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Global Jack-Up Rig Behaviour Next to a Footprint  25 

ABSTRACT 26 

This paper reports the effect of the global behaviour of three-legged jack-up rigs due to the 27 

reinstallation of spudcan footings next to seabed footprints. Two reinstallation scenarios are 28 

discussed: (i) two legs first installed on flat ground, and then the third leg installed near a 29 

footprint (representing what is known as leg-by-leg preloading); and (ii) the three legs 30 

installed simultaneously (representing simultaneous preloading). The spudcan-soil 31 

interaction was simulated using a coupled Eulerian-Lagrangian (CEL) approach. A 32 

simplified global jack-up model was developed by considering an equivalent beam model 33 

for the hull and legs. The results of the jack-up installations are compared against the 34 

responses of the more common modelling of a spudcan with a fixed head condition. A 35 

detailed parametric study assessing the consequences of spudcan-footprint interactions, such 36 

as the risk of the jack-up and spudcan sliding towards the footprint centre, overturning of the 37 

jack-up rig and of structural failure of the jack-up leg due to excessive stresses, is also 38 

discussed. The ability of a recently developed novel spudcan with a flat base and 4 holes, 39 

coupled with the global jack-up model, to mitigate the consequences of spudcan-footprint 40 

interactions is highlighted.   41 

 42 

Keywords: jack-up, spudcan-footprint interaction, spudcan, global behaviour, numerical 43 

modelling 44 

  45 
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1. INTRODUCTION 46 

Most offshore drilling in shallow to moderate water is performed from self-elevating jack-47 

up rigs due to their proven flexibility, mobility and cost-effectiveness [1,2]. Modern jack-48 

ups typically consist of a buoyant triangular platform supported by three independent truss 49 

legs, each attached to a large-diameter spudcan. Jack-ups often return to sites where 50 

previous operations have left footprints in the seabed. As shown in Fig. 1, if one of the jack-51 

up legs is located near a footprint slope, there is a tendency for the spudcan to slide towards 52 

the centre of the footprint, inducing excessive lateral displacements and bending moments or 53 

rotations in the rig. These detrimental foundation behaviours can result in an inability to 54 

install the jack-up in the required position, the occurrence of leg splay, and, at worst, 55 

structural damage to the whole jack-up system. Spudcan-footprint interaction has been 56 

identified as the second most common reason for the geotechnical failure of jack-ups [3].   57 

To alleviate this issue, the first step was to investigate the performance of a spudcan 58 

installation next to a footprint. Due to both physical testing and numerical simulation 59 

challenges, the problem was simplified by considering a single cylindrical leg attached to a 60 

flat plate or generic spudcan and either a fixed head condition at the top of the leg [4-10] or 61 

a free head condition that allows sliding of the leg [11-13]. The soil failure mechanisms 62 

were exposed, the underlying behaviour was elucidated, and the critical offset ratio  63 

(defined as  = D, where  is the distance between the footprint centre and the spudcan 64 

centre, and D is the spudcan diameter) was identified as 0.5~1.  65 

The following step was to explore potential mitigation measures. Thus far a number of 66 

measures have been trialled or examined, including: (a) infilling the crater [14,15]; (b) 67 

capping the infilled crater with gravel loading platforms; (c) stomping [15,16]; (d) reaming 68 

[16-18]; (e) perforation drilling [12]; (f) successive repositioning until the legs stabilise in 69 

the desired position [19]; (g) use of a spudcan with a diameter identical or very similar to the 70 
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existing footprint diameter, placed in the same location as the existing footprint [20]; and (h) 71 

simultaneous water jetting and spudcan preloading [21]. In relation to the case histories in 72 

the North Sea, Jardine et al. and Grammatikopoulou et al. [15,22] examined the potential of 73 

using the former two measures. However, the results were mostly inconclusive or 74 

unsatisfactory. The pattern of soil movement became markedly asymmetrical, which led to 75 

intolerable forces and moments developing in the jack-up leg before the target preload level 76 

was reached. Infilling the crater with different type of soil created additional problems such 77 

as punch-through. Use of a gravel loading platform incurred the potential for slope-base 78 

failure. Stomping involves raising and lowering the jack-up leg over and away from the 79 

footprint to displace the soil towards the footprint. Jardine et al. [15] and Hartono [16] tested 80 

stomping and showed that it is effective in mitigating spudcan-footprint interactions where a 81 

spudcan penetrated up to the depth of initial penetration during creating the footprint. 82 

Reaming, also known as leg-working or leg reciprocation, was tested by Hartono [16] and 83 

Hartono et al. [17,18], varying strategies involving different amplitude of leg penetration-84 

extraction cycles. It was found that reaming technique is only effective when a small 85 

amplitude of penetration-extraction cycle was used. Perforation drilling involves puncturing 86 

the soil by drilling a number of holes (and removing the soil) up to some depths beneath the 87 

footprint toe. Hossain & Stainforth [12] showed that the removal of soil inside the spudcan 88 

perimeter, with an area of 9% perforated, is effective in easing spudcan-footprint 89 

interactions. However, all these techniques require additional mechanical operations to be 90 

carried out offshore, leading to additional cost and time. 91 

Consequently, Hossain et al. and Jun et al.[13,23,24] have focused on adjusting spudcan 92 

shapes to ease spudcan-footprint interactions. These studies have led to the establishment of 93 

a novel spudcan shape with a flat base and 4 holes [24]; the flat base reduces the induced 94 

horizontal force on the bottom slope of the spudcan and the holes provide a preferential soil 95 
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flow path and force the spudcan to penetrate vertically. It has been shown that this shape can 96 

effectively ease spudcan-footprint interaction issues such as reducing the induced horizontal 97 

force. However, like the previous research on traditional spudcans these studies have 98 

considered only a single leg or fixed head condition with a novel spudcan; hence, the results 99 

cannot reflect the global behaviour of a jack-up rig, which may undergo leg splay and 100 

rotation and is effected by the connecting hull and other two legs.  101 

This study focuses on the effect of global jack-up rig behaviour on spudcan-footprint 102 

interactions. The investigation was carried out through 3D large-deformation finite element 103 

(LDFE) analyses of soil-structure interaction combining a global jack-up structure idealised 104 

by equivalent beam elements. Both leg-by-leg and simultaneous all-leg preloading processes 105 

[25], as commonly or sometimes used in the field, are considered with appropriate boundary 106 

conditions. An extensive parametric investigation was undertaken, varying the footprint 107 

geometry, soil strength and spudcan shape. Finally, the risk of sliding towards the footprint 108 

centre, overturning of the jack-up rig and structural failure were assessed by the proposed 109 

global jack-up modelling technique. 110 

2. NUMERICAL ANALYSIS 111 

3D LDFE analyses were carried out using the coupled Eulerian-Lagrangian (CEL) approach 112 

in the commercial Finite Element (FE) package ABAQUS/Explicit (Version 6.12) [26]. Qiu 113 

et al, Chen et al., Tho et al., Hu et al., Hamann et al., Kim and Hossain, Zheng et al. [27-35] 114 

have investigated various geotechnical problems using the CEL approach and provided 115 

evidence that it is applicable to solve problems involving large deformations. Extensive 116 

background information about CEL, spudcan installation and footprint modelling can be 117 

found in Jun et al., Zheng et al. and Hu et al. [23,24,35,36]; this information is not repeated 118 

here. 119 
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2.1 Modelling for spudcan-footprint interaction 120 

Considering the symmetry of the problem, half of the spudcan and soil were modelled. The 121 

lateral extension of the soil domain was 4.0D from the centre of the spudcan (D is the 122 

spudcan diameter) on the spudcan penetration side and 3.0D on the opposite side, and the 123 

depth of the soil domain was ~5.5D to avoid boundary effects during the installation process 124 

(as obtained from preliminary convergence studies and considered by researchers [23,35]). 125 

Mesh convergence studies were performed to ensure that the mesh was sufficiently fine to 126 

give accurate results. Five different mesh densities were considered in the fine mesh zone. 127 

The numerical results based on two different minimum element sizes (e.g. hmin = 0.021D or 128 

11 elements per hole and hmin = 0.025D or 9 elements per hole) were almost identical, 129 

indicating that mesh convergence was achieved with the density of hmin = 0.025D [23,30]. 130 

Therefore, the typical soil element size along the trajectory of the spudcan (i.e., in the fine 131 

mesh zone) was selected as 0.025D. A footprint was made using a void. A typical mesh is 132 

shown in Fig. 2.  133 

A conical footprint (with diameter, DF = 2D and depth, zF = 0.33D; see Fig. 2b) or a 134 

cylindrical footprint (with diameter, DF = D and depth, zF = 0.66D; see Fig. 2c) with the soil 135 

strength along and adjacent to the footprint identical to the intact strength profile was 136 

considered. Generally, natural fine grained soils experience remoulding during a spudcan 137 

penetration and extraction event. This disturbance is healed gradually with the passing of time 138 

through dissipation of excess pore pressure [4,6]. The changes of strength in kaolin clay were 139 

presented by Gan et al. [6] plotting strength contour as a function of the jack-up operational 140 

period (0 and 2 years) and the intervening period before reinstallation (1 and 100 years). 141 

Leung et al. [4] showed a full recovery of the original strength in kaolin takes 1~1.5 years in 142 

the vicinity of the footprint. In this study, the soil strength along and adjacent to the footprint 143 
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identical to the intact strength profile was considered because of two main reasons: (i) 144 

removing the variety of possible strength gradients around the footprint has allowed for a 145 

consistent evaluation of the benefits of a new global modelling technique (and comparisons 146 

with the existing data from centrifuge tests [7] and numerical analyses [15], as reported by 147 

Jun et al. [23,24]), (ii) due to the limitation of the current CEL approach and the used Tresca 148 

soil model, it is not possible to capture the effect of the jack-up operational period and the 149 

intervening period before reinstallation, and to maintain suction at the base of the extracting 150 

spudcan [37,38]. 151 

This study considered two different spudcan shapes: (a) a generic spudcan with a shape 152 

similar to the spudcans of the ‘Marathon LeTourneau Design, Class 82-SDC’ jack-up rig 153 

[39], and (b) a novel spudcan with a flat base and four holes [24] for easing spudcan-154 

footprint interaction issues. The details of these shapes are shown in Fig. 3. These spudcans 155 

were simplified as a rigid body and connected to the jack-up rig (this will be discussed 156 

later).  157 

The penetration velocity of the spudcan (v) was assumed to be a constant of 0.1 m/s referring 158 

the parametric studies [30,40]. Note, with this constant penetration rate, the rapid leg run or 159 

uncontrolled leg run cannot be considered. Typically, reinstallation of spudcans in clay is 160 

completed under undrained conditions. Furthermore, in practice, natural soils exhibit strain-161 

rate dependency and also softens as they are sheared and remoulded. Thus, the soil was 162 

modelled as an elasto-perfectly plastic material that obeys a Tresca yield criterion that was 163 

extended to capture the combined effects of rate dependency and progressive softening 164 

following Einav and Randolph [41]. The undrained shear strength at individual Gauss points 165 

was modified immediately after each step, according to the average rate of shear strain in the 166 

previous time step ( γ ) and the current accumulated absolute plastic shear strain (), as 167 
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The shear strain rate, γ , within the soil was evaluated according to  169 

Δt

ΔεΔε
γ 31                (2) 170 

where 1 and 3 are the cumulative major and minor principal strains, respectively, over 171 

the incremental time.  All the parameter definitions are given in the notation list. Further 172 

details can be found in [34,35,42]. The importance of considering this extended soil model, 173 

compared to a simple rate-independent and non-softened Tresca model, and corresponding 174 

effects have recently been highlighted by spudcan-footprint interaction problems by Zhang 175 

et al. [10], Hartono et al. [18], Jun et al. [23,24] and  Zhang [43] for other problems by many 176 

researchers e.g. Hossain and Randolph [42], Zhou and Randolph [44], Kim et al. [45] and 177 

hence not repeated here. The soil-spudcan interface was modelled as frictional contact using 178 

a general contact algorithm with a limiting shear stress. 179 

The mesh dependence of the strain softening behavior can be compensated by combining the 180 

rate-dependent model (Needleman [46]; Sluys and De Borst [47]; Oka [48]; Zhou and 181 

Randolph [44]). For that and for considering at least a reasonable operative shear strength, 182 

combined rate dependency and progressive softening was implemented although the 183 

considered constant penetration rate of 0.1 m/s may not represent the rate during a spudcan 184 

sliding towards a footprint centre. Further accuracy of this numerical model was confirmed 185 

by Jun et al. [23,24] through e.g. mesh size exercise and validation exercise against 186 

measured centrifuge test data.  187 

 188 
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2.2 Modelling for a simplified global jack-up rig 189 

To examine the global behaviour induced by spudcan-footprint interactions, a simplified 190 

jack-up rig was modelled, as shown in Fig. 2. According to the ‘equivalent leg’ and 191 

‘equivalent hull’ model schemes [49], the legs and hull were constructed by ‘beam’ elements 192 

with equivalent properties; the properties of these elements are summarised in Table 1. The 193 

hull and legs are generally connected by a jacking system (e.g., roller). In this study, this 194 

connection was modelled by ‘beam connector’ elements, allowing movement in vertical 195 

direction (Uz = free) while maintaining the other degrees of freedom (Ux, Uy, Rx, Ry and Rz) 196 

fully coupled at the leg-hull connection [15]. The spudcan and a leg were connected by a 197 

‘MPC tie’ (see Fig. 2), allowing the movement of all degrees of freedom (Ux, Uy, Uz, Rx, Ry 198 

and Rz) at the connection point. Symmetric conditions were applied to the overall model. In 199 

the field, a hull is generally submerged in shallow water (with a draft) during (at least) the 200 

initial preloading, particularly if a hazard (e.g., punch-through or spudcan-footprint 201 

interaction) was forecasted. The corresponding vertical buoyancy effect on the hull base was 202 

applied using a spring stiffness (Kbuoy) according to   203 

buoy

buoy

K

F
  s             (2)204 

where s is the hull vertical displacement, Kbuoy (= sea × g × Ahull bottom / number of springs) 205 

is the spring stiffness of the static vertical buoyancy effect, and Fbuoy is the changed static 206 

buoyancy force on the hull bottom (or the required force for s). sea is the density of the sea 207 

water (1.025 ton/m
3
), g is the acceleration of gravity (9.81 m/s

2
), and Ahull bottom is the hull 208 

base area. Although a controlled leg penetration (0.1 m/s) was modelled, changes of bouncy 209 

were occurred due to the rotation of the hull, which was caused by the lateral displacement 210 

and rotation of the legs. Note that other environmental loads induced by winds, waves and 211 
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currents were ignored, as it is usual for a relatively calm weather condition to be considered 212 

during preloading [50]. 213 

2.3 Modelling for penetration scenarios 214 

To reflect the preloading sequences in the field, two different preloading processes were 215 

considered: (a) Preloading A, leg-by-leg preloading: two legs were first installed on the flat 216 

ground, and then the third leg was penetrated (at a constant rate of 0.1 m/s) near a footprint 217 

(see Fig. 4); (b) Preloading B, simultaneous preloading: all three legs were penetrated 218 

simultaneously (at a constant rate of 0.1 m/s; see Fig. 5). To reduce the computational time, 219 

the spudcans on the flat ground were replaced by foundation springs. The details of the 220 

modelling techniques are described below.  221 

Preloading A, leg-by-leg preloading: The spudcans installed on the flat ground were 222 

assumed to be pre-embedded to a depth of 0.25D [8]. The spudcans were replaced by 223 

attached foundation springs (see Fig. 4), and the stiffnesses were calculated according to the 224 

International Standard Organisation guidelines [51] 225 

KV,ISO = KdV × 2GD / (1-)                       (vertical stiffness)     (3) 226 

KH,ISO = KdH ×16GD(1-) / (7-8)            (horizontal stiffness)    (4) 227 

KM,ISO = KdM ×GD
3
 / 3(1-)                      (moment stiffness)    (5) 228 

where KdV, KdH and KdM are the stiffness depth factors, G is the shear modulus of the 229 

foundation soil and  is Poisson’s ratio of the soil. The third spudcan then penetrated the 230 

footprint slope at a constant penetration velocity of v = 0.1 m/s. Note that it was assumed 231 

that a single leg penetration is carefully controlled by sequential filling and discharge of 232 

preload ballast tanks around the leg to minimise the impact on the global moment 233 

equilibrium [50]. 234 
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Preloading B, simultaneous preloading: All legs are sometimes installed simultaneously, 235 

as reported by Amodio et al. [25] for a jack-up rig installation near an existing footprint. 236 

They employed simultaneous preloading of three legs in the initial preloading stage (see Fig. 237 

5). The changes in the stiffness of the other two legs during this continuous penetration 238 

process cannot be represented by the foundation stiffness from the ISO guidelines [51], 239 

which give a constant stiffness at a given depth (Equations 3~5). Therefore, the evolution of 240 

stiffness was derived directly from a series of LDFE simulations considering the same soil 241 

and spudcan properties. For example, as shown in Fig. 6a, the simplified vertical stiffness 242 

(KV,LDFE) was extracted from the results of penetration tests on the flat ground. In addition, 243 

the simplified horizontal (KH,LDFE) and moment (KM,LDFE) stiffness were obtained from 244 

lateral swipe and rotation tests at different depths (d/D = 0.0, 0.1 and 0.2), respectively (see 245 

Fig. 6b and 6c). The correlation of the combined load components was not considered. This 246 

modelling approach is consistent with that followed by [52,53] for the study of monopoles 247 

and bucket foundations. The penetration velocity (v) of the three legs was assumed to be 0.1 248 

m/s. 249 

3. RESULTS AND DISCUSSION   250 

To examine the effect of various factors on jack-up rig spudcan-footprint interactions, an 251 

extensive parametric study was carried out varying the (a) preloading processes (preloading 252 

A and preloading B), (b) soil strength (su,ref = 2.4 + 1.35z kPa to represent soft clays and 50 253 

kPa corresponding to very stiff clays), (c) footprint geometry (DF = 2D and zF = 0.33D to 254 

represent footprints in soft clays, e.g., [20,54-56]; and DF = 1D and zF = 0.66D to represent 255 

footprints in moderate to stiff clays, e.g., [57]), and (d) spudcan shape (generic spudcan and 256 

novel spudcan; D = 15 m). The results from this parametric study, as assembled in Table 2, 257 

are discussed below. The parameters for the rate dependency and strain-softening of the clay 258 
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soil were assumed to be  = 0.1, rem = 1/St = 1/3, 95 = 15, and refγ = 1.5% h
-1

, as they 259 

typically provided a good match with the data from the field and centrifuge tests [23,35].  260 

3.1 Effect of preloading process and foundation stiffness  261 

The effect of the global behaviour of spudcan-footprint interactions was investigated by 262 

comparing the modelling results with those from single spudcan penetration analyses with a 263 

fixed head condition (infinite horizontal and rotational stiffness, allowing only vertical 264 

displacement). The soft clay conditions (su,ref = 2.4 + 1.35z in the Gulf of Mexico; [39]), 265 

conical footprint geometry (DF = 2D and zF = 0.33D; see Fig. 2b), and  = 0.55 were chosen 266 

from the field measurements and centrifuge tests. As noted previously, two different 267 

preloading processes were considered by using different types of foundation stiffness (KISO 268 

and KLDFE). For simultaneous preloading (preloading B), additional reduction of the 269 

foundation stiffness (e.g.,   KLDFE, where  = 0.1, 0.3 and 0.5) was considered to quantify 270 

the effect of the foundation stiffness. These reduced stiffness cases correspond to various 271 

spudcan embedment conditions and seabed soil strength heterogeneity, for instance, one leg 272 

penetrating the footprint slope while the other two legs are adjacent to a region that is lower 273 

than the footprint area. A similar approach using reduced stiffness was considered by Kong 274 

et al. [8]. 275 

Fig. 7 shows a comparison of the performance of the generic spudcan in terms of the 276 

horizontal (H), vertical (V), moment (M) stiffnesses, lateral displacement () and rotation 277 

distribution () at the spudcan reference point RP (see Fig. 3) along the normalised 278 

penetration depth d/D. The corresponding soil failure mechanisms are displayed in Fig. 8. 279 

The profiles of the vertical force (V) for the fixed head condition with the two global jack-280 

up rig preloading processes are very consistent (Fig. 7a). However, for preloading B, a 281 

reduced stiffness resulted in a reduced vertical resistance at shallow penetration depths (d/D 282 
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< 0.2). This is due to sliding with the increasing lateral displacement allowing for a 283 

reduction in the resistance (see Fig. 7d). As shown in Fig. 8, during sliding, instead of 284 

vertical penetration, the movement of the spudcan along the footprint slope dominates the 285 

behaviour. The lateral sliding stops at approximately d/D = 0.2 (the maximum lateral 286 

displacement, max = 6.23 m for  = 0.1), where the base of the spudcan is in full contact 287 

with the soil (see Fig. 8b); hence, the penetration resistance profile rises sharply and merges 288 

with those of the no sliding or minor sliding cases.  289 

The induced horizontal force (H) with global modelling is 8~9% lower than that with the 290 

fixed head condition (0.93~0.94MN vs 1.02 MN; see Fig. 7b). This reduction arises mainly 291 

from the lateral sliding towards the footprint centre, diminishing the asymmetry of the soil 292 

failure mechanism (see Figs. 7d and 8). Relative to the fixed head condition, both reduction 293 

of H and lateral sliding displacement  increase with decreasing stiffness K (Figs. 7b and 7d) 294 

confirms the previously identified explanation. The maximum horizontal force (Hmax) for 295 

0.1  KLDFE is 0.25 MN, which is approximately 75% lower than that for the fixed head 296 

condition (Hmax = 1.02 MN).  297 

All the moments (M) in this parametric study are shown in Fig. 7c. The moment (M) at RP 298 

is mainly governed by the resultant vertical force (V) and its eccentricity from RP as the 299 

resultant horizontal forces nearly pass through RP [7,10,23-24]. As such, the differences in 300 

the maximum moment (Mmax) are not very large (see Fig. 7c).  301 

The lateral displacement,  and rotation,  are plotted in Fig. 7d and 7e, respectively. Both 302 

values are 0 regardless of the penetration depth for the fixed head condition, as the spudcan 303 

was forced to penetrate vertically. The maximum lateral displacements for preloading A and 304 

preloading B are respectively max = 0.49 m and 0.55 m, which increase with decreasing  305 

or stiffness (Fig. 7d). For instance, max = 6.23 m for Interestingly, the trend is 306 

reversed for the rotation  The maximum rotation value max is -0.23 for preloading A and 307 



Global jack-up behaviour next to a footprint                                     Jun et al. 

                                Submitted May 2018; Revised Oct 2018 

 

 13 

-0.13 for preloading B.max decreases with or the stiffness (Fig. 7e). For instance,max = 308 

-0.04 for  = 0.1. This is because of the domination of the global jack-up movement 309 

mechanism, translational to leg splay, as explained below.   310 

Fig. 9 shows the schematic diagram for the relative lateral displacement () and rotation () 311 

at four characteristic locations in the jack-up rig: (a) location A (a and a) is at the 312 

spudcan on the flat seabed; (b) locations B and C (b,c and b, c) are at the 313 

connection between the hull and the leg; and (c) location D (d and d) is at the spudcan 314 

near the footprint. The values of  and  for these four locations from the abovementioned 315 

analyses are summarised in Table 3 (note, Fig. 7d and 7e show the resultant lateral 316 

displacement ( = a + b + c + d) and rotation ( = a + b + c + d), 317 

respectively, at location D). For the relatively higher stiffness cases (i.e., KISO and KLDFE), 318 

the maximum lateral displacements occur at locations B and D, while the displacements at 319 

location A and C are minimal. This is because, for instance, at location A, the actual lateral 320 

responses lie in the elastic zone of stiffness KISO and KLDFE (see Fig. 10). This minimum 321 

lateral displacement at locations A and C and maximum lateral displacement at B and D 322 

results in leg splay of the global jack-up. However, by reducing the foundation stiffness 323 

(× KLDFE,  = 0.1, 0.3 and 0.5), the displacements at location A increase remarkably (see 324 

Fig. 10), while those at B and D decrease. Therefore, the global jack-up deformation pattern 325 

changes to a horizontal translational mode (see insets in Fig. 10).  326 

In all the cases, the rotation increments at location D (d) are almost identical to the 327 

resultant rotation at the spudcan location RP (; see Table 3). This attributes to the fact that 328 

the buoyancy spring stiffness (Kbuoy) restricts the rotation of the hull, leading to the other 329 

rotation components compensating with each other (a + b + c  0).  330 
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3.2 Evaluate structural integrity   331 

With the global jack-up modelling technique, the structural integrity of the jack-up leg can 332 

be assessed. To generate a large horizontal force (and hence the leg failure load) from the 333 

spudcan-footprint interaction, a very stiff clay (su,ref = 50 kPa) and corresponding foundation 334 

stiffness (e.g., KISO) were considered as pre-embedded conditions for the spudcan on the flat 335 

ground. According to the centrifuge tests reported by Gan [54], a cylindrical footprint 336 

geometry (DF = 1.00D and zF = 0.66D; typical footprint geometry in stiff clay; see Fig. 2c) 337 

and  = 0.5 were selected. 338 

The spudcan responses and corresponding failure mechanisms from the global jack-up 339 

modelling are presented in Fig. 11 and 12, respectively. The results from a single spudcan 340 

penetration with a fixed head condition are also included in Fig. 11 for comparison. 341 

Consistent with Fig. 7, the global responses (vertical load, horizontal load and moment in 342 

Fig. 11) are lower than the fixed head responses. However, as expected, the lateral 343 

displacement and rotation are greater for the global jack-up.  344 

By comparing with the results in Fig. 7, all the spudcan responses for a deep cylindrical 345 

footprint in stiff clay are significantly higher than the corresponding results for a shallow 346 

conical footprint in soft clay, although the offsets of the spudcan penetration are very similar, 347 

 = 0.5 (Fig. 11) and 0.55 (Fig. 7). For instance, the maximum horizontal force (Hmax) is 682% 348 

greater for a deep cylindrical footprint. This is because of the more profound asymmetric 349 

soil flow to deeper penetration depths, as can be observed by comparing the soil failure 350 

mechanisms between Fig. 8 and 12, and the increased undrained shear strength. In addition, 351 

the global modelling confirms that the lateral sliding towards the footprint centre reduces the 352 

induced horizontal force. 353 

Fig. 7c and 11c plot the moment at RP at the spudcan centre, nominally nulling the 354 

influence of the resultant horizontal force H, as it nearly passes through the RP. However, if 355 



Global jack-up behaviour next to a footprint                                     Jun et al. 

                                Submitted May 2018; Revised Oct 2018 

 

 15 

the reference point is shifted to the point connecting the leg with the hull, the resultant 356 

horizontal force H will add additional moment (= H  Lleg) and dominate the moment 357 

response [23,24]. If the consequent stress on the leg exceeds its structural capacity, the leg 358 

can be damaged. For example, Fig. 13a plots the moment at the leg top for the preloading A 359 

(KISO) case shown in Fig. 11c. Clearly, the moment direction is reversed, and the magnitude 360 

of the maximum moment is significantly higher (-467.5 MN vs 72 MN). Fig. 13b shows that 361 

the beam stress distribution on the leg interacts with the footprint just below the hull (150 m 362 

above the soil surface), which is captured directly from the global jack-up modelling. The 363 

beam stress can be divided into two components: (a) pure axial stress from the vertical force 364 

(e.g., penetration resistance) and (b) bending stress from the spudcan-footprint interaction 365 

(i.e., horizontal force, moment, leg eccentricity; see inset in Fig. 13b). In this case, the 366 

structural stability of the leg is dictated by the bending stress due to the effect of the 367 

spudcan-footprint interaction. For instance, when the maximum beam stress (beam,max) is 368 

approximately -420.8 MPa, the axial stress (axial) is -82.2 MPa (19.5% of beam) and the 369 

bending stress (bending) is -338.6 MPa (80.5% of beam). Fig. 13c shows the evolution of 370 

structural stresses with the spudcan penetration depth d/D, allowing the identification of the 371 

critical depth for attaining the maximum beam stress as d/Dcritical = 0.45. 372 

In the analyses above, the jack-up legs were simplified according to the ‘equivalent leg’ 373 

model scheme of SNAME [49]. To assess the structural integrity more precisely, an analysis 374 

was performed by considering a truss leg, following the ISO design guideline [51]. From the 375 

analyses above(e.g., Fig. 13), it was found that the maximum stress was concentrated on the 376 

leg with the spudcan to be installed near the footprint, just beneath the connection of the hull 377 

with the leg. As such, for this analysis, only a 37.5-m-long section of that leg from the hull-378 

leg connection point was considered, as shown in Fig. 14. For the boundary conditions, 379 

three degrees of freedom (lateral displacement in the x direction, Ux, vertical displacement, 380 
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Uz, and rotation in the y direction, Ry) at the top and bottom of the truss leg section were 381 

considered, while lateral displacement in the y direction (or perpendicular to the page), Uy, 382 

rotation in the x direction, Rx, and rotation in the vertical direction, Rz, were assumed to be 383 

zero due to the symmetric condition of the problem.  384 

In ISO guidance [51], the structural stability requirement for the chord is suggested to be 385 

|beam,max| < criteria           (6) 386 

where criteria = column buckling / Fsafety         387 

column buckling = (1.0 – 0.278 × 
2
) × yield                          for  ≤ 1.34                             388 

           = 0.9 × yield / 
2
      for   1.34                             389 

Fsafety = resistance factor = 1.15 390 

 = (yield / E)
0.5

  391 

E = Euler buckling strength = 
2
Esteel / (K × Lbay / rr&c)

2
 392 

K = column effective length factor = 1.0  393 

The yield strength (yield) for the chord typically ranges from 414 to 700 MPa depending on 394 

the jack-up rig size and type [51]. Lbay is one bay length, rr&c is the radius of gyration of the 395 

rack and chord, and Esteel is Young’s modulus of the steel. The considered dimensions and 396 

properties of the chord and brace are summarised in Table 4. According to Equation 6, 397 

criteria varies between 302.8 and 445.3 MPa. 398 

Fig. 15 shows the results in terms of beam stresses in the leg. The maximum stress (-398.8 399 

MPa) occurs at the second (from the top) joint between the left chord and braces (see the 400 

zoomed-in figure of the left chord in Fig. 15). The maximum absolute value of the beam 401 

stress at the joint, |beam,max| = 398.8 MPa, exceeds the lower bound of the design criteria, 402 

302.8 MPa < criteria < 445.3 MPa (calculated with Equation 6 and the input from Table 4). 403 
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Therefore, |beam,max| > criteria, indicating that leg failure may occur if a leg of the jack-up rig 404 

is installed on a deep cylindrical footprint in very stiff clay.  405 

Interestingly, the maximum absolute beam stress from the global modelling with simplified 406 

legs (-420.8 MPa in Fig. 13) closely predicts (just 5.5% higher) the maximum stress from 407 

the detailed truss leg analysis (398.8 MPa in Fig. 15). Although simplified leg modelling 408 

cannot indicate the exact location of the likelihood of failure on the global jack-up structure, 409 

a critical zone can be identified. Note that if the maximum absolute stress from the global 410 

modelling with simplified legs (beam) is close to or exceeds the stability criterion (criteria), a 411 

detailed truss leg analysis has to be conducted.  412 

3.3 Effect of novel spudcan 413 

From the previous investigations [13,23,24], it has been consistently found that spudcan 414 

shape has a significant influence on spudcan-footprint interactions, leading to the 415 

establishment of a novel spudcan shape, with a flat base and 4 holes, to ease spudcan-416 

footprint interaction issues. For example, the reduction of the maximum induced horizontal 417 

force (Hmax) by the novel spudcan was approximately 30%~42% [24] and the reduction of 418 

the lateral sliding distance was 74~98% [13], in comparison to the results using a generic 419 

spudcan. However, all the previous simulations or tests have been conducted considering a 420 

single rigid leg with either a fixed head or free head (allowing lateral displacement of the 421 

spudcan and leg together [13]) condition. In this study, the performance of the novel 422 

spudcan will be assessed through global jack-up rig modelling.  423 

Lateral sliding  424 

To check the effect of the novel spudcan on lateral sliding, a normal (preloading B; KLDFE) 425 

and a reduced (preloading B; 0.1  KLDFE) foundation stiffness and a conical shallow 426 

footprint geometry (DF = 2D and zF = 0.33D), were chosen. Fig. 16 shows the response 427 
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profiles for both novel and generic spudcans as comparison. For the normal stiffness case, 428 

the novel spudcan reduces Hmax by 31% and max by 23%, but the values of Mmax (near RP) 429 

and max are very similar. In contrast, for the reduced stiffness case, the values of Hmax, Mmax 430 

and max are similar, but the novel spudcan reduces max by 40%. These results can be 431 

explained by the corresponding soil failure mechanisms depicted in Fig. 17. By comparing 432 

the mechanisms for the generic spudcan in Fig. 8, the flat-based underside profile and holes 433 

on the novel spudcan provide preferential soil flow paths, somewhat anchoring the spudcan 434 

on the right slide with earlier soil flow through the holes and forcing the spudcan to 435 

penetrate more vertically, reducing Hmax (for the normal stiffness case) or max (for the 436 

reduced stiffness case).  437 

Note that the vertical resistance of the novel spudcan is lower than that of the generic 438 

spudcan up to d/D = ~0.25 due to the reduced net area (Anet = 141.4 m
2
 for the novel 439 

spudcan vs 176.7 m
2
 for the generic spudcan). Therefore, to confirm the mitigation 440 

efficiency of the novel spudcan shape, an additional analysis was carried out on a large 441 

novel spudcan of D = 16.4 m (with Anet equal to the generic spudcan). Here, only the flat 442 

base part was increased to get an identical Anet (see inset in Figure 16). As expected, (i) the 443 

vertical force for the large novel spudcan (D = 16.4 m) becomes similar to the generic 444 

spudcan (Figure 16a), (ii) the horizontal force remains similar to the original novel spudcan 445 

(Figure 16b) as the enlarged flat base did not mobilise additional horizontal force, and (iii) 446 

the moment response increases significantly due to the enhanced imbalance vertical force 447 

(Figure 16c). The effect of the holes has been reported extensively by Jun et al. [23, 24].  448 

Leg failure  449 

To examine the effect of the novel spudcan on the structural integrity, stiff clay with a 450 

deeper footprint case, discussed in Fig. 11~15, was considered. The same analyses were 451 
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carried out by replacing the generic spudcan with the novel spudcan. The results are shown 452 

in Fig. 18~20.  453 

Compared to the response of the generic spudcan, the maximum horizontal force (Hmax), 454 

maximum moment (Mmax), maximum lateral displacement (max), and maximum rotation 455 

(max) are reduced by 34.2%, 19.2%, 31.5% and 22.6%, respectively, by using the novel 456 

spudcan (see Fig. 18). With the progress of penetration, the soil flow beneath the generic 457 

spudcan is mainly directed towards the other side of the footprint wall (see Fig. 12a and b), 458 

whereas the soil at the base of the novel spudcan flows partly through the holes and partly 459 

towards the other side of the footprint wall (see Fig. 19a and b). The soil flow through the 460 

holes somewhat anchors the spudcan, limiting the lateral sliding of the spudcan towards the 461 

footprint centre.     462 

Fig. 20a shows the stress distributions, as a function of the normalised spudcan penetration 463 

depth d/D, from the global modelling considering simplified beam legs. The critical spudcan 464 

penetration depth for attaining the maximum stress, d/Dcritical = 0.5, is similar to that (0.45) 465 

for the generic spudcan (see Fig. 13c). However, the maximum beam stress of beam,max = - 466 

315.9 MPa is 25% lower than that (420.8 MPa) for the generic spudcan. Nevertheless, 467 

|beam,max| = 315.9 MPa exceeds the lower bound of the design criteria, 302.8 MPa < criteria < 468 

445.3 MPa. As such, a detailed truss leg analysis was carried out, and the stress distribution 469 

is shown in Fig. 20b. Again, the location of the maximum beam stress at the 2
nd

 (from the 470 

top) joint between the left chord and braces is consistent with the location of the maximum 471 

beam stress for the generic spudcan (see Fig. 15). However, the maximum beam stress of 472 

|beam,max| = 298.6 MPa is now less than the lower bound of the design criteria, 302.8 MPa < 473 

criteria < 445.3 MPa, meaning that the leg or jack-up rig will not fail if the novel spudcan is 474 

used. This confirms that tweaking the spudcan shapes (i.e., the underside profile and holes) 475 
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has potential to ease spudcan-footprint interactions and increases the structural integrity of 476 

the jack-up rig.  477 

4. CONCLUDING REMARKS  478 

A global assessment of spudcan-footprint interactions was performed through modelling of 479 

a complete jack-up rig considering three simplified tubular legs connected by a hull than 480 

that performed using a single leg or fixed head condition. The influence of buoyancy on the 481 

hull draft was taken into account. The two routine preloading methods, i.e. leg-by-leg 482 

preloading and simultaneous preloading, were simulated. The jack-up rig was set up with 483 

one leg with its spudcan foundation near a footprint and the other two legs with their 484 

spudcans away from the footprint. The two spudcans away from the footprint were replaced 485 

by vertical horizontal and moment springs to simplify the analysis. The stiffness of the 486 

springs were obtained from the LDFE analyses and artificially reduced (to capture softer soil 487 

or surface footing case) the values. In addition, two soil strengths and two footprint 488 

geometries were explored. Advanced structural integrity analyses were carried out by 489 

considering global modelling with a tubular leg or truss leg to identify the potential and 490 

location of leg failure due to spudcan-footprint interactions. Finally, the performance of a 491 

recently proposed novel spudcan in the global jack-up rig was assessed. The following 492 

conclusions can be drawn. 493 

Global jack-up rig modelling showed that induced horizontal force Hmax may be 8~9% (for 494 

soft clay with a 2D wide and 0.33D deep footprint) and 15.9% (for stiff clay with a 1D wide 495 

and 0.66D deep footprint) lower compared to the fixed head condition. However, this study 496 

also provided an indication of the magnitude of the lateral spudcan displacement, with 497 

maximum displacements of max = 0.45~0.55 m (for soft clay) to 3.43 m (for stiff clay), and 498 

maximum rotations of max = -0.13~-0.23 (for soft clay) and -1.37 (for stiff clay). The 499 
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reduction of H with global modelling increased with decreasing stiffness K and increasing 500 

lateral sliding displacement . The effect of preloading process was found to be insignificant. 501 

All the responses for a deep cylindrical footprint in stiff clay were significantly higher 502 

compared to the results for a shallow conical footprint in soft clay, with identical spudcan 503 

installation offset. 504 

For the stiff clay with a 0.66D deep footprint and generic spudcan, the maximum beam 505 

stress occurred at a spudcan penetration depth of 0.5D. Both the global analysis with a 506 

tubular leg and detailed truss leg analysis showed that the leg on the footprint would fail at 507 

the second (from the top) joint between the left chord and braces due to the beam stresses 508 

caused by spudcan-footprint interactions. 509 

The novel spudcan with a flat base and 4 holes reduced Hmax by 31% and max by 23% (for 510 

soft clay with a 2D wide and 0.33D deep footprint) and Hmax by 34.2%, max by 19.2% and 511 

max by 31.5% (for stiff clay with a 1D wide and 0.66D deep footprint) against the generic 512 

spudcan. More importantly for the cases studied here, from the detail truss leg analysis, the 513 

leg near the footprint, which would fail with the generic spudcan, may not fail with the 514 

novel spudcan.  515 

Based on the results, the recommendations for the design of a spudcan penetration near a 516 

footprint can be proposed as  517 

1. The responses are affected by the footprint geometry, offset distances, and spudcan 518 

shape. 519 

2. To prevent the large lateral displacement towards the footprint centre, the horizontal 520 

resistance capacity at the other spudcans should be larger than the horizontal force 521 

induced by spudcan-footprint interactions.  522 

3. The structural integrity of the leg must be checked against the predicted induced 523 

horizontal force and moment. 524 
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4. The novel spudcan can be used for easing spudcan-footprint interactions. 525 

All the analyses were performed considering a footprint with the soil strength along and 526 

adjacent to the footprint identical to the intact strength profile. The changes of soil strength 527 

during the formation of the footprint and subsequent jack-up operational period and the 528 

intervening period before reinstallation was therefore not taken into account. Further 529 

analyses are being carried out considering soil strength heterogeneity around the footprint. 530 

Due to the limitation of the used LDFE technique and soil constitutive model, footprint was 531 

not created in the real field way of penetration and extraction of a spudcan. Instead, the 532 

footprint geometries and strength contour presented by Gan et al. [6] as a function of the 533 

jack-up operational period and the intervening period before reinstallation were directly 534 

mapped in the LDFE simulations. The results will be published in the future.  535 
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Nomenclature 700 

Ahull cross-sectional area of equivalent hull beam model 

Ahull bottom       bottom area of jack-up rig hull 

Aleg cross-sectional area of equivalent leg beam model 

Anet net area of spudcan at largest section 

Ar&c cross-sectional area of rack and chord 

D spudcan diameter at largest section 

Dbrace brace diameter 

Dchord chord diameter 

DF footprint diameter 

d penetration depth of spudcan base 

d/Dcritical normalised critical penetration depth 

dh hole diameter 

Esteel Young’s modulus of steel 

eleg eccentricity of leg 

G shear modulus of foundation soil 

g acceleration of gravity  

H horizontal force at spudcan base level 

Hmax            maximum horizontal force at spudcan base level 

Ihull moment of inertia of equivalent hull beam model 

Ileg moment of inertia of equivalent leg beam model 

Ir&c moment of inertia of rack and chord 

K column effective length factor 

Kbuoy spring stiffness of buoyancy 

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

factors 

KISO  foundation stiffness calculated by ISO guidance (2012)  

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

by ISO guidance (2012)  

KLDFE foundation stiffness calculated by LDFE analysis  

KV, LDFE, K H, LDFE and K 

M, LDFE  

vertical, horizontal and moment foundation stiffness calculated 

by LDFE analysis 

Lbay bay length 
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Lleg length of leg 

Lrack length of rack 

M   moment at spudcan base level 

Mmax maximum moment at spudcan base level 

Mt moment at leg top 

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

and largest cross section of the spudcan (see Fig. 3) 

Rx, Ry & Rz rotational displacement 

rr&c radius of gyration of rack and chord 

St soil sensitivity 

su undrained shear strength 

su,ref reference undrained shear strength 

tbrace brace thickness 

tchord chord thickness 

track rack thickness 

Ux, Uy & Uz directional displacement 

V vertical force 

v  spudcan penetration velocity 

z penetration depth below soil surface 

zF footprint depth 

b spudcan base angle 

 distance between the footprint centre and spudcan centre 

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

required force for s) 

s  change in hull vertical displacement 

abcd relative deflection at four different locations (see Fig. 9) 

abcd relative rotation at four different locations (see Fig. 9) 

 spudcan lateral displacement at RP 

max maximum spudcan lateral displacement 

rem  remoulded strength ratio 

γ    shear strain rate 

refγ
   

reference shear strain rate 
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 the ratio of the distance between the footprint centre and 

spudcan centre, , and the spudcan diameter 

 rate parameter for logarithmic expression 

 spudcan rotation at RP 

max maximum rotation at RP 

sea density of sea water 

axial structural axial stress 

beam structural beam stress 

beam,max maximum structural beam stress 

bending structural bending stress 

E Euler’s buckling strength 

criteria design criteria (ISO, 2012) 

yield yield stress of steel 

  Poisson’s ratio of foundation soil 

 reduction factor of foundation stiffness  

 cumulative plastic shear strain   

95  cumulative plastic shear strain required for 95% remoulding 

 701 

702 
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Table 1. Main dimensions and properties of a simplified jack-up rig model 703 

Main dimensions and properties Value 

Total leg length 180 (m) 

Leg length between hull and seabed 150 (m) 

Each side length of hull (hull shape: equilateral triangle) 80 (m) 

Cross-sectional area of equivalent leg beam model, Aleg 
0.71 (m

2
) 

0.35 (m
2
) for a symmetric 

condition 

Cross-sectional area of equivalent hull beam model, Ahull 

2.79 (m
2
) 

1.40 (m
2
) for a symmetric 

condition 

Moment of inertia of equivalent leg beam model, Ileg 
21.26 (m

4
) 

10.63 (m
4
) for a symmetric 

condition 

Moment of inertia of equivalent hull beam model, Ihull 

55.51 (m
4
) 

27.76 (m
4
) for a symmetric 

condition 

 704 

 705 

 706 
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Table 2. Summary of 3D LDFE analyses performed  707 

Group 
Spudcan 

shape 

su,ref 

(kPa) 

Footprint 

depth, zF 

(m) 

Footprint 

diameter, 

DF (m) 

Offset 

distance

,  (m) 

Penetration scenario 

Spudcan response 

Note Hmax  

(MN) 

Mmax  

(MN-m) 
max 

(m) 

max 

() 

I 
Generic 

spudcan 

*
Soft 

clay 
0.33D 2.0D 0.55D 

Fixed head condition 1.02 13.1 - - 

Effect of 

global 

response 

and large 

sliding 

 

Preloading A (KISO) 0.94 13.8 0.49 -0.23 

Preloading B 

(KLDFE) 

= 1.0 0.93 13.6 0.55 -0.13 

= 0.5 0.75 13.7 2.67 -0.11 

= 0.3 0.56 13.4 3.98 -0.08 

= 1.0 0.25 12.5 6.23 -0.04 

II 
Generic 

spudcan 

#
Very 

Stiff 

clay 

0.66D 1.0D 0.50D 

Fixed head condition 7.55 73.0 - - 
Leg 

damage Preloading A (KISO) 6.35 72.0 3.43 -1.37 

III 
Novel 

spudcan 

*
Soft 

clay 
0.33D 2.0D 0.55D 

Preloading B 

(KLDFE) 

= 1.0 0.64 13.8 0.40 -0.10 

Effect of 

novel 

spudcan 

= 0.1 0.27 12.2 3.72 -0.05 
#
Very 

Stiff 

clay 

0.66D 1.0D 0.50D Preloading A (KISO) 4.18 58.2 2.35 1.06 

Note: *Soft clay: su,ref = 2.4 + 1.35z (kPa) (Menzies & Roper, 2008) 708 
#
Very stiff clay: su,ref = 50.0 (kPa)   709 
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Table 3. Displacement and rotation at each location (locations a, b, c and d) at the penetration depth with Hmax and max 710 

 

 

 

Lateral displacement at max (m)  Rotation at max (degree) 

a b c d max a b c d max 

Preloading A 

(KISO) 

Measured 

value 
0.00 0.01 0.00 0.48 0.49 0.00 -0.03 -0.03 -0.17 -0.23 

Ratio* 0% 2% 0% 98% 100% 0% 13% 13% 74% 100% 

Preloading B 

(KLDFE) 

Measured 

value 
0.05 0.25 0.00 0.25 0.55 0.12 -0.08 -0.03 -0.13 -0.12 

Ratio 10% 45% 0% 45% 100% -100% 67% 25% 108% 100% 

Preloading B 

(0.5KLDFE) 

Measured 

value 
2.25 0.20 0.00 0.22 2.67 0.09 -0.06 -0.03 -0.11 -0.11 

Ratio 84% 8% 0% 8% 100% -82% 55% 27% 100% 100% 

Preloading B 

(0.3KLDFE) 

Measured 

value 
3.65 0.16 0.00 0.17 3.98 0.07 -0.05 -0.02 -0.08 -0.08 

Ratio 92% 4% 0% 4% 100% -88% 63% 25% 100% 100% 

Preloading B 

(0.1KLDFE) 

Measured 

value 
6.09 0.07 0.00 0.07 6.23 0.03 -0.02 -0.01 -0.04 -0.04 

Ratio 98% 1% 0% 1% 100% -75% 50% 25% 100% 100% 

Note: *Ratio: Location / max & Location / max 711 

 712 
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Table 4. Dimensions and properties for chord and bracing 713 

Dimensions and properties 

  

  

 
 

 

 

 

 

Chord 

Outer diameter, 

Dchord (cm) 
60 

Thickness, tchord 

(cm) 
6 

Rack 

Length, Lrack (cm) 64 

Thickness, track 

(cm) 
21 

Rack & 

chord 

Area, Ar&c (cm
2
) 2362 

Moment of 

inertia, Ir&c (cm
4
) 

487817 

Radius of 

gyration, rr&c (cm) 
14 

Brace 

Outer diameter, 

Dbrace (cm) 
20 

Thickness, tbrace 

(cm) 
2 

Length of bay, Lbay (cm) 750 

Young’s modulus, Esteel 

(MPa) 
2.05E+05 

Yield stress, yield (MPa) 414~700 

 714 

 715 

  716 
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