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Numerical Analysis of Reinstallation of Spudcans near Footprints Formed 26 

during Prior Installations 27 

ABSTRACT 28 

This paper reports the effect of the remoulded soil strength of a footprint on the reinstallation 29 

of jack-up rigs near the footprint. The footprint creation is from an earlier spudcan penetration 30 

and extraction process in which the soil is remoulded. Dissipation of pore pressures between 31 

the footprint creation and jack-up reinstallation causes further consolidation of the soil around 32 

the footprint. Large-deformation finite-element (LDFE) analyses were performed using the 33 

Coupled Eulerian-Lagrangian (CEL) approach. A recently developed novel spudcan shape 34 

with a flat base and four holes is studied to mitigate spudcan-footprint interactions during 35 

spudcan reinstallation. The installation of a whole three-legged jack-up rig is modelled 36 

considering a simplified global jack-up unit. The LDFE results were validated against existing 37 

centrifuge test data prior to undertaking a detailed parametric study, assessing the effects of 38 

consolidation occurred after footprint creation, the offset distance of spudcan installation from 39 

the footprint centre, and spudcan shape. Compared to a footprint of the same shape, but virgin 40 

intact soil strength, the footprint with remoulded soil strength enhances the maximum 41 

horizontal force, maximum moment, maximum lateral displacement, and rotation, by 12~20%. 42 

The critical offset distance is found to be one spudcan diameter with the spudcan centre being 43 

at the crest of the footprint. The novel spudcan shape is shown to be effective at easing 44 

spudcan-footprint interactions, reducing horizontal force, moment, lateral displacement and 45 

rotation by about 50%; and total stress on the jack-up leg by 41%.  46 

 47 

Keywords: jack-up, spudcan-footprint interaction, spudcan, remoulded soil strength, 48 

numerical modelling 49 
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1. INTRODUCTION 50 

Modern jack-ups typically consist of a buoyant triangular platform supported by three 51 

independent truss legs, each attached to a large-diameter spudcan. After completing the 52 

planned operation at a site, the legs are retracted from the seabed, which leave depressions - 53 

referred to as a crater or ‘footprint’. Jack-ups often return to the previous operation site for 54 

further drilling where the footprints from previous explorations are present. Where one of the 55 

jack-up legs is located near an existing footprint slope, there is a tendency for the spudcan to 56 

slide towards the centre of the footprint, inducing excessive lateral displacements and bending 57 

moments or rotations of the rig. These detrimental foundation behaviours can result in an 58 

inability to install the jack-up at the required position, and even worse the occurrence of leg 59 

splay and structural damage to the whole jack-up system. The frequency of offshore incidents 60 

during installation near footprints has increased by a factor of four from the period 1979~88 61 

to the period of 1996~2005 [1]. MSL [2] also reported the spudcan-footprint interaction as the 62 

second most common reason for jack-up foundation failures.   63 

To investigate this issue, the characteristics of spudcan-footprint interactions have been 64 

investigated by a number of researchers, mostly through physical modelling. Leung et al. [3] 65 

and Gan et al. [4] presented the effect of time on the recovery of remoulded soil strength by 66 

using centrifuge tests. Gaudin et al. [5] focused on large lateral sliding towards the footprint 67 

centre considering remoulded soil strength profiles. Cassidy et al. [6] addressed the effects of 68 

leg stiffness, offset distance and remoulded soil zone on spudcan-footprint interactions. Kong 69 

et al. [7,8] studied this issue considering a footprint with intact soil strength (i.e. not affected 70 

by remoulding and reconsolidation), and the typical failure mode was addressed through 71 

centrifuge observation and subsequent particle image velocimetry analyses. Hossain and 72 

Stainforth [9] and Hossain et al. [10] have assessed the performance of perforation drilling 73 
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and spudcan shapes on easing spudcan-footprint interactions considering a footprint with 74 

intact soil strength.  75 

Recently the spudcan-footprint interaction problem has been addressed through numerical 76 

modelling. Zhang et al. [11] and Jun et al. [12,13] investigated this issue through large 77 

deformation finite element (LDFE) simulations, by considering the artificial footprint 78 

geometry with intact soil strength. Hartono et al. [14] and Tho et al. [15] also carried out 79 

LDFE analysis by generating the footprint through the spudcan extraction process. However, 80 

due to the limitation of the used constitutive models, the effect of time or generation and 81 

dissipation of excess pore pressure has not been captured. Furthermore, the proper suction at 82 

the base of the originally extracting spudcan has not been modelled, leading to “immediate 83 

breakaway” condition [16,17]. It should be noted that, in clay, suction at the base of the 84 

extracting spudcan constitutes the reverse end bearing soil flow up to a significant extraction 85 

distance, and is the major contributor to the extraction resistance [18-20]. 86 

Unlike spudcan penetration into a flat seabed, the excessive horizontal force and moment 87 

induced by the spudcan-footprint interaction may cause a global lateral or rotational 88 

movement of the whole jack-up rig. However, in the reported physical and numerical 89 

modelling, a single leg connected with a flat plate or generic spudcan, and fixed head 90 

condition at the top of the leg [3,4,6-8,11-13] or free head condition that allows sliding of the 91 

leg [5,9,10] has been considered. Recently, Jun et al. [21] developed a simplified global jack-92 

up modelling framework for examining the three-dimensional global response of a jack-up rig 93 

induced by spudcan-footprint interactions.  94 

In this paper, a series of three-dimensional LDFE analyses were carried out to investigate the 95 

effect of spudcan-footprint interactions. Due to the limitations noted previously, the footprint 96 

was not created in the real field way of penetrating and extracting a spudcan. Instead, the 97 

measured soil strength profiles and footprint geometries from a centrifuge test [4], were 98 
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directly mapped in the LDFE simulations. It is the first attempt to idealise the formation of a 99 

footprint shape and remoulded soil strength which depends on the soil strength, spudcan 100 

penetration depth (or preload), jack-up operation time and elapsed time between the initial 101 

extraction and re-installation. In addition, the global jack-up modelling framework was also 102 

incorporated. The novelty of this paper lies in coupled considerations of (i) a real footprint 103 

shape with remoulded soil strength contour around, instead of idealised intact soil strength, 104 

and (ii) global jack-up response, rather than a single leg, which are proved later to be crucial 105 

for capturing realistic spudcan-footprint interactions. The performance of a novel spudcan 106 

shape in easing spudcan-footprint interactions was tested.     107 

 108 

2.  NUMERICAL ANALYSIS 109 

3D LDFE analyses were carried out using the coupled Eulerian-Lagrangian (CEL) approach 110 

in the commercial Finite Element (FE) package ABAQUS/Explicit [22]. Extensive 111 

background information about spudcan installation modelling can be found in Jun et al. 112 

[12,13], Hu et al. [23] and Zheng et al. [24], and but is not repeated here. 113 

An extensive parametric investigation was undertaken varying the relevant range of 114 

parameters, such as the (a) remoulded soil zone and strength underneath a footprint surface; (b) 115 

elapsed time (ET: time between the formation of a footprint or extraction of a spudcan and re-116 

installation of a spudcan) i.e. effect of re-consolidation through dissipation of the induced 117 

excess pore pressure; (c) offset distance (β: distance between the footprint centre and 118 

reinstalling spudcan centre); and (d) spudcan shapes. Finally, the effect of a prior spudcan 119 

installation on spudcan-footprint interactions was quantified for each parameter by comparing 120 

with the results for an artificial footprint with intact soil strength. 121 
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2.1 Modelling of spudcan-footprint interactions 122 

Considering the symmetry of the problem, half of the spudcan and soil were modelled. The 123 

lateral extension of the soil domain was 4.5D from the centre of the footprint (D is the 124 

spudcan diameter) on the spudcan penetration side and 2.5D on the opposite side, and the 125 

depth of the soil domain was ~5.5D to avoid boundary effects during the installation process 126 

(as obtained from preliminary convergence studies and considered by researchers including 127 

Jun et al. [12] and Zheng et al. [24]). The footprint geometry and corresponding remoulded 128 

soil strength were directly imported from centrifuge data [4]. The typical soil element size 129 

along the trajectory of the spudcan (i.e., in the fine mesh zone) was selected as 0.025D based 130 

on the mesh convergence study reported by Jun et al. [12]. A typical mesh is shown in Fig. 1. 131 

The spudcan was simplified as a rigid body and connected to a simplified jack-up rig model. 132 

The penetration velocity of the spudcan in the numerical analysis (vLDFE) was taken as 0.1 133 

m/s. In the analyses using the CEL approach, it was necessary to avoid inertial effect. Even in 134 

a rate independent (and non-softening) ideal soil, the penetration resistance was found to 135 

increase with increasing vLDFE due to the inertial effect. A series of sensitivity analyses has led 136 

to select the value of 0.1 m/s. This is consistent with the conclusions drawn by Qiu & Henke 137 

[25], Hu et al. [26], Tho et al. [27] and Zheng et al. [28], who adopted a penetration velocity 138 

of 0.5, 0.2, 0.1672 and 0.1 m/s, respectively.  139 

The reinstallation of spudcans in clay is completed under undrained conditions. In addition, 140 

clay exhibits strain-rate dependency due to viscous rate effect and also softens as it is sheared 141 

and remoulded. Thus, following the work of Einav and Randolph [29], the soil was modelled 142 

as an elasto-perfectly plastic material that obeys a Tresca yield criterion with extensions to 143 

capture the strain rate and strain-softening effects as 144 

su = �1 + μ log �Max (|γ̇|,γ̇ref)
γ̇ref

�� �δrem + (1 − δrem)e−3ξ/ξ95�su,ref                                 (1) 145 
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The parameter definitions are given in the notation list. The maximum shear strain rate, γ̇, was 146 

deduced by dividing the computed maximum shear strain (∆ε1 − ∆ε3) by the notional time 147 

increment, ∆tN. To reflect the effect of strain rate related to the field, the notional time period 148 

at each increment (∆t) is amended by the ratio of spudcan penetration velocity or strain rate in 149 

the LDFE analysis (vLDFE/DLDFE) to the typical one in the field (vfield/Dfield) according to   150 

ΔtN = δLDFE/DLDFE
vfield/Dfield

= vLDFEΔt/DLDFE
vfield/Dfield

=  �vLDFE/DLDFE
vfield/Dfield

� Δt           (2) 151 

In this study, an equal spudcan diameter was considered for LDFE analysis and field i.e. 152 

DLDFE = Dfield. The reference strain rate,  γ̇ref, was considered as 1.5%/h, and as such the 153 

normalised penetration rate (vfield/Dfieldγ̇ref) of 8.88 lied within the range of practical interest 154 

(4 ~ 20) [24, 30]. It should be noted that typical values of spudcan penetration rate in the field 155 

may be estimated to lie between 0.4 and 4 m/h, and reference shear strain rate in triaxial test 156 

ranges from 1%/h to 4%/h. Further details can be found in Hossain and Randolph [30], Zheng 157 

et al. [24] and Kim and Hossain [31].  158 

The soil-spudcan interface was modelled as frictional contact, using a general contact 159 

algorithm with Coulomb friction law. Two different contact properties were applied for the 160 

side and bottom of spudcan, respectively. For the side friction of skirt and holes, the Coulomb 161 

friction coefficient was set to a high value of µC = 50, in order to allow the value of τmax (= 162 

αsu; where α is the frictional ratio taken as the inverse soil sensitivity, 1/St) to govern failure 163 

[32, 33]. For the friction between the bottom profile of spudcan and footprint slope, µC was 164 

taken as 0.1, without τmax specified on the interface [34-36]. 165 

A simplified global jack-up rig modelling technique was adopted to consider the behaviour of 166 

a whole jack-up rig including three legs and corresponding spudcans. The technique was 167 

developed and detailed by Jun et al. [21], and as such, was not repeated here. Jun et al. [21] 168 
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considered both simultaneous and leg-by-leg preloading and found insignificant effect of the 169 

preloading process. In this study, leg-by-leg preloading process was adopted. To reduce the 170 

computational time, the spudcans on the flat ground were replaced by initial foundation 171 

springs / stiffness (e.g., KV, KH, KM; from ISO, 2012 and Jun et al., 2019). Note, ISO 172 

guidance [37] recommends using a secant reduced rotational stiffness to ensure compliance 173 

with the yield interaction surface. However, a secant stiffness model is not applicable for 174 

penetrating foundations. In this penetration analysis, the rotational reaction induced by the 175 

spudcan-footprint interaction is relatively very small, compared to the extreme condition from 176 

structural integrity tests. Furthermore, the effect of the reduced rotational stiffness will be 177 

compensated by the buoyance spring. As such, for the considered problem with spudcan 178 

continuous penetration with initial foundation springs / stiffness (KV, KH and KM) were 179 

adopted. Actual global modelling is shown in Fig. 2. Note that other environmental loads 180 

induced by winds, waves and currents were ignored, as it is common that a preloading is 181 

planned for relatively calm weather conditions [38]. 182 

3. VALIDATION ANALYSIS AGAINST CENTRIFUGE TEST 183 

The LDFE modelling techniques were validated against previously published centrifuge test 184 

data (Group I, Table 1). Gan et al. [4] carried out a series of centrifuge tests at 200g to 185 

evaluate the effect of time on spudcan-footprint interactions in kaolin clay. The soil strength 186 

profiles before spudcan penetration (i.e., intact soil strength: su,ref) and after extraction (i.e., 187 

remoulded soil strength: su,remoulded) were deduced from ball penetrometer tests and plotted 188 

using remoulded strength ratio, Rsu = su,remoulded/su,ref (see Fig. 3). The slope across the 189 

footprint was also measured by a laser scanning device. For the validation exercise, the over-190 

consolidated clay case (su,ref = 5 + 1.8z kPa) with the operating time (OP) = 0 year and elapsed 191 

time (ET) = 1.0 year was selected. The soil strength contour, remoulded zone and surface 192 
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slope of the footprint were extracted from the test data and then mapped in the LDFE 193 

modelling, as shown in Figs. 4a and 4c. The simplified soil strength contour plotted in Figs. 194 

4b and 4c has fewer mapping zones and is used for the comparison of results. The soil 195 

strength parameters in Fig. 4 and the soil strain parameters of µ = 0.1, δrem = 1/St = 1/3, ξ95 = 196 

15, and γ̇ref= 1.5% h-1 were used in LDFE analyses. Note, the soil strain parameters depend 197 

on the soil condition, i.e. remoulded or disturbed soil from prior installation and plastic shear 198 

strain. However, the soil strain parameters from the original intact strength were adopted here 199 

due to the lack of the test data for this remoulded soil. The spudcan was penetrated at an 200 

offset of β = 0.5D from the footprint centre with a constant penetration rate of 0.1 m/s. The 201 

same spudcan (D = 14.54 m; see inset in Fig. 3) and boundary condition (fixed head condition) 202 

were considered following Gan et al. [4]. An analysis was also performed considering the 203 

global jack-up rig and simplified soil strength contour. 204 

The results of the analyses are plotted in Fig. 5 in terms of horizontal force (H), vertical force 205 

(V) and bending moment (M) distributions as a function of the normalised spudcan base 206 

penetration depth, d/D. The computed horizontal, vertical and moment responses from the 207 

current LDFE technique are in reasonable agreement with the measured data from Gan et al. 208 

[4]. This validation exercise confirmed the capability and accuracy of the CEL approach in 209 

assessing responses during the penetration of a spudcan adjacent to an existing footprint.  210 

The detailed mapping (see Fig. 4a) with more soil strength layers made the simulation 211 

computationally expensive (e.g., 4.5 weeks for a spudcan penetration up to 0.8D, with a high 212 

performance PC with 8 CPU cores and 8.0 GB memory). The numerical stability of the CEL 213 

approach was ensured by ABAQUS/Explicit [22] introducing a critical time increment Δtcritical. 214 

The value of Δtcritical can be approximately estimated by Lmin/cd, where Lmin is the minimum 215 

element dimension in the Eulerian meshes and cd is the dilatational wave speed of the material. 216 

A slight decrease in Δtcritical increases the computational time significantly [39]. Since the 217 
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detailed soil strength contour has a complex curve shape (see Figs. 4a), a small value of Lmin 218 

(or Δtcritical) and a massive number of soil elements (to ensure accuracy) were the result, and 219 

hence a computational time was very costly. The computational time was reduced by up to 56% 220 

without reducing Δtcritical when the soil strength contour was simplified, as shown in Fig. 4b. 221 

The effect of the global modelling was quantified by comparing with the results for the fixed 222 

head condition (simplified strength contour). The maximum horizontal force (Hmax) and 223 

moment (Mmax) for the global modelling are 0.87 MN and 15.1 MN-m, which are 224 

approximately 10 and 13% lower, respectively, than those of the fixed head condition (see 225 

Figs. 5b and 5c). These reductions arise mainly from the lateral sliding towards the footprint 226 

centre (see Fig. 5d) and the rotation of the spudcan (see Fig. 5e). Based on this exercise, 227 

simplified soil strength contour and global modelling technique were adopted for subsequent 228 

analyses.    229 

4. RESULTS AND DISCUSSION: PARAMETRIC STUDY   230 

To examine the effect of various factors on jack-up rig spudcan-footprint interactions, an 231 

extensive parametric study was carried out varying the (a) remoulded soil zone (b) elapsed 232 

time between footprint creation and reinstallation (ET = 1 year and 100 years); (c) offset 233 

distance (β = 0.25D ~ 1.25D); and (d) spudcan shape (generic spudcan and novel spudcan; D 234 

= 15 m). The intact undrained shear strength of soil (su,ref = 5 + 1.8z kPa) and the outer 235 

diameter of spudcans (D = 15 m) were kept constant. The results from this parametric study, 236 

as assembled in Table 1, are discussed below. 237 

4.1 Effect of remoulded soil zone from initial penetration 238 

The effect of the remoulded soil zone from the initial penetration-extraction of the spudcan 239 

was investigated by comparing the results considering a footprint with the remoulded zone or 240 
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simplified strength contour (see inset in Fig. 6a) and a footprint with undisturbed or intact soil 241 

strength (see inset in Fig. 6b; Group II, Table 1). The shape of the generic spudcan (see inset 242 

in Fig. 6a) was chosen to be similar to the spudcans of the ‘Marathon LeTourneau Design, 243 

Class 82-SDC’ jack-up rig, as illustrated by Menzies & Roper [40]. The offset distance was 244 

fixed at β = 0.5D. The remoulded soil strength profiles adopted were identical to those from 245 

Section 3 (ET = 1 year).  246 

Fig. 6 shows the comparison responses in terms of the vertical force (V), horizontal force (H), 247 

moment (M), eccentricity (e), lateral displacement (δH) and rotation (θ) distributions along the 248 

normalised penetration depth (d/D). As expected, the penetration resistance (i.e. vertical force, 249 

V) for the footprint with intact soil strength is higher than that with remoulded soil strength 250 

due to weakening of the remoulded footprint (Rsu < 1.0). After the spudcan passes the 251 

remoulded zone (Rsu = 1.0), the gap between these two profiles tends to diminish. This is not 252 

too obvious for the vertical force profile (Fig. 6a) but more evident for the horizontal force 253 

and moment profiles (Figs. 6b and 6c).  254 

Interestingly, the maximum horizontal force (Hmax) for the footprint with remoulded soil 255 

strength is around 1.02 MN, which is about 14.6 % higher than that for the footprint with 256 

intact soil strength (Hmax = 0.89 MN), and that occurs at a much deeper penetration depth of 257 

dHmax/D = 0.338 compared to dHmax/D = 0.065 for the footprint with intact soil strength. To 258 

explain, Fig. 7 shows an example of mobilised imbalance force (Fimb) on the right hand side 259 

of the spudcan induced by the difference Rsu (δRsu). Fimb could be proportional the values of 260 

‘+ve’ δRsu as well as the area of ‘+ve’ δRsu (AδRsu) (see Fig. 7a). This imbalance force 261 

induced the additional horizontal force (see inset in Fig. 7b). The corresponding failure 262 

mechanisms, soil strength contour line and schematic diagram of imbalance force at different 263 

stages of penetration are illustrated in Fig. 8. For the footprint with intact soil strength, the 264 

imbalanced horizontal force is mostly induced by the difference in bottom contact area 265 
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between the side of the spudcan closest to the centre of the footprint and the one furthest (left 266 

and right side of the spudcan, as depictied in the diagrams of Fig. 7). For instance, at d/D = 267 

0.065 where Hmax occurs, the right hand side of the spudcan with the intact soil is fully 268 

contacted around the footprint surface and the left hand side is partly touched (see Fig. 8a). 269 

With further penetration, d/D = 0.338, the horizontal force is reduced with the increase in the 270 

contact area of the left hand side of the spudcan base (see Fig. 8b). For the footprint with 271 

remoulded soil, at the initial penetration stage, the difference in the contact area between the 272 

left and right hand side of the spudcan base is also large around the footprint surface (see Fig. 273 

8a). However, the induced horizontal force is relatively small due to the very low surface soil 274 

strength (Rsu = 0.2). With further penetration, although both sides of the spudcan are fully 275 

contacted (see Fig. 8b), the horizontal force gradually rises due to the difference in the 276 

remoulded soil strength between the left and right hand side of the spudcan base (see Fig. 8b).  277 

The moment (M) distributions show a slightly different trend, compared to the horizontal 278 

force (H). With the reference point at the centre of the spudcan (see RP in Fig. 6), the bending 279 

moment (M) on the spudcan is induced only by the resultant vertical force and eccentricity 280 

thereof, as the resultant horizontal force H nearly passes through the RP [7,11,12]. As shown 281 

in Figs. 6c and 6d, a slightly larger maximum moment (Mmax) for the footprint with intact soil 282 

is due to this larger eccentricity of the resultant vertical force (see Fig. 6d). The lateral 283 

displacement and rotation at the RP are shown in Figs. 6e and 6f. The overall tendency of 284 

these parameters are consistent with the one for horizontal force. 285 

In the field, spudcan-footprint interactions generally result in the buckling of the leg at just 286 

below the hull because of the additional bending moment Ma (= H × leg length (Lleg) + V × 287 

leg eccentricity (eleg); see Fig. 9a). The corresponding reference point is RP1, as shown in Fig. 288 

9a. The horizontal and vertical forces are not affected by this change of the RP. The profile of 289 

the total moment about RP1, Mt = M + Ma, was extracted from the global modelling by using 290 
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‘sectional force’ of each equivalent leg. The profiles moment about RP and RP1 are plotted in 291 

Fig. 9b, and the values of the maximum moment, Mmax and Mt,max, are tabulated in Table 1. 292 

The values of Mt,max are 698% (for the footprint with intact soil strength) and 820% (for the 293 

footprint with remoulded soil strength) higher compared to Mmax. In addition, and 294 

interestingly, the absolute value of Mt,max for the footprint with remoulded soil strength is 12.4% 295 

smaller compared to that for the footprint with intact soil strength, which is now consistent 296 

with enhancement of Hmax. This can have a significant impact on the performance of the leg 297 

structure members, which will be discussed later (Section 4.4). 298 

4.2 Effect of elapsed time 299 

To examine the effect of elapsed time ET, additional analyses were performed for ET = 100 300 

years (operating time, OP = 0; Group III, Table 1). The corresponding recovered soil strength 301 

contour from Gan et al. [4] is plotted in Fig. 10. Compared to the strength contour for ET = 1 302 

year (Figs. 3 and 4), the size of the remoulded zone is shallower due to recovery of strength 303 

through reconsolidation or dissipation of the induced excess pore pressure. However, there is 304 

a strengthened zone at ~0.4D below the footprint tow, with the soil strength higher than that 305 

of the intact soil strength (Rsu = 1.2). Gan et al. [4] attributed this strengthening to the 306 

squeezed soil volume and increase in effective shear strength during operation and the long 307 

elapsed time, which fully dissipated the excess pore pressure under the spudcan. 308 

Fig. 11 shows the comparison responses between ET = 1 year and 100 years. The 309 

corresponding schematic diagram of imbalance force, failure mechanism and contour line of 310 

soil strength for ET = 100 years are displayed in Fig. 12. The vertical force (V) profile for ET 311 

= 100 years lies above the one for ET = 1 year due to higher recovered strength. The 312 

maximum horizontal force (Hmax) and moment (Mmax) about RP1 for ET = 100 year are 313 

smaller although the soil strength beneath the spudcan is larger. This is attributed to the size 314 
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of the remoulded zone beneath the spudcan and the difference in soil strength between the left 315 

and right hand side of the spudcan (see Figs. 8b and 12). Below the initial penetration depth 316 

(de) or the penetration depth during creating the footprint, the long-term case shows a negative 317 

horizontal force and moment profile (see Figs. 11b and 11c), due to the presence of the 318 

strengthened zone (Rsu = 1.2; Fig. 10). The lateral displacement and rotation distributions also 319 

agree well with this opposite trend (Figs. 11d and 11e).  320 

In summary, with increasing elapsed time (and hence recovering soil strength), the size of the 321 

remoulded zone, created by initial penetration and extraction, reduced gradually, leading to a 322 

reduction in the imbalanced soil strength between the left and right hand side of the spudcan, 323 

and hence in maximum horizontal force and moment. A consistent tendency was reported by 324 

Gan et al. [4] analysing centrifuge model test data. 325 

4.3 Effect of offset distance  326 

In order to show the effect of offset distance, spudcan penetration response profiles are 327 

plotted in Fig. 13 for a range of β from 0.25D to 1.25D, but with identical elapsed time of ET 328 

= 1 year and operating time OP of 0 year (Group IV; Table 1). The magnitude of the vertical 329 

force (V) increases with the offset distance β (Fig. 13a) as a result of reducing the influence 330 

from the remoulded zone. The horizontal force (H) profiles for each offset distance β are 331 

presented in Fig. 13b. Very interestingly, however, the values of Hmax increases with 332 

increasing β up to β = 1.0D (Hmax = 1.31 MN) and then drops to 0.99 MN for β = 1.25D. This 333 

trend is true for maximum moment Mmax (about RP1), maximum lateral displacement δH and 334 

maximum rotation θ (see Figs. 13b to 13e). This can be explained by the imbalanced force 335 

between the right and left hand side of the spudcan base due to the distribution of the 336 

remoulded soil strength. Fig. 14 shows a schematic diagram of the imbalance force, failure 337 

mechanism and contour lines of soil strength ratios at a depth of Hmax for each offset distance 338 
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β. It can be seen that the difference in the remoulded soil strength between left and right hand 339 

sides of the spudcan base increases as the spudcan reinstallation moves from near the 340 

footprint centre to the footprint crest or β increases from 0.25D to 1.0D (Fig. 14a to 14c). 341 

However, once the spudcan moves away from the footprint crest i.e., β = 1.25D (Fig. 14d), 342 

the presence of intact soil strength on both sides of the spudcan base reduced the imbalance 343 

force.  344 

Fig. 15 plots Hmax normalised by the largest value of Hmax among the various offset distances 345 

(Hmax,βmax) as a function of normalised offset distance (β/D). The existing results from 346 

centrifuge tests reported by Cassidy et al. [6], Stewart and Finnie [41], Gan [42], Hartono [43] 347 

and from LDFE analyses by Zhang et al. [11] are also included for comparison. The 348 

information in regards to spudcan diameter and shape, initial penetration depth during 349 

creating footprint, de, and intact soil strength (su,ref) profile for these existing investigations are 350 

summarised in Table 2. Regardless of the variation in intact strength, initial penetration depth, 351 

and spudcan shape and diameter; the values of Hmax/Hmax,βmax show reasonably a unique trend, 352 

with the critical offset distance (β) lies between 0.5D ~ 1.0D from the centre of the footprint.  353 

4.4 Effect of novel spudcan shape 354 

In this study, the generic spudcan shape was used in all the analyses already presented. This 355 

section assesses the performance of a novel spudcan shape on easing spudcan-footprint 356 

interactions and the consequent influence of this shape on the structural integrity of the jack-357 

up leg. Currently, there are several mitigation methods reported, including (a) infilling the 358 

crater [44-46]; (b) stomping [14,44,43,47]; (c) reaming [14,43,47]; (d) perforation drilling [9]; 359 

and (e) simultaneous water jetting and spudcan preloading [48]. However, all these methods 360 

require additional work on the seabed prior to spudcan re-installation, leading to additional 361 

cost and time to be applied in the field. Recently, Hossain et al. [10] and Jun et al. [12] 362 
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studied the effect of spudcan shape on easing spudcan-footprint interactions, leading to 363 

establishment of a novel spudcan shape with a flat base and 4 holes [13] (see inset in Fig. 16a). 364 

Without additional mechanical operations in the seabed, it has been shown that this shape can 365 

effectively ease spudcan-footprint interaction issues such as a reduction in the induced 366 

horizontal force and moment. A footprint with intact soil strength was considered for the 367 

development of the shape deliberately to preclude the additional influence of soil strength 368 

heterogeneity or to reduce an influential factor [13].  369 

The performance of the novel spudcan installation on the footprint with the remoulded soil 370 

strength is assessed here for a more realistic condition. For this analysis, the critical offset 371 

distance of β = 1.0D, ET = 1 year and OP = 0 year were selected (Group V in Table 1). The 372 

response of the novel spudcan and the generic spudcan are compared in Fig. 16. The vertical 373 

resistance (V) of the novel spudcan is approximately 14% lower than that of the generic 374 

spudcan (see Fig. 16a). This is mainly due to the (20%) reduced net area and smaller volume 375 

under RP of the novel spudcan. However, it is expected that this gap will diminish gradually 376 

with the increase of penetration depth as the backfilled soil will cover the spudcan top surface 377 

and hence block the soil flow through the holes. All the other response profiles in Figs. 378 

16b~16e show that the novel spudcan shape reduced horizontal force, moment about RP1, 379 

lateral displacement and rotation by about 50% relative to the generic spudcan. These results 380 

confirm the effectiveness of the novel spudcan on easing spudcan-footprint interactions.  381 

The effectiveness of the novel spudcan is also illustrated by the soil flow mechanisms and the 382 

schematic diagram of imbalance force at the depth of Hmax. The soil flow mechanism graph in 383 

inset in Fig. 17a clearly displays the soil flows through the holes of the novel spudcan. 384 

Furthermore, the remoulded soil flows through the holes more easily, augmenting the 385 

reduction of imbalance force. By comparing Figs. 14c and 17a, it can be seen that the 386 

remoulded soil strength contour underneath the spudcan are almost identical for both the 387 
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generic and novel spudcans. As such, the lower Hmax for the novel spudcan also resulted by 388 

the flat base of the spudcan. Fig. 17b shows a schematic diagram for the imbalance force on 389 

the spudcan bottom. For the generic spudcan, all resistance force vectors are arranged in the 390 

left-upper diagonal direction, which generates the additional horizontal force. However, the 391 

resistance force vector on the bottom of the novel spudcan only has the vertical directional 392 

force component, i.e., no additional horizontal force will be mobilised. In essence, the soil 393 

flowing through the holes and the flat base of the novel spudcan has led to ease spudcan-394 

footprint interactions.  395 

The effectiveness of the novel spudcan on the structural integrity of the jack-up leg is shown 396 

in Fig. 18, plotting the captured stresses of the structural beam at RP1. The total stress, σTotal, 397 

is composed of the normal stress, σN and the bending stress, σM (see Fig. 18a). The σN is 398 

induced by the vertical force, V and the σM is from the bending moment about RP1, Mt (= M 399 

+ Ma). At d/D = 0.2 ~ 0.3, the novel spudcan reduced the σM by 52 % the σTotal by 41 %. At 400 

d/D = 0.6, the reduction in σTotal decreases to ~29 % owing to the reduction in the interaction 401 

effect (see Fig. 16) as soil strength becomes closer to the intact strength.   402 

5. CONCLUDING REMARKS  403 

Spudcan penetration on an existing footprint has been investigated through large deformation 404 

finite element analyses, accounting for the soil strength that remoulded during creation of the 405 

footprint and then regained strength partly during the elapsed time before reinstalling another 406 

spudcan. The footprint was set based on the measured strength contour from existing 407 

centrifuge test data. A global jack-up rig model was also included, allowing spudcan lateral 408 

displacement and rotation to be quantified. The following conclusions can be drawn from the 409 

results presented. 410 
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1. The maximum horizontal force (Hmax), moment (Mt,max), lateral displacement (δHmax) 411 

and rotation (θmax), all increased by 12~20% and occurred at a deeper depth for the 412 

footprint with remoulded soil strength compared to the footprint with intact soil 413 

strength. 414 

2. The maximum horizontal force and moment reduced with increasing elapsed time 415 

between the creation of the footprint and reinstallation of the spudcan. 416 

3. The critical offset distance of reinstallation of the spudcan from the footprint centre 417 

was identified at 0.5~1D. 418 

4.  The novel stpudcan shape with a flat base and four holes was shown to reduce 419 

horizontal force, moment about RP1, lateral displacement and rotation by about 50%; 420 

and total stress on the jack-up leg at RP1 by 41% relative to that obtained with the 421 

generic spudcan; confirming the effectiveness of the spudcan shape for easing 422 

spudcan-footprint interactions and ensuring structural integrity of the jack-up legs. 423 

The global modelling technique can be used to investigate other offshore structures such as 424 

jacket structures, wind turbines. The technique of considering remoulded soil strength contour 425 

or true soil conditions around an object can be a very efficient (less time consuming but more 426 

precise) for exploring various geotechnical boundary value problems such as the effect of 427 

dynamic laying process on the lateral and uplift capacity of pipelines, the effect of installation 428 

on capacity of anchors under operational loadings.  429 
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Nomenclature 576 

Ahull bottom       bottom area of jack-up rig hull 

AδRsu area of δRsu 

cd dilatational wave speed of the material 

D spudcan diameter at largest section 

Dfield prototype spudcan diameter 

Dh hole diameter 

DLDFE spudcan diameter in LDFE 

d penetration depth of spudcan base 

de initial penetration depth 

dHmax/D 
normalised penetration depth where the maximum horizontal 

force occurs 

ET elapsed time 

e vertical force eccentricity 

eMmax eccentricity at maximum moment 

eleg leg eccentricity 

Fimb imbalance force induced by δRsu 

g acceleration of gravity  

H horizontal force at spudcan base level 

Hmax            maximum horizontal force at spudcan base level 

Hmax,βmax largest Hmax among the various offset distances 

Kbuoy spring stiffness of buoyancy 

KV, K H and K M  
initial vertical, horizontal and moment foundation stiffness 

calculated by LDFE analysis 

LH horizontal location of remoulded soil strength mapping 

Lleg leg length of a jack-up rig 

Lmin minimum element dimension in the Eulerian meshes 

LV vertical location of remoulded soil strength mapping 

M (= MRP)   moment at spudcan base level 

Ma additional bending moment at RP1 

Mmax maximum moment at spudcan base level 

Mt moment at leg top 
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Mt,max maximum moment at leg top 

OP operating time 

RP reference point that is the intersection point of the centre line 

and largest cross section of the spudcan (see Fig. 1) 

RP1 reference point at leg just below jack-up rig hull (see Fig. 9) 

Rsu remoulded soil ratio 

St soil sensitivity 

su undrained shear strength 

su,ref reference undrained shear strength 

su,remoulded remoulded undrained shear strength 

V vertical force 

vfield spudcan penetration rate in field 

vLDFE spudcan penetration rate in LDFE 

z penetration depth below soil surface 

α friction ratio 

αb spudcan base angle 

β distance between the footprint centre and spudcan centre 

∆t time increment 

∆tN notional time increment 

∆tcritical critical time increment 

∆ε1 & ∆ε3 shear strain 

δH & δHmax spudcan lateral displacement at RP and maximum lateral 

displacement 

δRsu difference of remoulded soil ratio 

δLDFE specified displacement for each time increment 

δrem  remoulded strength ratio 

�̇�𝛾 shear strain rate 

�̇�𝛾𝑟𝑟𝑟𝑟𝑟𝑟 reference shear strain rate 

µ rate parameter for logarithmic expression 

µC Coulomb friction coefficient 

θ & θmax spudcan rotation at RP and maximum rotation 
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ρsea density of sea water  

σTotal structural total stress ( = σV + σM ) 

σM structural bending stress 

σN structural normal stress 

τmax maximum shear stress 

ξ cumulative plastic shear strain   

ξ95  cumulative plastic shear strain required for 95% remoulding 

 577 



Numerical Analysis of Reinstallation of Spudcans near Footprints Formed during Prior Installations                                                                                                                                      Jun et al. 
                                                           Submitted Aug. 2019; Resubmitted Nov. 2019; Re-resubmitted Mar. 2020 

 

 
26 

 

 Table 1. Summary of 3D LDFE analysis cases 578 

  Spudcan 
shape 

su,ref 
(kPa) 

Applied time 
su mapping  Boundary  

condition 

Offset 
distance,  

β (m) 

Hmax 
(MN) 

Mmax at RP 
(MN-m) 

Mt,max at RP1 
(MN-m) Note OP  

(years) 
ET  

(years) 

Validation  
 

Mod V 
“A” class  

model 
spudcan 

5.0 + 1.8z 

0 1 

- 
(Test result) 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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Table 2. Information for previous studies - spudcan shape and su,ref profile  

Reference Spudcan shape Initial penetration 
depth, de 

su,ref  

(intact condition) 

Cassidy et al. 
[6] 

 

 

5.67 m  
(= 0.31D) 7.5 + 2.0z (kPa) 

Zhang  et al. 
[11] 

   

- 
(artificial footprint) 

7.5 + 0.92z (kPa)  
z < 3.4 m 

5.0 + 1.68z (kPa)  
z ≥ 3.4 m 

Stewart and 
Finnie [41] 

 

 

 

6.48 m  
(= 0.54D) 

12.0 + 2.65z 
(kPa) 

Gan [42] 

 

 

5.19 ~ 5.61 m  
(= 0.87D ~ 0.94D) 28.0 + 5.0z (kPa) 

Hartono [43] 

 

 

4.71 m (= 0.47D) 17.0z
0.55

 (kPa) 
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No. of Figs.: 17 

Fig. 1. Typical mesh used in 3D LDFE: (a) typical mesh; (b) detail plan view; (c) detail 

section view 

Fig. 2. Spudcan, soil and jack-up rig global model 

Fig. 3. Rsu map from centrifuge test (after Gan et al. [4]) 

Fig. 4. Soil model for the detailed and simplified mapping of a footprint with remoulded soil, 

an operating time of 0.0 years and an elapsed time of 1.0 year: (a) modification of the 

Rsu map for LDFE analysis (detailed mapping); (b) modification of the Rsu map for 

LDFE analysis (simplified mapping); (c) detailed and simplified mapping to the soil 

model  

Fig. 5. Validation analysis against centrifuge test results: (a) vertical resistance force; (b) 

horizontal resistance force; (c) moment resistance; (d) lateral displacement; (e) 

rotation; (f) FE models 

Fig. 6. Responses for footprints with intact soil vs remoulded soil: (a) vertical resistance force; 

(b) horizontal resistance force; (c) moment resistance; (d) eccentricity; (e) lateral 

displacement; (f) rotation 

Fig. 7. Schematic diagram for the imbalance force, Fimb, induced by different soil strengths, 

δRsu, between the left and right side of the spudcan: (a) difference in Rsu, δRsu and 

area of AδRsu (b) imbalance force induced by δRsu 

Fig. 8. Failure mechanism, contour line for soil strength and schematic diagram of the 

imbalance force with spudcan penetration depth: (a) dHmax/D = 0.065 (Hmax = 

penetration depth of the footprint with intact soil); (b) dHmax/D = 0.338 (Hmax = 

penetration depth of the footprint with remoulded soil); (c) d/D = 0.50 

Fig. 9. Moment at RP and RP1: (a) moment difference at RP and RP1; (b) moment at RP and 

RP1 

Fig. 10. Soil model for detailed and simplified mapping of a footprint with remoulded soil, 

operating time of 0.0 years and elapsed time of 100 years: (a) Rsu map from centrifuge 

test (after Gan et al., 2012); (b) modification for LDFE analysis (simplified mapping); 

(c) mapping to LDFE model 
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Fig. 11. Responses for different elapsed times (ET: 1 year vs 100 years): (a) vertical 

resistance force; (b) horizontal resistance force; (c) moment resistance at RP1; (d) 

lateral displacement; (e) rotation 

Fig. 12. Schematic diagram of imbalance force, failure mechanism and contour line for soil 

strength (ET: 100 years) 

Fig. 13. Responses for different offset distances (β = 0.25D, 0.50D, 0.75D, 1.00D and 1.25D): 

(a) vertical resistance force; (b) horizontal resistance force; (c) moment resistance at 

RP1; (d) lateral displacement; (e) rotation 

Fig. 14. Schematic diagram of imbalance force, failure mechanism and contour line for soil 

strength: (a) β = 0.25D: dHmax/D = 0.40; (b) β = 0.75D: dHmax/D = 0.27; (c) β = 1.00D: 

dHmax/D = 0.21; (d) β = 1.25D: dHmax/D = 0.18 

Fig. 15. Comparison of Hmax with results from previous studies 

Fig. 16. Responses for generic and novel spudcans: (a) vertical resistance force; (b) horizontal 

resistance force; (c) moment resistance at RP1; (d) lateral displacement; (e) rotation 

Fig. 17. Schematic diagram of imbalance force: (a) schematic diagram of imbalance force, 

failure mechanism and contour line for soil strength: novel spudcan at Hmax (dHmax/D 

= 0.22); (b) schematic diagram of imbalance force for generic and novel spudcan  

Fig. 18. The effect of novel spudcan on the leg just below the hull: (a) structural beam stress 

(b) reduction in structural beam stress attributed to the novel spudcan 
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(a) Typical mesh  (b) Detail plan view  

 

(c) Detail section view 

Fig. 1. Typical mesh used in 3D LDFE 
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Fig.2.  Spudcan, soil and jack-up rig global model                                                    
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Fig. 3. Rsu map from centrifuge test (after Gan et al. [4]) 
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(a) Modification of Rsu map for LDFE analysis (detailed mapping) 

 

 
(b) Modification of Rsu map for LDFE analysis (simplified mapping) 

 
     

 
(c) Detailed and simplified mapping to the soil model 

 
Fig. 4. Soil model for the detailed and simplified mapping of a footprint with remoulded soil, 

an operating time of 0.0 years and an elapsed time of 1.0 year  

su,ref = Rsu × (5.0 + 1.8z) (kPa)30.0

0.5
su,ref (kPa)

Detailed mapping Simplified mapping
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Fig. 5. Validation analysis against centrifuge test results: (a) vertical resistance force; (b) 

horizontal resistance force; (c) moment resistance; (d) lateral displacement; (e) 

rotation; (f) FE models 
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Fig. 6. Responses for footprints with intact soil vs remoulded soil: (a) vertical resistance force; 

(b) horizontal resistance force; (c) moment resistance; (d) eccentricity; (e) lateral 

displacement; (f) rotation  
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(a) Difference Rsu, δRsu and area of AδRsu     (b) Imbalance force induced by δRsu 

Fig. 7. Schematic diagram for imbalance force, Fimb, induced by different soil strength, δRsu, between the left and right side of the spudcan 
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Fig. 8. Failure mechanism, contour line for soil strength and schematic diagram of imbalance force with spudcan penetration depth 
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Fig. 9. Moment at RP and RP1: (a) moment difference at RP and RP1; (b) moment at RP and 

RP1 
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(a) Rsu map from centrifuge map (after Gan 
et al. [4]) 

(b) Modification of Rsu map for LDFE 
analysis (simplified mapping) 

 

 

(c) Mapping to LDFE model 

Fig. 10. Soil model for detailed and simplified mapping for a footprint with remoulded soil, 

operating time of 0.0 year and elapsed time of 100 years   
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Fig. 11. Responses for different elapsed time (ET: 1 year vs 100 years) : (a) vertical resistance 

force; (b) horizontal resistance force; (c) moment resistance at RP1; (d) lateral 

displacement; (e) rotation 
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Fig. 12. Schematic diagram of imbalance force, failure mechanism and contour line for soil 

strength (ET: 100 years) 
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Fig. 13. Responses for different offset distances (β = 0.25D, 0.50D, 0.75D, 1.00D and 1.25D): 

(a) vertical resistance force; (b) horizontal resistance force; (c) moment resistance; 

(d) lateral displacement; (e) rotation 
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(a) β = 0.25D; dHmax/D = 0.40  

    

 
(b) β = 0.75D; dHmax/D = 0.27    
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(c) β = 1.00D; dHmax/D = 0.21 

 
 

 
(d) β = 1.25D; dHmax/D = 0.18 

 
Fig. 14. Schematic diagram of imbalance force, failure mechanism and contour line for soil 

strength 
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Fig. 15. Comparison of Hmax with results from previous studies   
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Fig. 16.  Responses for generic and novel spudcan: (a) vertical resistance force; (b) horizontal 

resistance force; (c) moment resistance at RP1; (d) lateral displacement; (e) 

rotation 

 
 
 
 
 
 
 
 

0.0 10.0 20.0 30.0 40.0 50.0
Vertical force, V (MN)

0.8

0.6

0.4

0.2

0.0

N
or

m
al

is
ed

 p
en

et
ra

tio
n 

de
pt

h,
 d

/D

(a)

0.0 0.3 0.6 0.9 1.2 1.5 1.8
Horizontal force, H (MN)

(b)

Hmax = 
1.31 MN

Hmax = 
0.68 MN 48.2% 

reduced

Remoulded 
zone

1.0D

Remoulded 
zone

1.0D

RP
64.7 °2.43 m

Dh = 3.4m

Novel spudcan

-300 -200 -100 0
Moment at RP1, Mt (MN-m)

Mt,max = 
-88.9 MN-m

(c)

Mt,max = 
-189.9 MN-m

53.2%
reduced

RP RP

30.0

0.5
su,ref (kPa)

30.0

0.5
su,ref (kPa)



Numerical Analysis of Reinstallation of Spudcans near Footprints Formed during Prior Installations                                                                                                                                      
Jun et al. 

                                                           Submitted Aug. 2019; 
Resubmitted Nov. 2019; Re-resubmitted Mar. 2020 

 

 
47 

 

 
(a) Schematic diagram of imbalance force, failure mechanism and contour line for soil 

strength: novel spudcan at Hmax (dHmax/D = 0.22) 

 
(b) Schematic diagram of imbalance force for generic and novel spudcan  

Fig. 17. Schematic diagram of imbalance force 
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  1 

 2 
 3 
Fig. 18. The effect of novel spudcan on the leg just below hull: (a) structural beam stress (b) 4 

reduction of structural beam stress attributed by novel spudcan 5 

 6 
 7 
 8 
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