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Numerical Investigation of Novel Spudcan Shapes for Easing Spudcan-25 

Footprint Interactions 26 

ABSTRACT 27 

This paper reports a measure for easing spudcan-footprint interactions when a jack-up rig 28 

needs to be installed near existing jack-up footprints. Two novel spudcan shapes, skirted 29 

spudcan with four rectangular holes and skirted spudcan with six circular holes and sloped 30 

bottom profile, were investigated using 3D large deformation finite element (LDFE) analyses. 31 

The LDFE analyses were performed using the Coupled Eulerian-Lagrangian (CEL) approach 32 

in the commercial finite element package ABAQUS. After displaying the validity of the 33 

analyses against existing LDFE results and centrifuge test data, the efficiencies of the novel 34 

spudcans were studied against a generic spudcan shape, including the effects of spudcan 35 

offset distance from the footprint and the footprint depth. Both soft and stiff seabed strength 36 

profiles were considered with the undrained shear strength increasing with depth. The 37 

potential of spudcan sliding towards the footprint center during installation was evaluated 38 

based on the resultant maximum horizontal force (Hmax) and moment (Mmax) acting on the 39 

different spudcans. It is found that, between the two novel spudcans, the spudcan with six 40 

holes and sloped bottom profile is more effective at reducing Hmax and Mmax. Any reduction in 41 

the resultant horizontal force on the spudcan can generate a large reduction of the moment at 42 

the top of a long jack-up leg. The results from this study indicate that the novel spudcan with 43 

circular holes and sloped bottom profile has potential to ease spudcan-footprint interactions 44 

without any additional mechanical operations.    45 

Keywords:  Clays; Spudcan-footprint interaction, Large deformation finite element, Coupled 46 

Eulerian-Lagrangian 47 

 48 



Numerical Investigation of Novel Spudcan Shapes for Easing Spudcan-Footprint Interactions Jun et al. 

 Original submitted March 2017 / Revised July 2017 / Revised Dec. 2017 

 

 2 

Nomenclature 49 

Ahole  total hole area 50 

Anet  net spudcan plan area at largest section 51 

Atotal  total spudcan plan area at largest section 52 

D  spudcan diameter at largest section 53 

DF  footprint diameter  54 

d   penetration depth of spudcan base (lowest point of largest section) from mudline 55 

dh   hole diameter 56 

H  horizontal force at spudcan base level 57 

Hmax  maximum horizontal force at spudcan base level 58 

hmin      minimum element size 59 

k  shear strength gradient with depth 60 

Lh  jack-up leg height 61 

Ls  skirt length 62 

M  moment at spudcan base level 63 

Ma  additional moment induced by horizontal force and jack-up leg height 64 

Mmax  maximum moment at spudcan base level 65 

Mt  moment at given jack-up leg height 66 

Mt,max maximum moment at given jack-up leg height  67 
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RP       reference point at spudcan  68 

RP1     reference point at top of leg 69 

St         soil sensitivity 70 

su   undrained shear strength 71 

su,ref   reference undrained shear strength 72 

sum,ref   reference undrained shear strength at the seabed 73 

su,ave   average undrained shear strength along the frictional surface 74 

V  vertical force 75 

v   spudcan penetration velocity  76 

z  depth below soil surface 77 

zF  footprint depth 78 

         interface friction ratio  79 

b  spudcan base angle 80 

  offset distance 81 

rem  remoulded strength ratio 82 

γ         shear strain rate 83 

refγ    reference shear strain rate 84 

  rate parameter for logarithmic expression 85 

C  Coulomb friction coefficient  86 
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F            footprint slope angle 87 

max  limiting shear strength at soil-spudcan interface 88 

   cumulative plastic shear strain  89 

95   cumulative plastic shear strain required for 95% remoulding 90 

 91 

 92 

 93 
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 97 

 98 

 99 

 100 

 101 
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1 INTRODUCTION 106 

1.1 ‘Mobile’ Jack-Up Rig and Spudcan-Footprint Interactions  107 

Most offshore drilling in shallow to moderate water depths (< 150 m) is performed from self-108 

elevating jack-up rigs due to their proven flexibility, mobility and cost-effectiveness 109 

(CLAROM 1993; Randolph et al. 2005). Today’s jack-ups typically consist of a buoyant 110 

triangular platform supported by three independent truss legs, each attached to a large 10 to 111 

20 m diameter spudcan. After the completion of the task, the legs are retracted from the 112 

seabed, leaving depressions, referred to as a crater or ‘footprint’, at the site (see Figure 1a).  113 

Jack-ups often return to sites where previous operations have left footprints in the seabed. 114 

This is, for example, to drill additional wells or service existing wells; installing structures 115 

such as jackets or wind turbines (Killalea 2002; Osborne and Paisley 2002; InSafeJIP 2011). 116 

When a spudcan is located on or near a footprint slope, there is a tendency for the spudcan to 117 

slide towards the center of the footprint, inducing excessive lateral forces and bending 118 

moments to the rig (see Figure 1b). Adverse spudcan displacement could result in an inability 119 

to install the jack-up in the required position, leg splay, structural damage to the leg, and at 120 

worst, bumping or collapsing into the neighbouring operating platform. The frequency of 121 

offshore incidents during installation near footprints has increased by a factor of four between 122 

the period 1979~88 and 1996~06 (Osborne 2005) and at an even higher rate over 2005~2012 123 

(Jack et al. 2013), with examples of offshore incidents also documented by Hunt and Marsh 124 

(2004), Brennan et al. (2006) and Handidjaja et al. (2009). 125 

1.2 Spudcan Footprint Geometry 126 

In general, the soil strength profile, the depth of detaching the spudcan base from the 127 

underlying soil during extraction, and the degree of soil reverse backflow around the 128 

extracting spudcan dominate the formation of the footprint. From the results of a series of 129 
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half-spudcan centrifuge tests, Hossain and Dong (2014) concluded that a conical footprint of 130 

depth zF = 0.22~0.33D was formed in soft clay whilst a cylindrical footprint of depth 131 

zF = 0.5~0.66D was formed in stiff clay. In addition, the combined effects of soil heaving 132 

during initial penetration of the spudcan and reverse backflow during extraction resulted in a 133 

soil bulge extending laterally over 1.92~1.96D particularly in soft clay. These findings are 134 

consistent with footprints measured in Gan et al. (2008), Teh et al. (2010), and Erbrich et al. 135 

(2015). Critical footprint depth (zF) of 0.33D and 0.66D and width of 2D were considered in 136 

this study.  137 

Natural fine grained soils experience remoulding during the spudcan penetration and 138 

extraction event. This disturbance is healed gradually with the passing of time through 139 

dissipation of excess pore pressure. Centrifuge tests in Kaolin clay showed full recovery of 140 

the original strength taking 1~1.5 years in the vicinity of the footprint, though of course this is 141 

a function of the soil’s permeability (Leung et al. 2007). Further disturbance and strength’s 142 

greater that the original intact strength were measured at greater depths below the depth to 143 

which the spudcan was originally penetrated and after the passing of many years (see contours 144 

of Gan et al. 2012). Because of the complexity and variety of possible strength gradients 145 

around the footprint, in this study, an artificial footprint with the soil strength along and 146 

adjacent to the footprint identical to the intact strength profile was considered. This allows a 147 

consistent evaluation of the benefits of the spudcan shape (and allows comparisons with the 148 

testing programs of Kong et al., 2013, 2015a, 2015b). Further numerical study and 149 

experiments in more complex soil profiles are recommended.    150 

1.3 Previous Work 151 

Penetration of spudcan foundations next to footprints has been addressed by a number of 152 

researchers, with of particular interest being on spudcan-footprint interactions and consequent 153 
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influence on jack-up legs with various fixity conditions. Gaudin et al. (2007), Leung et al. 154 

(2007), Cassidy et al. (2009), Gan et al. (2012), Kong et al. (2013) reported data from 155 

centrifuge tests. Tho et al. (2013) and Zhang et al. (2015) performed 3D LDFE simulations 156 

using the remeshing and interpolation technique with small strain-analysis (RITSS) technique 157 

and coupled Eulerian-Lagrangian (CEL) approach, respectively, in the commercial finite 158 

element package ABAQUS. From all investigations, as summarized in Figure 10 of 159 

Kong et al. (2013), the critical offset distance  (defined as the distance between the footprint 160 

center and spudcan center) was identified as 0.5D~1.0D. From case histories, Handidjaja et al. 161 

(2009) found that if  > 1.5D~1.7D, the effect of interaction can be neglected, while Teh et al. 162 

(2010) reported a minor slip for  = 1.0D. 163 

1.4 Existing methods for mitigating spudcan-footprint interactions  164 

For mitigating spudcan-footprint interactions, only a minimum attention was paid. In the field, 165 

stomping, successive leg repositioning (Brennan et al. 2006), use of an identical or very 166 

similar spudcan diameter and exactly on the existing footprint (Erbrich et al. 2015), and water 167 

jetting along with the spudcan preloading (Handidjaja et al. 2009) have been used. Perforation 168 

drilling was also identified as a potential means for mitigating spudcan-footprint interactions 169 

(Maung and Ahmad 2000; Hossain and Stainforth 2016). Additional works involved with 170 

these methods incur additional cost and time to be applied in the field.  171 

1.5 Objectives of present study  172 

This study focuses on tweaking spudcan shapes to ease the spudcan-footprint interactions. 173 

The investigation was carried out through 3D large deformation finite element (LDFE) 174 

analyses. Firstly, for ensuring the accuracy of the numerical model, vertical (V), horizontal 175 

(H) and moment (M) loads acting on a spudcan were validated against the results from 176 

centrifuge test result performed by Kong et al. (2013) and from LDFE using RITSS 177 
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conducted by Zhang et al. (2015). Secondly, the effect of the previously developed novel 178 

spudcan shapes (Lee et al. 2015) at mitigating spudcan-footprint interactions has been 179 

evaluated through comparison with the performance of a generic spudcan shape. An extensive 180 

parametric investigation was then undertaken, encompassing the relevant range of various 181 

parameters related to the footprint geometry, reinstallation location and soil strength.  182 

2 NUMERICAL ANALYSIS 183 

2.1 CEL method for large deformation problem 184 

3D LDFE analyses were carried out using the coupled Eulerian-Lagrangian (CEL) approach 185 

in the commercial FE package ABAQUS/Explicit (Dassault, 2012). Qiu et al. (2011), 186 

Chen et al. (2013), Tho et al. (2013), Hu et al. (2014), Hamann et al. (2015), Kim and Hossain 187 

(2015) and Zheng et al. (2015) investigated various geotechnical problems using the CEL 188 

approach and provided confidence to its applicability to solve problems involving large 189 

deformations. 190 

The CEL approach is identified as advantageous in circumventing mesh distortion in large 191 

deformation problems. The soil is tracked as it flows through an Eulerian mesh, fixed in space, 192 

by computing the material volume fraction in each element. The Eulerian element can be 193 

materially void or occupied partially or fully by more than one material, with the volume 194 

fraction representing the portion of that element filled with a specified material. The structural 195 

element, such as a spudcan, is discretized with Lagrangian elements, which can move through 196 

the Eulerian mesh without resistance until they encounter Eulerian elements containing soil. 197 

The interaction between the structure and the soil is represented using a contact algorithm 198 

named ‘general contact’ in ABAQUS (Dassault 2012).   199 
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2.2 Mesh and boundary conditions 200 

Considering the symmetry of the problem, half spudcan and soil were modelled. The lateral 201 

extensions of the soil domain from the center of the footprint were 2.5D (D is the spudcan 202 

diameter) on the left hand side and 4.5D on the opposite side, and the depth of the soil domain 203 

was ~5.5D to avoid boundary effect during the installation process (as obtained from 204 

preliminary convergence studies and also considered by e.g. Hu et al. 2015; 205 

Zheng et al. 2015). An idealized artificial footprint was considered following Kong et al. 206 

(2013). Figure 2 shows the footprint shape of a cone with DF = 2D and zF = 0.33D and 0.66D. 207 

Similar to the Kong’s experimental setup, the spudcan was assumed to be rigid with no 208 

horizontal or rotational movements allowed (fixed head condition). A typical mesh is shown 209 

in Figure 3. A very fine soil mesh was necessary to capture the spudcan-soil interaction 210 

accurately. Therefore, mesh convergence studies were first performed to ensure that the mesh 211 

was sufficiently fine to give accurate results. As shown in Figure 4, four different mesh 212 

densities were considered (in the ‘very fine mesh zone’ in Figure 3) for a spudcan 213 

reinstallation near an existing footprint. The numerical results based on mesh 1 and mesh 2, 214 

with minimum element sizes (hmin) 0.019D and 0.025D respectively, are essentially identical, 215 

indicating that mesh convergence was achieved with the density of mesh 2 (hmin = 0.025D). 216 

As such, for subsequent parametric analyses, the typical minimum soil element size in the 217 

very fine mesh zone was selected as 0.025D. A 3 m (i.e. 0.2D) thick void (i.e. material free) 218 

layer was set above the intact soil surface, allowing the soil to heave by flowing into the 219 

empty Eulerian elements during the penetration process. The penetration velocity of the 220 

spudcan (v) was taken as 0.1 m/s.  221 
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2.3 Constitutive law and material parameters 222 

The soil was modelled as a linear elastic–perfectly plastic material obeying a Tresca yield 223 

criterion, but extended as described later to capture strain-rate and strain-softening effects. A 224 

user subroutine was implemented to track the evolving soil strength profile. The elastic 225 

behaviour was defined by a Poisson’s ratio of 0.49 and Young’s modulus of 500su throughout 226 

the soil profile. Total stress analyses were carried out adopting a uniform effective unit weight 227 

over the soil depth, representing a typical average value for field conditions.   228 

The interaction between (e.g. spudcan) and Eulerian (e.g. soil) materials is enforced by a 229 

general contact algorithm that is based on a penalty contact method in ABAQUS (Dassault, 230 

2012). Therefore, the spudcan-soil interface was modelled as frictional contact using this 231 

algorithm and specifying a (total stress) Coulomb friction law with a limiting shear stress 232 

(max). Two different contact properties were applied for the side and bottom of spudcan, 233 

respectively. For the side friction of spudcan shoulder, skirt and holes, the Coulomb friction 234 

coefficient was set to a high value of C = 50, in order to allow the value of max (= su,ave; 235 

where  is the frictional ratio taken as the inverse of the soil sensitivity, 1/St; su,ave is the 236 

average undrained shear strength along the frictional surface) to govern failure (Ma et al. 237 

2014; Kim et al. 2015). For the friction between the bottom profile of spudcan and footprint 238 

slope, C was taken as 0.1, without specifying a max. It allows the frictional behaviour to be 239 

governed by the contact pressure beneath the spudcan (Wang et al. 2012; Wang et al. 2015; 240 

Mao et al. 2015). 241 

2.4 Incorporation of combined effects of strain rate and strain softening 242 

The Tresca soil model was extended in order to take the combined effects of rate dependency 243 

and gradual softening into account following the Einav & Randolph model 244 

(Einav & Randolph 2005). The undrained shear strength at individual Gauss points was 245 
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modified at the beginning of each time step, γ , according to the average rate of maximum 246 

shear strain in the previous increments and the current accumulated absolute plastic shear 247 

strain, expressed as  248 

 
   refu,

ξ3ξ

remrem

ref

ref

u seδ1δ
γ

γ,γMax
μlog1s 95
































           (1) 249 

The first bracketed term augments the strength according to the maximum strain rate relative 250 

to a reference value, refγ , which was considered as 1.5%/h as consistent with triaxial tests 251 

(Lunne et al. 2006), following a logarithmic law with rate parameter  taken as 0.1 for 252 

‘circular’ spudcan foundations (Low et al. 2008). The second part of Equation 1 models the 253 

degradation of strength according to an exponential function of cumulative shear strain, , 254 

from the intact condition to a fully remoulded ratio, rem (= 1/St = ). The relative ductility is 255 

controlled by the parameter, , which represents the cumulative shear strain required for 256 

95% remoulding. A typical value of  = 15 (i.e. 1500% shear strain; Randolph 2004) was 257 

considered. Further details can be found in Hossain & Randolph (2009) and 258 

Zheng et al. (2015). 259 

3 VALIDATION AGAINST CENTRIFUGE TESTING AND PREVIOUS LDFE 260 

ANALYSIS 261 

The LDFE results were validated against previously published centrifuge test data and LDFE 262 

results using the alternative RITSS method. Kong et al. (2013) presented data from a 263 

centrifuge test carried out at 250 g in kaolin clay. A model flat base circular footing 264 

(D = 15 m) was adopted, instead of real spudcans to eliminate any effects of spudcan base 265 

profile, and an idealized artificial footprint (DF = 2D and zF = 0.33D; footprint A in Figure 2) 266 

were used in that testing. The slope angle of the footprint (F) was 18.5. The soil undrained 267 
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shear strength of su,ref was deduced from T-bar penetration tests as sum,ref = 7.5 kPa at the 268 

ground surface with a linearly increasing gradient of k = 0.92 kPa/m down to 3.4 m; and 269 

sum,ref = 5 kPa and gradient of k = 1.68 kPa/m for the soil below 3.4 m. The footing was 270 

penetrated at an offset of = 0.55D from the footprint center. In the LDFE simulation, these 271 

parameters and  = 0.1; rem = 1/St = 1/3; 95 = 15; and refγ = 1.5% h
-1

 were used. For the 272 

same case, Zhang et al. (2015) performed a 3D LDFE simulation using the RITSS technique. 273 

The soil was modelled as an elasto-plastic material obeying a Tresca yield criterion, with 274 

strain softening and rate dependency of the undrained shear strength not incorporated.   275 

Figure 5 shows penetration resistance profiles, in terms of horizontal force (H), vertical force 276 

(V) and bending moment (M) distribution along the normalized penetration depth, d/D (where 277 

d is the penetration depth of spudcan base i.e. lowest point of largest section from mudline). 278 

The results from Zhang et al.’s (2015) LDFE/RITSS simulation are also included for 279 

comparison. By comparing with the measured data, the horizontal and vertical load responses 280 

from this study are in reasonable agreement, while the moment response is slightly higher. 281 

The horizontal load response from the LDFE/RITSS analysis is significantly higher. It can be 282 

explained as the LDFE/RITSS analysis adopted a ‘tie restrained condition’ between the soil 283 

and the footing, and an ideal Tresca soil material (without any softening effect). This may 284 

have led to a larger horizontal force. In order to highlight the individual effect of strain rate 285 

dependency and softening, two additional analyses have been performed considering (i) rate 286 

dependent, non-softening soil ( = 0.1; rem = 1), and (ii) rate independent, softening soil ( = 287 

0; rem = 1/3; 95 = 15). The results are also plotted in Figure 5. As expected, for this spudcan 288 

penetration problem, the curves for rate-dependent softening soil is somewhat bounded by the 289 

curves for rate dependent, non-softening soil and rate independent, softening soil (see Figure 290 

5); with Hmax for these three cases being 0.84, 0.92 and 0.77 MN, respectively (see Figure 5a). 291 

The influences will be more profound for deeper penetration depths with soil flow around the 292 
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embedded spudcan (Hossain and Randolph, 2009). In practice, the undrained shear strength of 293 

clay is assessed through e.g. triaxial tests. During a spudcan penetration in the field, the 294 

operational shear strength of the adjacent soil is affected by the strain rate induced by the 295 

spudcan penetration rate and accumulated plastic shear strain simultaneously. As such, the 296 

rate dependent, strain softening soil ( = 0.1; rem = 1/St = 1/3; 95 = 15) was chosen for the 297 

further parametric analyses. As the moment about the load reference point (RP) at the center 298 

of a footing is mainly governed by the resultant vertical force and its eccentricity from RP 299 

(see Figure 5c), the difference in moment response between the LDFE simulations are not 300 

very obvious (will discuss later). Overall, this validation analysis has reasonably confirmed 301 

the capability and accuracy of the CEL approach in assessing responses during penetration of 302 

a footing adjacent to an existing footprint. 303 

4 RESULTS AND DISCUSSION: PARAMETRIC STUDY   304 

To examine whether by changing spudcan shape spudcan-footprint interactions can be 305 

mitigated, an extensive parametric study was carried out varying (a) the spudcan shape 306 

(conventional or generic spudcan – referred to as spudcan A, novel spudcan with 307 

4 rectangular holes – referred to as spudcan S, and  novel spudcan with 6 circular holes and 308 

sloped bottom profile – referred to as spudcan H; Table 1 and Figure 6); (b) the reinstallation 309 

location ( = 0.55D ~ 1.5D); (c) the footprint geometry (zF = 0.33D and 0.66D); and (d) the 310 

soil undrained shear strength (soft to stiff clay deposit). The results from this parametric study, 311 

as assembled in Table 2, are discussed below. Parameters in terms of rate dependency and 312 

strain-softening were taken as  = 0.1; rem = 1/St = 1/3; 95 = 15; and refγ = 1.5% h
-1

, as they 313 

typically provided good match in the validation exercise. 314 
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4.1 Effect of novel spudcan geometry  315 

Numerical analyses were performed using 3 spudcans (spudcan A, spudcan S and spudcan H) 316 

of 15 m diameter (Group I; Table 2). The shape of spudcan A (Figure 6a) was chosen similar 317 

to the spudcans of the ‘Marathon LeTourneau Design, Class 82-SDC’ jack-up rig, as 318 

illustrated by Menzies & Roper (2008). The basic shape of spudcan S (Figure 6b) is similar to 319 

spudcan A. A skirt of height 2 m was added around the periphery, and four evenly spaced 320 

rectangular holes (2 m  4.95 m) were made at the base close to the skirt. The ratio of skirt 321 

length to diameter (L/D) was 0.13. The shape of spudcan H (Figure 6c) is innovative and 322 

featuring six evenly spaced circular holes (of diameter dh = 2.1 m) with slopes at the base. 323 

More details can be found in Lee et al. (2015). The spudcans were penetrated at an offset of 324 

= 0.55D from the footprint center (zF = 0.33D, Df = 2D and F = 18.5; footprint A in 325 

Figure 2). 326 

Performance of novel spudcans 327 

Figure 7 shows a comparison of performance of the generic and two novel spudcans in terms 328 

of horizontal (H), vertical (V) and moment distribution (M) along the normalized penetration 329 

depth d/D. The corresponding failure mechanisms at different stages of penetration are 330 

illustrated in Figure 8.  331 

It is seen that vertical forces (V) and maximum moments (Mmax) for all the spudcans are 332 

similar. Note, at the shallow penetration stage prior to the footprint toe level (d/D < 0.33), the 333 

vertical forces (V) for spudcans H and S are larger than that for spudcan A although the net 334 

area (Anet) is smaller (Anet = 155.9 m
2
 and 136.5 m

2 
for spudcans H & S vs 176.7 m

2
 for 335 

spudcan A; Table 1). This indicates that the effect of the increased initial bottom contact area 336 

by trapped soil (see Fig. 8b) and the frictional resistance mobilized between the trapped soil 337 

flowed through the holes and the holes peripheral surface (as was modelled as frictional 338 
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contact; see Figs. 8a~8e) outweigh the effect of less net area. After the footprint toe level (d/D 339 

> 0.33), the gap gradually diminishes and the curves merge together. This is because the soil 340 

flowed back around the spudcan and the flowed through the holes gradually seal the holes 341 

(see Fig. 8e) with negligible or no further effect of the holes. 342 

By using spudcan H, a reduction in induced horizontal force was measured. The maximum 343 

horizontal force (Hmax) for spudcan H is around 1.17 MN, which is about 18.8 % lower than 344 

that for spudcan A (Hmax = 1.44MN). As discussed later, this is because the holes of the 345 

advancing spudcan and underside profiles (e.g. slopes) provide a preferential soil flow path, 346 

forcing the spudcan to remain vertical. The depth of the peak also shifts down (0.05D for 347 

spudcan A to 0.2D for spudcan H) due to the skirt. The deeper mobilisation of Hmax of 348 

spudcans S and H provides more potential for the spudcan to reach its vertical capacity before 349 

reaching its horizontal capacity Hmax. For instance, for spudcan A, V = 10.0 MN at 350 

Hmax = 1.44 MN; while for spudcan H, V = 29.5 MN at Hmax = 1.17 MN. 351 

Soil failure mechanisms 352 

Figure 8 depicts the instantaneous (resultant) velocity vectors during reinstallation of the 353 

spudcans in soft clay (note, the instantaneous velocity vector plots are not the same as for the 354 

real Lagrangian material, but the representation of the deformed soil flow in Eulerian element; 355 

e.g. Tho et al. 2013; Kim et al. 2015). The soil failure mechanisms show that the asymmetric 356 

soil (and hence the tendency of horizontal force towards the footprint toe) has been reduced 357 

by the novel spudcan owing to soil flowing through the holes.  358 

For the generic spudcan, once the footprint toe level is reached, the localized soil backflow on 359 

the left hand side begins to collapse back on the spudcan (d/D = 0.38 in Figure 8). Generally, 360 

after passing this depth, soil begins to flow back on both sides of the spudcan 361 
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(Zhang et al. 2015); the influence on the failure mechanism caused by the presence of the 362 

footprint geometry therefore diminishes.  363 

For the novel spudcans in Figures 8b and 8c, the holes on the spudcans make this process 364 

occur earlier, easing the footprint interactions. Interestingly, spudcan H shows more 365 

efficiency compared to spudcan S, even though the net area of spudcan H is larger 366 

(Anet = 155.9 m
2
 for spudcan H vs 136.5 m

2
 for spudcan S; see Table 1). It can be explained 367 

that the underside profile (e.g. various slopes at the base) of spudcan H reduces the horizontal 368 

force to some extent by trapping more soil volume underneath. Based on these results, only 369 

spudcan H was used as a novel spudcan for further parametric studies described below.   370 

4.2 Effect of offset distance  371 

Spudcan reinstallation processes near the idealized footprint (zF = 0.33D, Df = 2D and 372 

F = 18.5) were investigated with different offset distances (e.g. β = 0.55D, 1.00D and 373 

1.50D; Group II; Table 2). This parametric study aims at investigating the combination effect 374 

between the spudcan shape and offset distance during reinstallation processes. The results of 375 

this analysis are plotted in Figure 9. Deviations in the vertical penetration resistances are 376 

shown in the initial penetration stage (see Figure 9b). As expected, the magnitude of the 377 

vertical force (V) increases with the offset distance β as a result of increasing initial contact 378 

area. For all cases, as the penetration continues, the contact area increases rapidly and thus 379 

leads to increase the vertical forces. The effect of offset distance becomes less influential on 380 

the vertical penetration resistance as the penetration depth increases, which results in the 381 

merging of the six vertical force curves at a depth of about d/D = 0.4 after the spudcans pass 382 

the toe of the footprint.  383 

The horizontal and moment distribution for each offset distance β are presented in Figure 9a 384 

and Figure 9c. Peak Hmax and Mmax are observed at an offset value of 0.55D; these findings 385 
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confirm the physical modelling results of previous publications, such as Cassidy et al. (2009) 386 

and Gan et al. (2012), in which a critical offset distance range of 0.5D to 1.0D was suggested.  387 

The horizontal force and moment reduce with increasing . The reduction in Hmax with 388 

increasing  for spudcan A is more pronounced than that for spudcan H. Eventually the 389 

horizontal force for spudcan A becomes lower than that for spudcan H for  = 1.50D. This 390 

could be attributed to the skirt on spudcan H. As  increases and particularly for  = 1.50D, 391 

the left skirt of spudcan H touches the soil surface and buries earlier than the shoulder of 392 

spudcan A (see Figure 11). The buried section of the left skirt is still close to the footprint 393 

slope. This leads to increase the resulting imbalance in earth pressure, compared to the 394 

generic spudcan. 395 

The corresponding soil flow mechanisms can be seen in Figures 10 and 11. As the 396 

reinstallation location moves away from the center of the footprint (i.e. increasing ), the 397 

localized soil backflow is initiated earlier on the left hand side of the spudcan, which 398 

significantly reduces the asymmetry of the soil failure mechanism of the spudcan. As a 399 

consequence, the horizontal force and moment dramatically reduce with increasing the offset 400 

value up to  = 1.50D. The reduction in Hmax with increasing  for spudcan A is more 401 

pronounced than that for spudcan H. This could be attributed to the skirt and holes on spudcan 402 

H that initiate the symmetry of soil failure mechanisms earlier than spudcan A (see Figure 11).  403 

4.3 Effect of footprint depth and soil strength 404 

So far, as discussed in section 4.2, a conical crater of dimensions 2D wide (DF = 2.0D) and 405 

0.33D depth (zF = 0.33D) and slope angle F = 18.5 was considered for soft clay deposits 406 

(su,ref = 7.5 + 0.92z kPa (for z < 3.4 m) and 5.0 + 1.68z kPa (for z ≥ 3.4); footprint A in Figure 407 

2). The effect of footprint depth and soil strength were explored considering both a shallow 408 
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(DF = 2D, zF = 0.33D) as well as a deeper conical crater (DF = 2D, zF = 0.66D depth; footprint 409 

B in Figure 2) with a stiff clay strength more representative of that found in the field the Gulf 410 

of Mexico (su,ref = 19 + 1.46z kPa; Menzies and Roper, 2008) for spudcan A and spudcan H 411 

(Groups III and IV; Table 2). An analysis was also carried out on a uniform clay deposit with 412 

su,ref = 19 kPa (Group V; Table 2) for comparison. Note, the deeper conical crater was shifted 413 

down by a cylindrical cavity of depth 0.33D (hence slope angle F is the same of 18.5) as 414 

shown in Figure 2. 415 

The effects of footprint geometry and soil strength are shown in Figure 12 for both spudcans 416 

A and H. With a deeper footprint depth (zF = 0.66D; Group III; Table 2), the maximum 417 

horizontal force increases significantly (185% for spudcan A; 261% for spudcan H). The 418 

corresponding moments was also nearly 50% higher compared to that for a shallow footprint 419 

crater on the clay deposit with identical strength (zF = 0.33D; Group IV; Table 2). This is 420 

because of the asymmetric soil flow, which is more critical for the deeper footprint depth. As 421 

expected, spudcan H shows a mitigation effect regardless of footprint depths. For instance, for 422 

the shallow footprint depth (i.e. zF = 0.33D) with stiff clay, Hmax of spudcan H is 1.54 MN, 423 

which is about 42.3% lower than that of spudcan A (Hmax = 2.67 MN). For the deeper 424 

footprint depth (i.e. zF = 0.66D) this difference is 19% on the soil deposit with su,ref = 19 + 425 

1.46z kPa and 13% on the clay with su,ref = 19 kPa.  426 

As shown in Figure 13, in general, the failure mechanisms in the stiff clay are consistent to 427 

those in the soft clay (Figure 8 and Group I; Table 2), but the amount of soil flowing through 428 

the holes is different. Due to the higher soil strength, the effect of hole is of course more 429 

pronounced and it leads to an increase in the reduction of Hmax (reduction Hmax = 42.3% for 430 

the stiff clay in Figure 12a vs 18.8% for the soft clay in Figure 9a).    431 
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4.4 Effect of horizontal force on jack-up leg bending moment  432 

The horizontal force induced by spudcan-footprint interactions generates additional bending 433 

moment (Ma) along a jack-up leg and the largest one occurs at the top level (or just below the 434 

hull). If the moment is over the structural capacity, the leg can be damaged. Therefore, the 435 

reduction in horizontal force on the spudcan has a significant effect on the structural integrity 436 

of the jack-up leg.  437 

All the results in the thus far discussed parametric studies are obtained using the reference 438 

point at the center of spudcans (see RP in Figure 2). With this reference point, the bending 439 

moment (M) on the spudcan is induced only by the resultant vertical force and its eccentricity 440 

as the resultant horizontal force H passes nearly through RP. If the reference point is located 441 

at the top of the leg (see RP1 in Figure 14a), an additional moment (Ma) will be mobilized by 442 

H and its eccentricity (= the leg length). The horizontal and vertical forces are not affected by 443 

this change of RP. 444 

The analyses of Group IV (Table 2) were carried out to examine the effect of this shifting of 445 

the reference point. The leg length was setup as Lh = 150 m, which is similar to the practical 446 

maximum length (submerged in water i.e. = maximum operable water depth) in the field (e.g. 447 

GustoMSC CJ-80, KFELS N-Class; Koole and van der Kraan 2015). The top head of the leg 448 

was fully fixed and the spudcan was considered as a rigid body. Thus, the additional bending 449 

moment (Ma) at RP1 due to the horizontal force acting on the spudcan can be calculated as Ma 450 

= H x Lh (Figure 14a). The total moment about RP1 can therefore be calculated as Mt = M + 451 

Ma. The Mt profiles are shown in Figure 14b and the values of the maximum moment, Mt,max, 452 

about RP1 are summarized in Table 2. With the reference point being shifted from RP to RP1, 453 

the novel spudcan H shows more benefit in reducing Mt,max about the fixed leg head.  For 454 

instance, for the shallow footprint with stiff clay (Group IV; Table 2), the reduction in Mt,max 455 
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is as high as 38.3% by replacing the generic spudcan A with the novel spudcan H (see Figure 456 

14b). This means that the use of the novel spudcan can significantly reduce the damage 457 

potential at the leg top level induced by spudcan-footprint interactions. 458 

5 CONCLUDING REMARKS  459 

To ease spudcan-footprint interactions during a jack-up installation near exiting footprints, the 460 

performances of two novel spudcan shapes, skirted spudcan with four rectangular holes 461 

(spudcan S) and skirted spudcan with six circular holes and sloped bottom profile (spudcan H), 462 

were investigated against a conventional/generic spudcan (spudcan A). The potential of 463 

spudcan sliding towards to the existing footprint center was evaluated by the maximum 464 

horizontal force and moment acting on the spudcan during installation. The computed LDFE 465 

results presented in this paper have confirmed that the novel spudcan H is more effective at 466 

mitigating spudcan-footprint interactions than the novel spudcan S and the generic spudcan A. 467 

It is attributed to the holes and various slopes at the base of spudcan H, allowing more soil 468 

volume to be trapped underneath the spudcan and forcing the soil to flow through the holes. 469 

With the footprint geometries setup in the current study in both soft and stiff clays, spudcan H 470 

can reduce the maximum horizontal force by up to 42.3% and the maximum moment up to 471 

38.3% at the top of the jack-up leg, when comparing with the generic spudcan A. It should be 472 

noted that the novel spudcan H shows comparable vertical resistance to the generic spudcan A. 473 

In this study, the analyses were performed on previously developed novel spudcan shapes 474 

aiming at assessing their performance in easing spudcan-footprint interactions, and the 475 

viability of the numerical technique in analysing novel spudcan penetration adjacent to a 476 

footprint. Further systematic analyses are being carried out varying skirt length, bottom 477 

profile, and number of holes to propose an optimum spudcan shape at mitigating spudcan-478 

footprint interactions. The results will be published in the future. 479 
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Table 1. Details of spudcans  626 

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 

 627 

 628 

 629 

 630 

 631 

 632 

 633 
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Table 2. Summary of 3D LDFE analyses performed  634 

Group 
Spudcan shape 

(see Figure 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) 

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) 

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 635 

al. 2013)  636 

# Stiff clay: su,ref = 19.0 + 1.46z kPa (Menzies & Roper 2008) 637 

$ Homogeneous clay: su,ref = 19.0 kPa 638 

^ Jack-up leg height = 150 m 639 

+ Reduction percentage compared to spudcan A 640 

641 
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No of Figure: 14 642 

Figure 1.  Jack-up installation near a footprint: (a) Bathymetry plot showing footprints (after 643 

Pollock et al. 2015); (b) Section view (A-A’) 644 

Figure 2.  Schematic diagram of spudcan-footprint interaction 645 

Figure 3.  Typical mesh used in 3D LDFE analysis: (a) Typical 3D mesh; (b) Detail plan 646 

view; (c) Side view 647 

Figure 4.  Effect of FE mesh density on spudcan penetration response near an existing 648 

footprint: (a) Horizontal force; (b) Vertical force; (c) Moment distribution  649 

Figure 5.  Validation of current LDFE results : (a) Horizontal force; (b) Vertical force; (c) 650 

Moment distribution 651 

Figure 6.  Generic and novel spudcan shapes: (a) Spudcan A (generic); (b) Spudcan S (4 652 

rectangular holes); (c) Spudcan H (6 circular holes with base slopes) 653 

Figure 7.  Effect of spudcan shape (Group I; Table 2): (a) Horizontal force; (b) Vertical force; 654 

(c) Moment distribution 655 

Figure 8.  Effect of spudcan shapes: soil failure mechanisms (Group I; Table 2): (a) d/D = 0.1; 656 

(b) d/D = 0.12; (c) d/D = 0.2; (d) d/D = 0.3; (e) d/D = 0.38 657 

Figure 9.  Effect of spudcan offset distance (Groups I and II; Table 2): (a) Horizontal force; 658 

(b) Vertical force; (c) Moment distribution 659 

Figure 10.  Effect of offset distance: failure mechanisms of spudcan A (Groups I and II; Table 660 

2): (a) d/D = 0.1; (b) d/D = 0.2; (c) d/D = 0.3; (d) d/D = 0.38 661 

Figure 11. Effect of offset distance: failure mechanisms of spudcan H (Groups I and II; Table 662 

2): (a) d/D = 0.1; (b) d/D = 0.2; (c) d/D = 0.3; (d) d/D = 0.38 663 
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Figure 12.  Effect of footprint depth and soil strength (Groups III, IV and V; Table 2): (a) 664 

Horizontal force; (b) Vertical force; (c) Moment distribution 665 

Figure 13.  Effect of footprint geometry and soil strength: failure mechanisms (Groups III and 666 

IV; Table 2): (a) d/D = 0.1 & d/D = 0.2; (b) d/D = 0.2 & d/D = 0.4; (c) d/D = 0.3 667 

& d/D = 0.6; (d) d/D = 0.38 & d/D = 0.78 668 

Figure 14.  Effect of horizontal force on total moment (Group IV; Table 2): (a) Shift load 669 

reference point; (b) Moment distribution 670 

671 
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 672 

(a) Bathymetry plot showing footprints (after Pollock et al. 2015) 673 

 674 

(b) Section view (A-A’) 675 

Figure 1. Jack-up installation near a footprint 676 
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 677 

Figure 2. Schematic diagram of spudcan-footprint interaction 678 

 679 

 680 

 681 

 682 

 683 

 684 

 685 
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(a) Typical 3D mesh (b) Detail plan view 

 

 

(c) Side view 

Figure 3. Typical mesh used in 3D LDFE analysis 

 686 
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 687 

Figure 4. Effect of FE mesh density on spudcan penetration response near an existing 688 

footprint  689 

690 
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 691 

Figure 5. Validation of current LDFE results 692 

693 
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 694 

Figure 6. Generic and novel spudcan shapes 695 

696 
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 697 

Figure 7. Effect of spudcan shape (Group I; Table 2) 698 

 699 

 700 

 701 

 702 
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 703 

Figure 8. Effect of spudcan shapes: soil failure mechanisms (Group I; Table 2) 704 

705 
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 706 

Figure 9. Effect of spudcan offset distance (Groups I and II; Table 2) 707 

 708 

 709 
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 710 

Figure 10. Effect of offset distance: failure mechanisms of spudcan A (Groups I and II; 711 

Table 2) 712 
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 713 

Figure 11. Effect of offset distance: failure mechanisms of spudcan H (Groups I and II; 714 

Table 2) 715 

 716 

 717 

 718 

 719 

 720 

 721 

 722 
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 723 

Figure 12. Effect of footprint depth and soil strength (Groups III, IV and V; Table 2) 724 

 725 

 726 

 727 

 728 

 729 



Numerical Investigation of Novel Spudcan Shapes for Easing Spudcan-Footprint Interactions Jun et al. 

 Original submitted March 2017 / Revised July 2017 / Revised Dec. 2017 

 

 43 

 730 

Figure 13. Effect of footprint geometry and soil strength: failure mechanisms (stiff clay; 731 

Groups III and IV; Table 2) 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 
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 740 

(a) Shift of load reference point 741 

 742 

(b) Moment distribution 743 

Figure 14. Effect of horizontal force on total moment (Group IV; Table 2) 744 


