ET = 100 years are displayed in Figure 5-12. The vertical force (V) profile 

for ET = 100 years lies above the one for ET = 1 year due to higher recovered strength. The 

maximum horizontal force (Hmax) and moment (Mmax) about RP1 for ET = 100 years are 

lower although the soil strength beneath the spudcan is larger. This is attributed to the size of 

the remoulded zone beneath the spudcan and the difference in soil strength between the left 

and right hand side of the spudcan (Figure 5-12). Below the initial penetration depth (dinitial) 

or the penetration depth during creating the footprint, the long-term case shows a negative 

horizontal force and moment profile (Figures 5-11b and 5-11c), due to the presence of the 

strengthened zone (Rsu = 1.2; Figure 5-10). The lateral displacement and rotation 

distributions also agree well with this opposite trend (Figures 5-11d and 5-11e).  
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up leg. Currently, there are several mitigation methods reported, including (a) infilling the 

crater (Jardine et al. 2001 & 2002; Grammatikopoulou et al. 2007); (b) stomping (Jardine et 

al. 2002; Hartono 2014); (c) reaming (Hartono et al. 2013, 2014); (d) perforation drilling 

(Hossain & Stainforth 2016); and (e) simultaneous water jetting and spudcan preloading 

(Handidjaja et al. 2009). However, all these methods require additional work on the seabed 

prior to spudcan re-installation, leading to additional cost and time to be applied in the field. 

Recently, Hossain et al. (2017) and Jun et al. (2018a) studied the effect of spudcan shape on 

easing spudcan-footprint interactions, leading to establishment of a novel spudcan shape with 

a flat base and 4 holes (Jun et al. 2018b; see inset in Figure 5-16a). Without additional 

mechanical operations in the seabed, it has been shown that this shape can effectively ease 

spudcan-footprint interaction issues such as a reduction in the induced horizontal force and 

moment. A footprint with intact soil strength was considered for the development of the 

shape deliberately to preclude the additional influence of soil strength heterogeneity or to 

reduce an influential factor.  

The performance of the novel spudcan installation on the footprint with the remoulded soil 

strength is assessed here. For this analysis, the critical offset distance of  = 1.0D, ET = 1 

year and OT = 0 year were selected (Group IV in Table 5-2). The response of the novel 

spudcan and the generic spudcan are compared in Figure 5-16. The vertical resistance (V) of 

the novel spudcan is approximately 14% lower than that of the generic spudcan (see Figure 5-

16a). This is mainly due to the (20%) reduced net area and smaller volume under RP of the 

novel spudcan. However, it is expected that this gas will diminish gradually with the increase 

of penetration depth as the backfilled soil will cover the spudcan top surface and hence block 

the soil flow through the holes. All the other response profiles in Figures 5-16b ~ 5-16e show 

that the novel spudcan shape reduced horizontal force, moment about RP1, lateral 
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5.5. Concluding Remarks  

Spudcan penetration on an existing footprint has been investigated through large deformation 

finite element analyses, accounting for the soil strength that remoulded during creation of the 

footprint and then regained strength partly during the elapsed time before reinstalling another 

spudcan. The footprint was set based on the measured strength contour from existing 

centrifuge test data. A global jack-up rig model was also included, allowing spudcan lateral 

displacement and rotation to be quantified. The following conclusions can be drawn from the 

results presented. 

1. The maximum horizontal force (Hmax), maximum moment Mt,max (about RP1), 

maximum lateral displacement Hmax, and rotation, all increased by 12~20% and 

occurred at a 420% deeper depth for the footprint with remoulded soil strength 

compared to the footprint with intact soil strength. 

2. The maximum horizontal force and moment reduced with increasing elapsed time 

between the creation of the footprint and reinstallation of the spudcan. 

3. The critical offset distance of reinstallation of the spudcan from the footprint centre was 

identified 0.5~1D. 

4.  The novel stpudcan shape with a flat base and four holes was shown to reduce 

horizontal force, moment about RP1, lateral displacement and rotation by about 50%; 

and total stress on the jack-up leg at RP1 by 41% relative to that obtained with the 

generic spudcan; confirming the effectiveness of the spudcan shape for easing 

spudcan-footprint interactions and ensuring structural integrity of the jack-up legs. 
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6. GEOTECHNICAL CENTRIFUGE INVESTIGATION OF 
THE EFFECTIVENESS OF A NOVEL SPUDCAN IN EASING 
SPUDCAN-FOOTPRINT INTERACTIONS  

6.1. Introduction 

6.1.1. ‘Mobile’ jack-up rig and spudcan-footprint interaction issues 

Most offshore drilling in shallow to moderate water depths (< 150 m) is performed from self-

elevating jack-up rigs due to their proven flexibility, mobility and cost-effectiveness 

(CLAROM 1993; Randolph et al. 2005). Mobile jack-up platforms often return to sites where 

previous jack-up installation, operation and extraction has left pockmarks with cavities and 

berms, commonly referred to as footprints, in the seabed. The reinstallation of jack-up rigs 

near an existing footprint has been identified as the second major geotechnical failure 

concern in the jack-up industry (Hunt and Marsh 2004; Osborne 2005) because (i) during this 

reinstallation, the spudcan tends to slide towards the centre of the footprint and it induces 

excessive lateral forces and bending moments to the leg, and (ii) the frequency of offshore 

incidents during installation near footprints has increased by a factor of four between the 

periods 1979~88 and 1996~06 (Osborne 2005) and at an even higher rate during 2005~2012 

(Jack et al. 2013). This study focuses on potential mitigation measures for spudcan-footprint 

interactions instead of the consequences of this hazard, which has been addressed by many 

researchers (e.g. Leung et al. 2007; Cassidy et al. 2009; Gan et al. 2012; Kong et al. 2013, 

2015).     

6.1.2. Existing measures for mitigating spudcan-footprint interactions 

Systematic investigations on how to mitigate spudcan-footprint interactions are notably 

limited to stomping (Jardine et al. 2002; Hartono 2014), reaming (Hartono et al. 2013; 

Hartono 2014; Hartono et al. 2014) infilling (Jardine et al. 2001 & 2002; Grammatikopoulou 

et al. 2007), successive leg repositioning (Brennan et al. 2006) and water jetting with the 
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cost of the jack-up rig. The potential of using infilling the crater was addressed by Jardine et 

al (2001 & 2002) and Grammatikopoulou et al. (2007). However, the pattern of soil 

movement became markedly asymmetrical, which led to intolerable forces and moments 

developing in the jack-up leg before reaching the target preload level. Recently, Hossain et al. 

(2017) and Jun et al. (2018a & b; Chapter 2 and Chapter 3) studied the effect of spudcan 

shape on easing spudcan-footprint interactions, leading to the establishment of a novel 

spudcan shape with a flat base and four holes through the base (Jun et al. 2018b; Chapter 3). 

Without additional mechanical operations in the seabed, it has been shown that this shape can 

effectively ease spudcan-footprint interactions; for instance by a reduction in the induced 

horizontal force and moment. However, the efficiency of this proposed novel spudcan has 

been confirmed only through numerical modelling.  

6.1.3. Objective of study 

The main aim of this study is to confirm the performance of the novel spudcan shape at 

mitigating spudcan-footprint interactions through physical model testing. Footprints were 

created either manually using a cutting tool or through a generic spudcan penetration and 

extraction. A series of centrifuge tests were carried out, varying spudcan shape, footprint 

geometry, offset distance () and elapsed time (ET). The results for the novel spudcan were 

compared with those for the generic spudcan. 

6.2. Model Tests 

6.2.1. Experimental program 

The experimental programme comprised 200g modelling of spudcan penetration in relatively 

soft, stiff and very stiff clay deposits. The work was carried out in the beam centrifuge 

facility at the University of Western Australia (UWA). The soil samples were confined 

within a rectangular strongbox, which has internal dimensions of 650 (length) × 390 (width) 
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6.2.3. Sample preparation  

A total of 25 tests were carried out in five boxes, as described in Tables 6-1 and 6-2. The tests 

were performed on samples of kaolin clay, with the geotechnical properties given in Table 6-

3. The soil conditions tested simulate seabed strength profiles close to the mudline, varying 

the undrained shear strength (su). A homogeneous slurry was prepared by mixing 

commercially available kaolin clay powder with water at 120% water content (twice the 

liquid limit) and subsequently de-airing it under a vacuum. The slurry was then carefully 

ladled into a strongbox and consolidated at 1g on the laboratory floor. One-dimensional 

consolidation was carried out under different final pressures in order to obtain comparatively 

stiff, moderate and soft samples (see Tables 6-1 and 6-2).  The soil samples were then spun at 

200g for about 12 hours before creating footprints and spudcan tests.  
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Table 6-1. Summary of centrifuge tests performed- Artificial footprint 

Box Footprint formation 
Pre-

consolidation
pressure (kPa)

Intact undrained shear 
strength, su,intact (kPa) 

zF (m) 
DF 

(m)
Spudcan

shape  (m)
Hmax/ 
Asu,zF 

Mmax/ 
DAsu,zF

su,zF 

(kPa)
Note 

Box 1 

Artificial  
footprint

Shallow 
footprint 

 
200  

8.0               for z < 2.1 m
6.49 + 0.72z for z  2.1 m

0.33D 2.0D

Generic

0.55D 0.32 0.44 9.4 
Effect of offset 

distance,  
7.54 + 2.13z 

0.75D 0.47 0.53 
16.1

1.00D 0.25 0.34 
8.0               for z < 2.1 m
6.49 + 0.72z for z 2.1 m

Novel 

0.55D
0.17 

(46.9%)
0.32 

(27.5%)
9.4 

Effect of novel 
spudcan 

7.54 + 2.13z 
0.75D

0.18 
(61.7%)

0.34 
(35.9%)

16.1
1.00D

0.12 
(53.5%)

0.23 
(33.2%)

Box 2 
Deep 

footprint 
550  

14.9 + 3.05z 

0.50D 1.0D

Generic

0.25D 0.37 0.41 33.2
Effect of offset 

distance,  
 

10.6 + 2.60z 0.50D 0.76 0.54 26.2
9.1 + 2.20z 0.75D 0.50 0.29 22.3
18.0 + 2.90z 1.00D 0.34 0.23 35.4

14.9 + 3.05z 

Novel 

0.25D
0.30 

(20.1%)
0.23 

(45.3%)
33.2

Effect of novel 
spudcan 

10.6 + 2.60z 0.50D
0.51 

(33.0%)
0.44 

(18.2%)
26.2

9.1 + 2.20z 0.75D
0.38 

(23.8%)
0.25 

(12.4%)
22.3

18.0 + 2.90z 1.00D
0.14 

(58.8%)
0.21 

(9.4%)
35.4

 
  



Chapter 6. Geotechnical centrifuge investigation of the effectiveness of a novel spudcan in easing spudcan-footprint interactions  
 

 

 

183 
 

Table 6-2. Summary of centrifuge tests performed- real footprint 

No. Box 
Footprint 
formation 

Pre-
consolidation  
pressure (kPa) 

Intact 
undrained shear
strength, su,intact

(kPa) 

Preload (MN) dinitial / D
OT 

(yrs) 
ET 

(yrs)
Spudcan 

shape 
  

(m) 
Hmax/ 

Asu,dinitial

Mmax/ 
ADsu,dinitial

dend / D
su,dinitial 

(kPa) 
Note 

Box 3 

Real footprint

200 kPa 

13.0 + 8.0z  
(for z < 1.5 m)
21.6 + 2.27z  

(for z ≥ 1.5 m)

43.8 0.495 

0.5 

1 

Generic

0.50D 0.13 0.22 0.713

35.1 

Effect of offset 
distance,  

0.75D 0.21 0.29 0.678

1.00D 0.16 0.26 0.631

Novel 0.75D 
0.12 

(42.1%)
0.23 

(20.7%) 
0.779

Effect of novel 
spudcan 

Box 4 550 kPa 23.3 + 10.6z 59.4 0.197 1 

Generic

0.50D 0.15 0.17 0.318

48.2 

Effect of offset 
distance,  

0.75D 0.28 0.23 0.268

1.00D 0.13 0.09 0.247

Novel 0.75D 
0.11 

(59.1%)
0.09 

(62.3%) 
0.323

Effect of novel 
spudcan 

Box 5 200 kPa 34.5 + 1.53z 51.6 0.252 

1 
Generic

0.75D 

0.27 0.24 0.471

40.7 

Effect of time 
5 0.20 0.23 0.432

5 Novel 
0.12 

(39.0%)
0.18 

(19.1%) 
0.546

Effect of novel 
spudcan 
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Table 6-3.  Main properties of kaolin clay (after Stewart 1992; Acosta-Martinez and 

Gourvenec 2006). 

  Property Value 

Specific gravity, Gs 2.6 

Angle of internal friction, ' (degree) 23 

Critical state frictional constant, M 0.92 

Consolidation coefficient (mean), cv, (m
2/year) ~2.6 

Liquid limit, LL (%) 61 

Plastic limit, PL (%) 27 

Plasticity index, Ip (%) 34 
 

6.2.4. Creating footprint craters 

From Chapters 3~5, it was found that the footprint geometry and soil strength distribution 

have significant effect on spudcan-footprint interactions. Natural fine grained soils 

experience remoulding during the spudcan penetration and extraction event. This disturbance 

is healed gradually with the passing of time through dissipation of excess pore pressure (Gan 

et al. 2012). In this study, footprints were created (a) manually by using a cutting tool, 

artificial footprint (Boxes 1 and 2), and (b) through penetration and extraction of a spudcan, 

real footprint (Boxes 3~5). The former left the strengths of the soil beneath and along the 

footprint and the surrounding soil identical to the strength of the adjacent (or intact) soil. This 

allows a consistent evaluation of the benefits of the spudcan shape, removing the additional 

variability due to soil strength heterogeneity (Kong et al. 2013). The latter represents a more 

realistic footprint formation mechanism e.g. prior spudcan installation and extraction, 

recovering soil strength through dissipation of excess pore pressure. More detailed 

preparation processes are discussed below.  
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Artificial footprint  

In the Boxes 1 and 2, footprints were manually created on the soil surface by using a cutting 

tool at 1g on the laboratory floor. This tool comprised of a mounting frame and cutting blades 

(Figures 6-4a and 6-5a). The frame was first mounted on the strongbox and the cutting blade 

was then rotated and cut into the soil to the target footprint depth. Two geometries were 

created, including: (a) shallow footprint (Figures 6-4b and 6-4c; footprint diameter DF = 2D, 

footprint depth zF = 0.33D and footprint slope F = 18.4; typical footprint geometry in soft 

clay; Gan 2009; Hossain et al. 2012; Hossain & Dong 2014; Erbrich et al. 2015); and (b) 

deep footprint (Figures 6-5b and 6-5c; DF = 1D, zF = 0.50D and F = 90; typical footprint 

geometry in stiff clay; Erbrich 2005; Gan 2009). In each box, all footprints were created at 

once. For the stiff clay samples with deep footprints, while the spudcan test was carried out 

on one footprint, the walls of the other deep (zF = 0.50D) footprints were protected using a 

plastic collar (see Figure 6-5b). This collar was removed before the spudcan test (see Figure 

6-5d) 

Real footprint  

In the Boxes 3~5, footprints were created through the generic spudcan penetration and 

extraction under 200g, as schematically shown in Figure 6-6. The generic spudcan was 

penetrated at a constant rate of 0.19 mm/s up to achieving a typical preload level (see Figure 

6-6b; Boxes 3~5, Table 6-2). After the completion of installation, the displacement controlled 

system was switched to the load controlled system and the operation load (i.e. 25% less than 

the preload) was applied and held for 6.6 minutes (0.5 years in prototype scale; Figure 6-6c) 

to mimic operation period. Finally, the spudcan was extracted at a constant rate of 0.19 mm/s 

using the displacement controlled system (Figure 6-6d). To investigate the effect of 

remoulded / recovered soil strength profiles on spudcan-footprint interactions, two different 

elapsed times (ET = 1 year and 5 years) were applied between the extraction of the generic 



Chapter 6

 

 

 

spudcan

penetrat

6. Geotechnical
interactions

n and reins

tion during 

Fi

Footprin

l centrifuge inv
s  

stallation o

creating a f

(c) S

igure 6-4. A

Footp

nt toe

vestigation of th

f the gener

footprint wa

(a) Genera

(b) Form

Schematic 

Artificial sh

print diame

he effectivenes

186 

ric or nove

as designate

ation of sha

med shallo

diagram o

hallow foot

eter, DF = 2

F = 1

s of a novel s

el spudcan.

ed as dinitial. 

allow footp

ow footprin

f shallow fo

print (Box

2D

18.4o

spudcan in ea

 The depth

     

rint 

 

nt 

ootprint 

1, Table 6-

Footpr
zF = 0.3

asing spudcan

h of final 

 

 

-1) 

int depth, 
33D

n-footprint 

 

spudcan 

 



Chapter 6

 

 

 

(a) 

(c) Sche

6. Geotechnical
interactions

Generatio

ematic diag

F

Figu

l centrifuge inv
s  

n of deep f

gram for d

Figure 6-5.

re 6-6. Rea

vestigation of th

footprint

eep footpri

 Artificial d

al footprint

he effectivenes

187 

(b) For

int        (d)

deep footpr

 

t created at

s of a novel s

rmation of 

) Just befor

rint (Box 2

t 200g (Box

spudcan in ea

deep footpr

re test 

, Table 6-1

x 3~5, Table

asing spudcan

 

rint (with c

1) 

 

 

e 6-2) 

n-footprint 

 

collar) 

 



Chapter 6

 

 

 

6.2.5. 

Soil cha

and 20 

and aft

undrain

was int

account

embedm

profiles

shows a

1, Table

Figure 

6. Geotechnical
interactions

Intact soil 

aracterisatio

mm in leng

ter all spud

ned shear str

terpreted us

ts for chang

ment, and a 

s were idea

an example 

e 6-1). All t

6-7. Mea

cha

l centrifuge inv
s  

strength de

on tests wer

gth. In each 

dcan penetr

rength (su) 

sing the ana

ges in soil b

limiting be

lised as app

of the meas

the intact so

asured an

racterisatio

vestigation of th

eterminatio

re carried o

box, streng

ration tests

profiles ove

alysis meth

buoyancy, t

earing capac

proximately

sured and id

oil strength p

nd idealise

on test usin

he effectivenes

188 

on  

out using a 

gth assessm

, with no 

er the testin

hod suggest

the reduced

city factor o

y linear ove

dealised su p

profiles are

ed shear 

ng T-bar (B

s of a novel s

T-bar pene

ments were u

noticeable 

ng period. T

ted by Whi

d bearing fa

of 10.5 for d

er the full p

profile for th

tabulated in

strength (

Box 1, Tabl

spudcan in ea

trometer of

undertaken i

difference 

The measur

ite et al. (2

ctor mobili

deep embed

penetration 

he shallow 

n Tables 6-

 

(su,intact) pr

e 6-1) 

asing spudcan

f 5 mm in d

immediately

was found

red T-bar re

2010). This 

ised during 

dment. The 

depths. Fig

footprint ca

1 and 6-2.  

rofiles fro

n-footprint 

 

diameter 

y before 

d in the 

esistance 

method 

shallow 

strength 

gure 6-7 

ase (Box 

 

om soil 



Chapter 6. Geotechnical centrifuge investigation of the effectiveness of a novel spudcan in easing spudcan-footprint 
interactions  

 

 

 

189 
 

For all the tests conducted, the T-bar and spudcans were penetrated at a rate of 1 mm/s and 

0.19 mm/s respectively, chosen to balance rate effects against ensuring undrained behaviour 

in clay. The normalised velocity index vDe/cv (where v is the penetration velocity, De the 

object effective diameter and cv the consolidation coefficient of kaolin clay given in Table 6-

3) was around 140 (Chung et al. 2006; Low et al. 2008). The remoulded soil strength profiles 

after creating real footprints are discussed in the Results and Discussion section. 

6.3. Results and Discussion 

A total of 25 tests were carried out, varying (a) spudcan shape (generic and novel); (b) 

footprint formation (artificial and real); (c) footprint geometry (shallow and deep); (d) 

reinstallation location (offset distance,  = 0.25D ~ 1.0D); and (e) elapsed time (ET = 1 year 

and 5 years). The results from these tests, as assembled in Tables 6-1 and 6-2, are discussed 

below. Note, considering the difference in soil undrained shear strengths and spudcan shapes 

used in these tests, the response profiles were normalised by appropriate shear strength (su; 

see Tables 6-1 and 6-2), spudcan full plan area (A) and spudcan diameter (D). To maintain 

the form of the response profiles, su at a fixed depth (zF or dinitial) was used for normalising 

horizontal force (H) and moment (M), while su profile along the depth (or su at the spudcan 

base or maximum area) was used for normalising vertical force (V). Using full plan area A, 

instead of net area Anet, has allowed for maintaining consistency in direct comparisons. 

6.3.1. Artificial footprint: Shallow footprint (DF = 2D, zF = 0.33D and F = 18.4) 

Figure 6-8 shows the performances of the generic and novel spudcans in terms of normalised 

vertical force (V/Asu), horizontal force (H/Asu,zF; where su,zF is the soil strength at the toe 

level of the footprint i.e. at zF) and moment (M/ADsu,zF) distribution along the normalised 

penetration depth (d/D) (Box 1, Table 6-1). The readings from strain gauges on the bending 
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By comparing with the results from the shallow footprint tests (Figure 6-8), the trend with  

was consistent. However, deeper footprints have led to mobilise lower vertical resistance at 

shallow penetration depths. Both Hmax and Mmax were mobilised at a deeper depth. The 

magnitudes of Hmax and Mmax were also higher. The critical offset distance () that induced 

the largest Hmax and Mmax, was observed at 0.50D (instead of  = 0.75D for shallow 

footprint). 0.50D means the spudcan was penetrated as setting its centre at the edge of the 

footprint of diameter 1D, leading to mobilise maximum imbalance force between the right 

hand and left hand sides of the spudcan base. Again, the reduction using the novel spudcan 

can be quantified as 33% for Hmax and 18.2% for Mmax.  

6.3.3. Real footprint: soil remoulding/recovering  

This section focuses on considering the effect of prior spudcan penetration-extraction and 

elapsed time on spudcan-footprint interactions. Footprints were created through penetration 

and extraction of the generic spudcan (Boxes 3~5, Table 6-2). The extent of soil surface 

deformation across a footprint was quantified by running a laser scanning device over the 

footprint crater. To assess the remoulded/recovered soil strength profiles beneath and around 

the footprint, additional T-bar penetrometer tests were carried out at 0.25D, 0.5D, 0.75D, 1D, 

1.25D, 1.5D and 1.75D from the footprint centre (Figure 6-11), and after an operation time 

(OT) of 0.5 year and elapsed time (ET) of 1 and 5 years. The recovered strength was 

presented by shear strength ratio Rsu, which was calculated dividing the strength beneath and 

around a footprint (su,remoulded) by the intact strength (su,intact), with Rsu < 1 meaning loss of 

strength due to remoulding.  

Quantified Rsu contour for four different conditions are shown in Figure 6-12 where vertical 

axis represents normalised distance from the original soil surface (LV/D) and horizontal axis 

moralised distance from the footprint centre (LH/D). The details of the tests are summarised 
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in Table 2 (Boxes 3~5). It can be seen that, in particular, for identical OT = 0.5 year and ET = 

1 year, the depth of the soil disturbed zone beneath the initial spudcan penetration depth for 

lower intact strengths (Figures 6-12a and 6-12b) was ~0.5D, and that for higher intact 

strength (Figure 6-12c) was nearly double (~1D). By comparing Figures 6-12c and 6-12d, for 

identical OT = 0.5 year, the depth of the soil disturbed zone beneath the initial spudcan 

penetration depth was reduced by 20% with the passing of 4 year time due to re-consolidation. 

These contour plots have been used for interpreting spudcan-footprint interaction responses. 

It should be noted that the extent of the disturbed zone is directly related to suction at the 

base of the extracting spudcan. As such, in the field, if any measure (e.g. water jetting) is 

used for retrieving the installed jack-up leg (or spudcan) that potentially eases or breaks the 

base suction, the extent of the disturbed zone will be reduced.   
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remoulded zone. Although the gap tended to diminish at deep penetration depths, the 

difference was caused by the presence of the remoulded soil zone with Rsu < 1.0 beneath the 

initial penetration depth, dinitial (see Figure 6-12a).  

The horizontal force (H) and moment (M) profiles are presented in Figures 6-13b and 6-13c. 

As expected, for penetration in the flat ground (initial penetration), the responses are nearly 

zero. For reinstallation and for both Hmax and Mmax, the critical offset distance was recorded 

at  = 0.75D. This can also be explained by the imbalance force between the left and right 

hand side of the spudcan base due to the distribution of the remoulded soil strength. The 

difference in the remoulded soil strength zone between the left and right hand sides of the 

spudcan base increased as the spudcan reinstallation moved from the footprint centre or 

increased to 0.75D. However, once the spudcan moved away from the footprint crest i.e.  

= 1.00D, the presence of intact soil on both sides of the spudcan base reduced the imbalance 

force (see Figure 6-12a).  

To assess the efficiency of the novel spudcan, a test was carried out on installing the novel 

spudcan (note, the footprint was created using the generic spudcan) at the critical offset 

distance of  = 0.75D. Compared to the results from the generic spudcan, the reductions by 

the novel spudcan can be calculated in terms of Hmax and Mmax as 42.1% and 20.7%, 

respectively.  

6.3.5. Real footprint: stiff clay (su,intact = 23.28 + 10.55z kPa) 

In this set of tests (Box 4, Table 6-2), due to high soil strength gradient, the initial penetration 

depth of the generic spudcan associated with the targeted preload of 59.4 MN was very 

shallow (0.195D), although the targeted preload was 59.4 MN. Corresponding remoulded soil 

strength contour are shown in Figures 6-12a and 6-12b. Nonetheless, the horizontal force and 

moment response profiles plotted in Figure 6-14 show a local peak or maximum.  
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(a) Hmax/Hmax,max        (b) Mmax/Mmax,max  

Figure 6-17. Comparison with previous studies: (a) Hmax/Hmax,max; (b) Mmax/Mmax,max 
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The information in regards to spudcan diameter and shape, initial penetration depth during 

creating footprint, dinitial, and intact soil strength (su,intact) profile for these existing 

investigations are summarised in Table 6-4. From all the test results presented in Figure 6-17 

and Table 6-4, the critical offset distance apparently fall in a narrow range, regardless of the 

variation in intact strength, initial penetration depth, and spudcan shape and diameter. For 

Hmax/Hmax,max, the critical offset distance lies between 0.5D ~ 1.0D from the centre of the 

footprint. For Mmax/Mmax,max, the critical offset distance is ranged between 0.5D ~ 0.75D 

from the centre of the footprint.  
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Table 6-4. Summary of investigations on effect of offset distance 

 

Reference Spudcan shape
Initial penetration 

depth, dinitial
su,intact (intact condition)

Tested offset 
distance (m)

Critical offset 
distance

Horizontal
force

Moment

Stewart and 
Finnie (2001)

6.48 m (= 0.54D) 12.0 + 2.65z (kPa)
0.0D, 0.25D, 0.5D, 
0.75D, 1.0D, 1.5D 

and 2.0D
0.50D~1.0D -

Cassidy et al. 
(2009) 5.67 m (= 0.31D) 7.5 + 2.0z (kPa)

0.25D, 0.50D, 1.0D 
and  1.5D

0.50D 0.50D

Gan (2009)
5.19 ~ 5.61 m 

(= 0.87D ~ 0.94D)
28.0 + 5.0z (kPa)

0.0D, 0.25D, 0.50D, 
0.75D, 1.00D and 

1.50D
0.75D 0.75D

Kong et al. 
(2013)

Artificial footprint
zF = 0.33D
(DF = 2.0D)

7.5 + 0.92z (kPa) z  3.4 m
5.0 + 1.68z (kPa) z 3.4 m

0.5D, 1.0D and 1.5D 1.0D 0.5D

Hartono
(2014)

Generic spudcan
4.71 m (= 0.47D)

Normally consolidated (NC): 
2.0z (kPa)

Overconsolidated (OC): 
17.0z0.55 (kPa)

NC : 0.25D, 0.50D, 
0.75D, 1.0D, 1.25D 

and 1.50D
0.5D 0.25D

OC : 0.25D, 0.50D, 
0.75D, 1.0D, 1.25D 

and 1.50D
0.75D 0.75D

Skirted spudcan

NC: 0.25D, 0.50D, 
0.75D and 1.0D

1.0D 0.50D

OC: 0.25D, 0.50D 
and 0.75D

0.50D 0.75D

*Zhang 
(2018)

Artificial footprint
zF = 0.50D
(DF = 2.0D)

22.5 (kPa)
0.55D, 0.75D, 1.0D, 

0.25D and 1.55D
0.75D 0.55D

Jun et al.
(2018d)

8.26 m ( = 0.55D) 5.0 + 1.8z

0.25D, 0.50D, 
0.75D,1.0D and 

1.25D
1.0D 1.0D

This study

Artificial footprint
zF = 0.33D
(DF = 2.0D)

  = 0.55D
8.0                 for z < 2.1m
6.49 + 0.72z  for z  2.1m

  = 0.75D & 1.00
7.54 + 2.13z

0.55D, 0.75D and 
1.00D

0.75D 0.75D

Artificial footprint 
zF = 0.50D
(DF = 1.0D)

  = 0.25D
14.9 + 3.05z

  = 0.50D

7.54 + 2.13z

  = 0.75D
9.1 + 2.20z

  = 1.00D
18.0 + 2.90z

0.25D, 0.50D, 0.75D 
and 1.00D

0.50D 0.50D

5.94 m ( = 0.495D)
13.0 + 8.00z for z < 1.5 m
21.6 + 2.27z for z  1.5 m

0.50D, 0.75D and 
1.00D

0.75D 0.75D

2.36 m ( = 0.197D) 23.28 + 10.55z
0.50D, 0.75D and 

1.00D
0.75D 0.75D

8015

D = 12 m

D = 18.19 m

118

80
11

D = 6 m

80
11

D = 10 m

10 m

2 m

2.5 m

D = 15 m

1.725m

D = 7.5 m

1.5 m

7615

D = 15 m

7615

D = 12 m

7615

D = 12 m

7615

D = 12 m

76

D = 12 m

76

D = 12 m

76

D = 12 m



Chapter 6. Geotechnical centrifuge investigation of the effectiveness of a novel spudcan in easing spudcan-footprint 
interactions  

 

 

 

206 
 

6.4. Concluding Remarks  

A total of 25 centrifuge tests were carried out in five boxes to assess the efficiency of the 

newly developed spudcan (i.e. the novel spudcan) with a flat base and four holes in 

mitigating spudcan-footprint interactions. The footprints were created (i) artificially by using 

a cutting tool to remove the soil strength variability, and (ii) through a spudcan penetration 

and extraction allowing a typical operation period as well as an elapsed time prior to 

reinstallation. 

For the artificial shallow footprints in soft clay, by comparing with the responses on a generic 

spudcan, the maximum horizontal force and moment were reduced by the novel spudcan up 

to 46.9~61.7 % and 27.5~35.9 %, respectively. The critical offset distance was found at 

0.75D.  

For the artificial deep footprints in stiff clay, reductions in Hmax and Mmax by using the novel 

spudcan were recorded as 20.1~58.8% and 9.4~45.3%, respectively. The critical offset 

distance was found at 0.5D.  

For the real footprints, the soil was disturbed by penetrating and extracting a spudcan. The 

depth of the disturbed zone was doubled in stiff clay compared to that in relatively soft clay. 

An additional elapsed time of 4 year allowed for shrinking the depth of the disturbed zone by 

20%. The critical offset distance was identified at  = 0.75D. The efficiency of the novel 

spudcan was calculated with the reduction of Hmax and Mmax by 42.1~59.1% and 20.7~62.3%.  

Assembling results from this study and existing results, it was shown that regardless of the 

variation in intact strength, initial penetration depth, and spudcan shape and diameter; the 

critical offset distance was identified as between 0.5~1.0D (for Hmax) and 0.5~0.75D (for 

Mmax) from the centre of the footprint. It was also shown that changing spudcans to a flat 

based one with four holes will reduce the induced spudcan-footprint interactions. 
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For a parametric study to optimise something (i.e. spudcan shape) artificial footprint is 

preferable as (i) other parameters can be controlled, (ii) no uncertainty that incurs by soil 

remoulding or heterogeneity, (iii) response profiles are similar to those for real footprints. For 

assessing the performance of spudcans in the field conditions, real footprints should be 

considered.  
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7. CONCLUSION 

7.1. Introduction 

Spudcan-footprint interactions during installation of a jack-up rig are problematic due to the 

induced horizontal force, moment and lateral displacement of the spudcan foundation. Most of 

the existing mitigation methods such as infilling, reaming, stomping, jetting and perforation 

drilling focus on the improvement of the seabed conditions, which require additional mechanical 

operations and rig-time in offshore, which are expensive. In this thesis, a mitigation method has 

been proposed by tweaking the spudcan shape without additional mechanical operations on the 

seabed. The global responses of a 3-legged jack-up rig, along with a triangular hull, supported by 

simplified and truss-worked legs with either generic or novel spudcans were investigated to 

capture real field leg bending scenario. Extensive numerical analyses were conducted to 

investigate the spudcan responses during its penetration near an existing footprint. The footprints 

were considered either with intact soil strength profiles to remove the additional variabilities or 

with disturbed soil strength profiles created by prior spudcan penetration and extraction. Based 

on the numerical analysis results, the most effective novel spudcan shape was selected and tested 

in the centrifuge. In centrifuge testing, the footprints with intact soil strength profiles were 

created artificially using a cutting tool, and the footprints with disturbed soil strength profiles 

were created through a generic spudcan penetration and extraction process as in the real field. 

The spudcan-footprint interactions were tested by varying the influencing factors; the depth and 

shape of the footprint, offset distance, clay strength and the elapsed time between the creation of 

a footprint and a spudcan reinstallation. 



Chapter 7. Conclusion 
 

 

 

213 
 

7.2. Main Findings on Effectiveness of Novel Spudan Shapes 

There are nine types of modified spudcan shapes, for two spudcans in Chapter 2 and for seven 

spudcans in Chapter 3, tested numerically. LDFE analyses were performed to penetrate the 

testing spudcan near a footprint. The effectiveness of the spudcan in mitigating the spudcan-

footprint interactions was judged by the amount of reduction in horizontal force and the moment 

on the spudcan.  

7.2.1. Spudcan S and spudcan H - Chapter 2 

In Chapter 2, there were two types of novel spudcans analysed – spudcan H and spudcan S. Both 

spudcans were with a skirt at the periphery. The spudcan S had four rectangular holes (or slots) 

and the spudcan H had six circular holes with base slopes.  Their performances were compared 

with that of the generic spudcan (i.e. spudcan A).  

The results showed that the spudcan H is more effective than the spudcan S. It is attributed to the 

holes and various slopes at the base of the spudcan H, allowing more soil volume to be trapped 

underneath the spudcan and forcing the soil to flow through the holes. The effectiveness of the 

spudcan H is shown in both soft and stiff clays. Relative to the spudcan A, the spudcan H in stiff 

caly with the shallow footprint can reduce the maximum horizontal force up to 42.3% and the 

maximum moment at the top of the jack-up leg up to 38.3%. It should be noted that the spudcan 

H also shows comparable vertical resistance to the generic spudcan A, hence the vertical 

capacity is not compromised by the spudcan H. 

7.2.2. Spucans S1, S2, U1, U2, H1, H2 and H3 - Chapter 3 

In Chapter 3, seven spudcan shapes were investigated. Spudcans S1 and S2 were generic spudcan 

shapes with different lengths of skirts. Spudcans U1 and U2 were generic spudcan shape on the 
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top side with modified spudcan underside. Spudcan U1 was with a flat underside and spudcan U2 

was with a concave underside. Spudcans H1, H2 and H3 were keeping the shape of spudcan U1 

with four, six and eight holes.  The analysis results showed that  

1.  When the spudcan skirt increased its skirt length from spudcan S1 to spudcan S2, the 

effectiveness of the spudcan was lessened. Hence the skirt didn’t work. 

2.  When the spudcan underside shape changed from spudcan U1 to spudcan U2, the spudcan 

U1 with a flat base was proved to be effective. 

3.  When the spudcan U1 were designed with number of circular holes, the spudcan H1 with 

four holes is the most effective one – the optimal one. In comparison with the 

performance of the generic spudcan A, the optimal spudcan H1 reduced the maximum 

horizontal force by 42% and the maximum total moment by up to 46%, which confirmed 

the potential to ease spudcan-footprint interactions without any additional mechanical 

operations.  

7.2.3. Global jack-rig performance with spudcan H1 - Chapter 4 

A global assessment of spudcan-footprint interactions was performed when one of the 

foundations was placed near a footprint. The jack-up rig considered three simplified tubular legs 

connected by a hull. The influence of the buoyancy on the hull draft was taken into account in 

the analyses. The two routine preloading methods, i.e. leg-by-leg preloading and simultaneous 

preloading, were simulated. The jack-up rig was set up with one spudcan near a footprint and 

two spudcans away from the footprint. The two spudcans away from the footprint were replaced 

by vertical horizontal and moment springs to simplify the analysis. The stiffness of the springs 

was obtained from LDFE analyses and artificially reduced (to capture softer soil or surface 

footing case) the values. In addition, two soil strength profiles and two footprint geometries were 
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explored. Advanced structural integrity analyses were carried out by considering global 

modelling with a tubular leg or truss leg to identify the potential and location of leg failure due to 

spudcan-footprint interactions. Finally, the performance of the novel spudcan H1 in the global 

jack-up rig was assessed. The following conclusions were drawn. 

Global jack-up rig modelling showed that induced horizontal force Hmax may be 8~9% (for soft 

clay with a 2D wide and 0.33D deep footprint) and 15.9% (for stiff clay with a 1D wide and 

0.66D deep footprint) lower compared to the fixed head condition. However, this study also 

provided an indication of the magnitude of the lateral spudcan displacement, with maximum 

displacements of max = 0.45~0.55 m (for soft clay) to 3.43 m (for stiff clay), and maximum 

rotations of max = -0.13~-0.23 (for soft clay) and -1.37 (for stiff clay). The reduction of H with 

global modelling increased with decreasing stiffness, K, and increasing lateral sliding 

displacement, . The effect of preloading process was found to be insignificant. All the responses 

for a deep cylindrical footprint in stiff clay were significantly higher compared to the results for a 

shallow conical footprint in soft clay, with identical spudcan installation offset. 

For the stiff clay with a 0.66D deep footprint and a generic spudcan, the maximum beam stress 

occurred at a spudcan penetration depth of 0.5D. Both the global analysis with a tubular leg and 

detailed truss leg analysis showed that the leg on the footprint would fail at the second (from the 

top) joint between the left chord and braces due to the beam stresses caused by spudcan-footprint 

interactions. 

The novel spudcan with a flat base and 4 holes reduced Hmax by 31% and max by 23% (for soft 

clay with a 2D wide and 0.33D deep footprint) and Hmax by 34.2%, dmax by 19.2% and max by 

31.5% (for stiff clay with a 1D wide and 0.66D deep footprint) against the generic spudcan. 
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More importantly for the cases studied here, from the detail truss leg analysis, the leg near the 

footprint, which would fail with the generic spudcan, may not fail with the novel spudcan.  

Based on the results, the recommendations for the design of a spudcan penetration near a 

footprint can be proposed as  

1. The responses are affected by the footprint geometry, offset distances, and spudcan shape. 

2. To prevent the large lateral displacement towards the footprint centre, the horizontal 

resistance capacity at the other spudcans should be larger than the horizontal force 

induced by spudcan-footprint interactions.  

3. The structural integrity of the leg must be checked against the predicted induced horizontal 

force and moment. 

4. The novel spudcan can be used for easing spudcan-footprint interactions. 

7.2.4. Novel spudcan near a real footprint - Chapter 5 

As the analyses in the previous chapters were based on an artificial footprint with intact soil 

strength profiles, the real footprint in this chapter was based on the measured strength contour 

from existing centrifuge test data. The soil was remoulded during the footprint creation and then 

regained strength partially over the elapsed time before reinstalling another spudcan. A global 

jack-up rig model was also included, allowing spudcan lateral displacement and rotation to be 

quantified. The effect of the real footprint was assessed against the spudcan behaviours near an 

artificial footprint with an intact soil strength profile. The following conclusions for the real 

footprint effects were drawn from the LDFE results. 

1. The maximum horizontal force (Hmax), maximum moment at RP1 (Mt,max), maximum 

lateral displacement (Hmax), and rotation, all increased by 12~20% and occurred at a 420% 

deeper penetration depth. 
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2. The maximum horizontal force and moment reduced with increasing the elapsed time 

between the creation of the footprint and reinstallation of the spudcan. 

3. The critical offset distance of reinstallation of the spudcan from the footprint centre was 

identified 0.5~1D. 

4. The novel spudcan H1, relative to the generic spudcan A, was shown to reduce horizontal 

force, moment about RP1, lateral displacement and rotation by about 50%; and the total 

stress on the jack-up leg at RP1 by 41%. This confirmed the effectiveness of the spudcan 

H1 in global jack-up rig analysis with a real footprint.  

7.2.5. Optimal novel spudcan H1 in centrifuge test - Chapter 6 

The optimal spudcan shape H1 was selected based on the extensive LDFE analysis in Chapters 2 

~ 5. Base on this selection, a total of 25 centrifuge tests were carried out in 5 boxes to assess the 

efficiency of the spudcan H1 with a flat base and 4 holes against the generic spudcan A. Two 

types of footprints were created: (i) artificial footprint - using a cutting tool to remove the soil 

strength variability, and (ii) real footprint - through a generic spudcan penetration and extraction 

allowing a typical operation period as well as an elapsed time prior to reinstallation. The 

effectiveness of the novel spudcan H1 relative to the generic spudcan A was obtained as 

following:  

1. With the artificial shallow footprints in soft clay, the novel spudcan H1 could reduce the 

maximum horizontal force and moment by 46.9~61.7 % and 27.5~35.9 % respectively. 

The critical offset distance was found at 0.75D.  

2. With the artificial deep footprints in stiff clay, the reductions in maximum horizontal force 

and moment were recorded as 20.1~58.8% in maximum horizontal force and 9.4~45.3% 

in maximum moment. The critical offset distance was found at 0.5D as well.  
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3. With the real footprints, the disturbed zone around the footprint was dependent on the 

operation time and the elapsed time. The depth of the disturbed zone was doubled in the 

stiff clay compared to that in the relatively soft clay. The additional elapsed time of 4 

years allowed for reconsolidation of the disturbed soil, hence the shrinking of the 

disturbed zone. The depth of the disturbed zoned was reduced by 20%. The critical offset 

distance was identified at 0.75D. The novel spudcan H1 reduced the maximum horizontal 

force by 42.1~59.1% and maximum moment by 20.7~62.3%. 

4. Regardless of the variation in intact strength, footprint creation, and spudcan shape and 

diameter; the critical offset distance was identified as between 0.5~1.0D for maximum 

horizontal force and 0.5~0.75D for maximum moment from the centre of the footprint. 

7.3. Future Work 

7.3.1. Systematic study on the soil heterogeneity 

Gan et al. (2012) investigated the effect of soil strength heterogeneity by spudcan installation and 

extraction varying operational period and elapsed period (operational period: 0 year and 2 year 

vs elapsed period: 1 year and 100 years). In this thesis, tests were also carried our varying 

elapsed time. However, the intact strength of the samples were different, and as such no direct 

comparison could be made. A more systematic investigation can be undertaken maintain 

identical strength between samples, and varying elapsed time and operation time. This will allow 

for quantifying the corresponding influences on the recovered soil strength contour or disturbed 

zone.  

7.3.2. Centrifuge tests in moderate clay with real deeper footprint  

 In the real footprint tests, during creation of the footprints, the penetration depth of the generic 

spudcan under typical preloads (or maximum load) was low. Soil samples with moderate 
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strength can be produced, which may allow fort creating deeper footprints under those loads, and 

hence for assessing the corresponding influences on spudcan-footprint interactions.   

7.3.3. Simplified design formula 

Spudcan-footprint interactions have been investigated through 3D LDFE analyses and centrifuge 

tests. To apply the results in the field, it is necessary to develop design charts, approaches and 

guidelines. Recently, Zhang (2018) proposed a formula interpolating a series of numerical 

analysis results for spudcan-footprint interactions. However, the formula is based on artificial 

footprints and simplified circular footings. It is necessary to take into account the effect real 

footprint, real spudcan shape, and global jack-up response.   
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Appendix A. Validation of applied friction factors 

For skin friction of spudcan shoulder, skirt and hole (c = 50 and max) 

For assessing the side friction stress along the spudcan shoulder, skirt and holes, the following 

equation was used 

max = su,ave           (A-1) 

where  is the frictional ratio taken as the inverse of the soil sensitivity (= 1/St), su,ave is the 

average undrained shear strength along the frictional surface. The c of 50 is a dummy value to 

satisfy the default input data required in ABAQUS. When a sufficiently high value of c = 50 

along with max (= su,ave) is used, the frictional behaviour is governed by the latter. A schematic 

diagram of the response is shown in Figure A-1.  

 

Figure A-1. Schematic diagram for max  

 

The verification analyses were conducted for a classical problem with the input parameters 

tabulated in Table A-1. The computed results are plotted in Figure A-2. 
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and included in Figure A-2 for comparison. The resistance profiles from theoretical prediction 

(Ff) and FE analysis (Ff,FEM) are inreasonable agreement. 

For the bottom profile of spudcan (c = 0.1) 

The Coulomb friction option as shown in the following equation for the spudcan bottom profile 

was used with the proper c to consider the vertical pressure at the base of the spudcan.  

fn = c N           (A-2) 

where fn is the friction force, c is the friction coefficient and N is the vertical force. The value of 

c = 0.1 was selected from the validation analyses in Section 2.3. Figure A-3 depicts a schematic 

diagram for the Coulomb friction. 

           

 

(a) Vertical and tangential force                                  (b) Coulomb friction model 

Figure A-3. Schematic diagram for Column friction  
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Appendix C. Effect of secant model and leg-to-hull spring  

Effect of Secant Model (Reduced Rotational Stiffness) 

ISO guidance recommends using secant reduced rotational stiffness to ensure compliance with 

the yield interaction surface. The reduction factor, fr, for the initial stiffness is applied to the 

rotational stiffness. In general, the yield interaction is considered for an operating condition (e.g. 

extreme condition to evaluate structural integrity) and small strain condition after a preload is 

removed. However, a secant stiffness model is not applicable for penetrating foundations. 

Following assumptions to comply with the secant model condition were applied to evaluate the 

effect.  

- The spudcan was located at a fixed location, not penetrated continuously. The location 

was selected at d = 0.46D where the maximum moment occurred. 

- V / QV was varied from 0.1 ~ 0.9 with and increment of 0.2 to evaluate the effect of 

reduced stiffness on the global response. 

 

The validation case in Section 5.3 was selected to evaluate the effect of the secant model 

stiffness. A simple FE model is prepared to obtain the reduction factor of rotational stiffness, fr, 

which should be calculated by iteration scheme (ISO 2012) as shown in Figure C-1. 



A

 

 

 

Appencix C. Effect off secant model and le

F

eg-to-hull spring 

Figure C-1 Ideaalised FE mode

226 

el and iterationn method to callculate fr 

 

 



Appencix C. Effect of secant model and leg-to-hull spring 
 

 

 

227 
 

For the left hand side spudcan, the penetration depth was assumed at d = 0.46D and the soil 

strength as 0.5 su (= 5.0 + 1.8z) (see Fig. 5-3). The soil strength for the SpudcanRIGHT was 

used as intact soil strength at the pre-embedded location (d = 0.25D). The initial stiffness was 

calculated according to  

KV = KdV × 2GD / (1-)                    (vertical stiffness) 

KH = KdH ×16GD(1-) / (7-8)         (horizontal stiffness) 

KM = KdM ×GD3 / 3(1-)                    (moment stiffness)  

where KdV, KdH and KdM are the stiffness depth factors, G is the shear modulus of the 

foundation soil and  is Poisson’s ratio of the soil. The H and M at the SpudcanLEFT was used 

the maximum horizontal force and moment (i.e. Hmax = 0.87 MN and Mmax = 15.1 MN-m; see 

Fig. 5-5). Static analyses were carried out and the obtained reaction forces, V, H and M, were 

used as the input parameters for fr. 

The reduction factor, fr, was calculated according to (ISO 2012) 

 	 / ln 1  

.

16 1 1 4 1
.  

where a = D/2.5B     for D < 2.5B 

               = 1.0            for D > 2.5B 

QV, QH and QM are the vertical, horizontal and moment ultimate bearing capacities at the 

penetration depth.  

The calculated reduction factor, fr, was multipled to the initial rotational stiffness and the 

static analysis was carried out again until fr is converged. The converged fr at the 

spudcanRIGHT for varous vertical resistance forces from 0.1 to 0.9 are shown in Figure C-2. 
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Figure C-2 Rotational reduction factor, fr 

 

The minimum fr at the SpudcanRIGHT was 0.9. The rotations at the SpudcanLEFT and 

SpudcanRIGHT, and lateral displacement at the SpudcanLEFT extracted from the analyses are 

tabulated in Table C-1.   

Table C-1. Displacement comparison between initial and reduced stiffness  

Location 
Displacement 
 Initial stiffness Secant model 

SpudcanRIGHT Rotation, degree -6.42E-3 -6.76E-3 

SpudcanLEFT 
Lateral Displacement, m 4.22E-3 4.22E-3 
Rotation, degree -1.34E-2 -1.39E-2 

 

The difference due to the secant model is very small. The main reason is that the rotational 

reaction did not much high compared with an extreme condition. In addition, the effect of the 

reduced rotational stiffness is compensated by the buoyance spring. In this study, the initial 

stiffness was applied for further analyses. 
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 Effect of leg-to-hull spring 

Table C-2 shows an example for the stiffness for leg-to-hull connection from a real project  

Table C-2 Comparison between original and spring data for leg-to-hull connection 

Stiffness 
Original 

data  

*Spring 

data 

Horizontal stiffness (kN/m) Rigid Rigid 

Rotational stiffness (kNm/rad) Rigid 5.90E+07 

Vertical stiffness (kN/m) Free Free& 

*The data are from a real project for Gusto MSC CJ-70 jack-up rig. 
   &To simulate progressive spudcan penetration, vertical stiffness was assumed as “Free” condition. 

 

The static analysis was carried out to evaluate the effect of spring assumption on the leg-to-

hull. The maximum horizontal force and moment (see Figure 4-7) were adopted at the 

spudcan (see Figure C-3). 

 

Figure C-3. Idealised FE model to evaluate the effect of spring assumption for the leg-

to-hull connection 

H: 0.94MN
M: 13.8MNm

Leg-to-hull connection: 
Rigid vs Spring
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The rotation at the leg-to-hull connection and spudcan location, and the lateral displacement 

at the spudcan were extracted from the results and summarised in Table C-3.  

Table C-3. Displacement comparison between original and spring assumption for leg-to-

hull connection 

Location 
Displacement 

 Original Spring 

Leg-to-hull Rotation, degree -0.03 -0.14 

Spudcan 
Lateral Displacement, m 0.66 0.91 

Rotation, degree -0.30 -0.38 

 

The rotation at the leg-to-hull connection increased more than 4 times, but the value is much 

small. The lateral displacement at the spudcan increased about 37 %. 

  

LDFE analysis  

LDFE analyses were carried out with the modified hull model combining both secant model 

for the pre-embedded foundation (fr = 0.9) and spring assumption for the leg-to-hull 

connection. The results as shown in Figure C-4 were compared with those (Figure 4-7) from 

the original model with initial stiffness for rotation and rigid connection for the leg-to-hull 

connection. No significant difference can be found in the resistance forces, V, H and M. 

However, the maximum lateral displacement from the modified model increased up to 

85.7 % ( H,max = 0.49 m from the original model vs 0.91 m from the modified model), which 

is mainly attributed to the leg-to-hull spring assumption.  The rotation also slightly increased 

with the modified jack-up rig model.  
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Figure C-4 Resistance forces and deflections at RP for original and modified hull model: 

(a) Horizontal resistance force; (b) Vertical resistance force; (c) Moment 

resistance; (d) Lateral displacement; (e) Rotation 
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