
1 INTODUCTION 

Most offshore drilling in shallow to moderate water 
depths (< 150 m) is performed from self-elevating 
jack-up rigs due to their proven flexibility, mobility 
and cost-effectiveness (CLAROM 1993; Randolph 
et al. 2005). Today’s jack-ups typically consist of a 
buoyant triangular platform supported by three inde-
pendent truss legs, each attached to a large 10 to 
20 m diameter spudcan. After the completion of the 
task, the legs are retracted from the seabed, leaving 
depressions at the site (referred to as a ‘footprint’).  

Jack-ups often return to sites where previous op-
erations have left footprints in the seabed. This is, 
for example, to drill additional wells or service exist-
ing wells, repair a platform or to install new struc-
tures such as jackets or wind turbines (Killalea 2002; 
Osborne and Paisley 2002; InSafeJIP 2010). When a 
spudcan is located on or nearby an adjacent footprint 
slope, there is a tendency for the spudcan to slide 
towards the centre of the footprint, inducing exces-
sive lateral forces and bending moments to the rig 
(see Fig. 1). Hazards include an inability to install 
the jack-up in the required position, leg splay, struc-
tural damage to the leg, and at worst, bumping or 
collapsing into the neighbouring operating platform. 
The frequency of offshore incidents during installa-
tion near footprints has increased by a factor of four 
between the period 1979~88 and 1996~06 (Osborne 
2005) and at an even higher rate over 2005~2012 

(Jack et al. 2013), with examples of offshore inci-
dents also documented by Hunt & Marsh (2004), 
Brennan et al. (2006) and Handidjaja et al. (2009). 

 

 
Figure 1. Spudcan reinstallation near footprint (after Kong et 
al. 2013). 

 
Penetration of spudcan foundations next to foot-

prints has been addressed by a number of research-
ers, with each concentrating on a particular geomet-
ric aspect of the problem, such as the offset of 
reinstallation or the influence of the testing fixity 
conditions during reinstallation (e.g. Gaudin et al. 
2007; Leung et al. 2007; Gan et al. 2008 & 2012; 
Cassidy et al. 2009; Kong et al. 2013). However, a 
minimum attention has been paid to mitigating 
spudcan-footprint interaction issues. In the field, 
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ABSTRACT: The interaction between a spudcan and an existing footprint is one of the major concerns during 
jack-up rig installation. When a spudcan is located on or nearby an adjacent footprint slope, there is a tenden-
cy for the spudcan to slide towards the centre of the footprint, inducing excessive lateral forces and bending 
moments to the rig. Adverse spudcan displacement could result in an inability to install the jack-up in the re-
quired position, leg splay, structural damage to the leg, and at worst, bumping or collapsing into the neighbor-
ing operating platform. This paper reports the results from a series of 1g and centrifuge model tests investigat-
ing spudcan-footprint interactions in clay. Three footprint shapes were tested varying depth and diameter. The 
footprints were generated using a cutting tool, and for the deep vertical walled footprints in the centrifuge, a 
plastic collar was pioneered to ensure footprint stability before testing. Spudcan loads during reinstallation 
were measured using a vertical load cell and two bending gauges. A novel spudcan, which was developed to 
minimise the interaction effects, was also tested and compared the responses with those of a generic spudcan. 
The results from this study indicated that the novel spudcan has potential to ease spudcan-footprint interac-
tions. 



stomping and successive leg repositioning (Brennan 
et al. 2006) and water jetting with the spudcan pre-
loading (Handidjaja et al. 2009) have been used. Al-
ternatively this study focuses on the shape of the 
spudcan itself and whether the shape can be manipu-
lated to mitigate the effects of reinstallation adjacent 
to a footprint. A novel spudcan shape, developed to 
ease the footprint interactions through a series of 
large deformation finite element analysis (Jun et al. 
2017a & b, 2018), is compared experimentally 
against the response of a generic spudcan at 1g and 
200g conditions. Footprint geometries were varied 
by changing the diameter and depth, following the 
technique manually cutting a footprint into the sam-
ple (of Kong et al. 2013) and extending it to allow 
deep footprints with vertical walls to be tested. 

2 MODEL TEST 

2.1 Experimental program and sample preparation 

The experimental programme comprised 1g and 
200g modelling of penetration of spudcans nearby 
footprints. The spudcan tests were performed on 
three boxes of single layer samples of kaolin clay, 
with the geotechnical properties given in Table 1. A 
homogeneous slurry was prepared by mixing com-
mercially available kaolin clay powder with water at 
120% water content (twice the liquid limit). The 
slurry was then poured in beam rectangular strong-
boxes, which has internal dimensions of 650 (length) 
× 390 (width) × 325 (depth) mm. The soil samples 
were then pre-consolidated gradually on the high ca-
pacity press under a final pressure of 100, 200 and 
550 kPa (see Table 2).   
 
Table. 1 Main properties of kaolin clay (after Stewart 1992). __________________________________________________ 
Properties of kaolin clay          Value __________________________________________________ 
Specific gravity, Gs            2.6 
Angle of internal friction, ' (degree)       23  
Critical state frictional constant, M      0.92 
Liquid limit, LL (%)           61 
Plastic limit, PL (%)           27 
Plasticity index, Ip (%)            34 __________________________________________________ 

 
Soil characterisation tests were carried out using a 

T-bar penetrometer, of diameter 5 mm and length 
20 mm. Typical shear strength (su) profiles for the 
three samples are shown in Figure 2, based on a T-

bar deep bearing capacity factor of NT-bar =10.5 
(where z is the penetration depth of the T-bar mid-
diameter and D is the spudcan diameter). 

2.2 Model spudcan 

Two different spudcan models of 60 mm diameter; 
(a) generic spudcan and (b) novel spudcan; were 
used, with their shape shown in Figure 3. The gener-
ic spudcan shape was chosen similar to the spudcans 
of the ‘Marathon LeTourneau Design, Class 82-
SDC’ jack-up rig, as illustrated by Menzies & Roper 
(2008). A novel spudcan to minimise the horizontal 
force and moment induced by the interaction was 
developed. The basic shape of the novel spudcan is 
similar to the generic spudcan. However, the under-
side profile has been flattened and four evenly 
spaced holes (each of 14.4 mm diameter) inserted 
vertically between the spudcan top and base (see 
Fig. 3b). The role of each geometric factor was ex-
plored through large deformation finite element 
(LDFE) analyses by Jun et al. (2017a & b, 2018), 
and compared with the experimental results in a lat-
ter section of this paper.  

Figure 4a shows the experimental set-up, includ-
ing the spudcan, vertical load cell and bending leg 
used. The spudcan was rigidly connected to a model 
leg made from duraluminium. The leg was instru-
mented by two sets of bending strain gauges and one 

Table 2. Summary of experimental tests ________________________________________________________________________________________________________ 
Box  Tests   Test g level   Spudcan shape  Footprint shape   Pre-consolidation  Offset distance,   Note                                     _______________                    
                                     DF   zF    pressure (kPa)   ________________________________________________________________________________________________________ 
1   Test 1 1g      Generic    1.0D  0.42D  100      0.50D     Deep footprint 

Test 2       Novel ________________________________________________________________________________________________________ 
2   Test 3 200g     Generic      2.0D  0.33D  200      0.55D     Shallow footprint 

Test 4       Novel ________________________________________________________________________________________________________ 
3   Test 5 200g     Generic    1.0D  0.50D  550      0.50D     Deep footprint 

Test 6       Novel ________________________________________________________________________________________________________ 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Undrained shear strength profile measured by T-
bar penetrometer 



load cell to record the horizontal force, bending 
moment and vertical resistance generated during 
testing. The model leg was mounted on the strong-
box with an actuator (see Fig. 4b). Note, in the field, 
the bending response of the truss leg is dictated by 
its stiffnesses and the connection of the leg to the 
hull. In this study, the tests were performed consid-
ering a fixed head boundary condition at the top lev-
el of leg, leading to a condition with very high leg 
stiffnesses, which is somewhat consistent with ISO 
(2012). 

The T-bar and spudcan tests were carried out at a 
rate of 1 mm/s and 0.19 mm/s, respectively, target-
ing a non-dimensional velocity index of Vp = vDe/cv 
> 30 (where v is the penetration velocity, De is the 
area equivalent diameter) to ensure undrained condi-
tions in the kaolin clay with cv  2.6 m

2
/year (Finnie 

& Randolph, 1994; Cassidy, 2012). 

2.3 Artificial footprint generation 

Artificial footprints were generated on the surface 

of the pre-consolidated samples. A cutting tool com-

prised of a mounting frame and cutting blades was 

developed to create the footprint cavity (see Fig. 5). 

The frame was first mounted on the strongbox and 

the cutting blade was then rotated and cut into the 

soil forming a cavity of ideal conical shape until the 

desired footprint depth was reached. With this cut-

ting method, the disturbance of the adjacent soil 

around and beneath the artificial footprint was min-

imal. This was shown by Kong (2012) and Kong et 

al. (2013) who used a similar experimental cutting 

technique”. 

Depending on their sensitivity, natural fine 
grained soil deposits experience a degree of re-
moulding through the spudcan penetration-
extraction event. This disturbance is recovered grad-
ually with time through dissipation of excess pore 
pressure. For the kaolin clay used in the centrifuge 
tests in the vicinity of the footprint, it took 1~1.5 
years to recovery its full strength, though of course 
this is a function of the soil’s permeability (Leung et 
al. 2007). The strength recovery of the clay along 
and adjacent to a footprint was shown as a function 
of elapse time after the spudcan extraction by plot-
ting strength contours (Gan et al., 2012) measured in 
the centrifuge. Because of the complexity and varie-
ty of possible soil strength gradients around the 
footprint (see contours of Gan et al. 2012), an artifi-
cial footprint was created in this study, where the 
soil strength along and adjacent to the footprint was 
identical to the intact strength profile. This simpli-

 

 

 
 

 

 
              (a) Generic spudcan 

 

 

 

 

 

 

 
              (b) Novel spudcan 

Figure 3. Spudcan shapes: (a) Generic spudcan; (b) Novel 
spudcan. 

 
 
 
 
 
 
 

 
             (a) Shallow footprint 

 

 
 

 
 

 
 

 
             (b) Deep footprint 

Figure 5. Artificial footprint generation by using two types 
of cutting tools: (a) Shallow footprint; (b) Deep footprint. 

 

 

 
 
 
 
 
 
 
 

 
 
 
 

 
Figure 4. Experimental setup to measure the responses of 
footprint-spudcan interactions (a) Spudcan, shaft and model 
leg; (b) Experimental setup. 



fied soil strength profile allows a consistent evalua-
tion of the benefits of the spudcan shape. 

From the results of a series of centrifuge tests, 
Hossain and Dong (2014) concluded that a conical 
footprint of depth zF = 0.22~0.33D was formed in 
soft clay whilst a cylindrical flat-based footprint of 
depth zF = 0.5~0.66D was formed in stiff clay. These 
findings are consistent with footprints measured in 
Gan et al. (2008), Teh et al. (2010), and Erbrich et 
al. (2015). In this study, the depth of the toe of the 
footprint zF was varied 0.33D to 0.5D, and the width 
of the footprint DF as 1~2D. The details of the inves-
tigated footprint geometries are summarised in Table 
2. 

2.4 Experimental cases 

The spudcan was penetrated near the artificial foot-
print. The offset distance () from the footprint cen-
tre to the spudcan centre was 0.55D for the shallow 
footprint and 0.50D for the deep footprint. This off-
set was tested as it was identified as producing the 
largest induced loads on the spudcan by Kong et al. 
(2013) and Zhang et al. (2015). The experimental 
cases are summarised in Table 2.  

3 RESULTS AND DISCUSSION 

The effect of the novel spudcan shape (see Fig. 3b) 
at mitigating spudcan-footprint interactions has been 
evaluated through comparison with the performance 
of the generic spudcan shape. For direct comparison, 
avoiding the influence of the various undrained 
shear strength (su) profiles, all the response profiles 
were normalised using the measured soil strength 
(su), spudcan full plan area A (= 0.0028 m

2
 for 1g 

test and 113.1 m
2
 for 200g tests) and spudcan diame-

ter (D). To maintain the form of the response pro-
files, su at a fixed depth was used for normalising 

horizontal force (H) and moment (M), while full su 
profile was used for normalising vertical force (V). 
su at a fixed depth of half of the footprint depth 
(0.5zF) was selected to represent the soil strength 
over the footprint depth. Table 3 shows an example 
of the difference in normalisation using su full pro-
file and su at the fixed depth of 0.5zF.   

 
Table 3. Example of normalisation of Hmax with su vs su,0.5zF. __________________________________________________ 

Generic  Novel  Reduction using 
novel spudcan __________________________________________________ 

Hmax (N)     13.2   7.8   40.3% 
Hmax / Asu,0.5zF *   0.87   0.52   40.3% 
Hmax / Asu

#
     1.53   0.47   68.9% __________________________________________________  

* Asu,0.5zF
$ = 15.1 N  

# Asu = 8.6 N for generic spudcan; 16.5 N for novel spudcan 
$ su,0.5zF = 5.3 kPa for Test 1 and 2 

7.8 kPa for Test 3 and 4   
20.3 kPa for Test 5 and 6 

3.1 1g test with deep footprint 

Figure 6 shows the results from Test 1 and Test 2 
(DF = 1.0D, zF = 0.42D,  = 0.50D; Table 2) con-
ducted at 1g on the laboratory floor. The normalised 
horizontal force (H/Asu,0.5zF), vertical force (V/Asu) 
and moment (M/Asu,0.5zF) at the reference point RP 
of the spudcans (defined in Fig. 3) are presented as a 
function of the normalised penetration depth, d/D 
(where d is the penetration depth of the largest cross 
section of the spudcan; see Fig. 3). By using the 
novel spudcan, the maximum normalised horizontal 
force was reduced by 40.3% of that of the generic 
spudcan (see Fig. 6a). This is because of the bottom 
profile. The flat bottom profile of the novel spudcan 
minimised the horizontal contact area and hence the 
reduced horizontal force, compared to the sloped 
bottom profile of the generic spudcan (see inset fig-
ures in Fig. 6a). These findings are consistent with 
the numerical results presented by Jun et al. (2017a).  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6. Responses from deep footprint shape at 1g (Test 1 and Test 2; DF = 1.0D, zF = 0.42D,  = 0.50D; Table 2): (a) Normalised 
horizontal force; (b) Normalised vertical force; (c) Normalised moment. 

 



Within the tested depths, the normalised vertical 
response of the novel spudcan is lower than that of 
the generic spudcan partly because of the lower em-
bedded volume of the foundation at d = 0 (see Fig. 
3) and partly because the reduction in the recorded 
vertical load by the holes (while the full plan area A 
was used for normalization, although the net area 
was 23% lower owing to the holes). However, with 
the progress of penetration below the footprint toe, 
this gap will be diminished gradually as the soil 
flowing through the holes will be stopped by the 
pressure of the backfilled soil above the spudcan. 
This means the holes will be blocked and the spud-
can will penetrate further as if a spudcan without 
holes.  

The moment about the RP mainly resulted from 
the resultant vertical force and its eccentricity from 
the RP as the resultant horizontal force passes nearly 
through the RP (Kong et al. 2013; Zhang et al. 
2015). As such, the reduced maximum moment by 
the novel spudcan was mainly caused by the reduced 
vertical force.  

3.2 Centrifuge test with shallow footprint- 200g 

Figure 7 shows the results from Test 3 and Test 4 
(DF = 2.0D, zF = 0.33D,  = 0.55D; Table 2) con-
ducted at 200g. Similar to the results from tests at 1g 
test (Fig. 6), the novel spudcan shows a benefit in 
reducing horizontal force. The reduction in the max-
imum normalised horizontal force can be calculated 
as 46.5% (Fig. 7). After passing the footprint toe 
level (0.33D), the difference in horizontal force and 
moment between the two spudcans diminished.  

3.3 Centrifuge test with deep footprint- 200g 

To investigate the effect of the footprint depth zF at 
identical testing conditions, Test 5 and Test 6 (DF = 
1.0D, zF = 0.50D,  = 0.50D; Table 2) were carried 

out at 200g. For the deep footing, Test 1 and Test 2 
were undertaken at 1g and the craters were stable 
during the testing even though the undrained shear 
strength of the soil was low (su = ~10 kPa). This is 
because the soil overburden pressure over the foot-
print depth of 0.42D i.e. 25.2 mm at 1g was very 
low. However, in a first attempt in the centrifuge, 
even with clay with higher su of ~55 kPa, the edge of 
the crater cracked and collapsed during spinning up 
of the centrifuge although the crater was generated 
with care and precision (see Fig. 8a). This was the 
case even though cavity collapse was not predicted 
for the higher overburden stress (i.e. footprint depth 
0.50D is a prototype 6 m at 200g) using Rankine’s 
pressure theory (Meyerhof, 1972) and upper-bound 
plasticity analysis (Britto & Kusakabe, 1982, 1983). 
The main reason is believed to be that after cutting 
the footprint there is further swelling of the surface 
of the pre-consolidated sample by the sucking ambi-
ent water during centrifuge spinning. This reduced 
the strength of the soil close to the surface.  

The lesson learnt during this initial attempt was 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 7. Responses from shallow footprint shape at 200g (Test 3 and Test 4; DF = 2.0D, zF = 0.33D,  = 0.55D; Table 2): (a) Nor-
malised horizontal force; (b) Normalised vertical force; (c) Normalised moment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8. Deep footprint preparation: (a) Collapsed footprint; 
(b) Installed plastic collar (c) Just before test. 



employed in Test 5 and Test 6. The potential cavity 
collapse was prevented by using a very light weight 
plastic collar with 60 (outer diameter, Dcollar) × 35 
(height, hcollar) mm (see Fig. 8b). The collar weight 
was minimised to ensure it did not sink into the clay 
whilst spinning up to 200g. The collar was removed 
just before the penetration test. As shown in Figure 
8c, no crack or collapse of the edge of the footprint 
occurred during Test 5 and Test 6.    

Figure 9 shows the normalised results from the 
Tests 5 and 6. The results show that the H and M of 
the novel spudcan were also reduced at reinstallation 
with the deep footprint. By comparing with the re-
sults in Figure 7, both horizontal force and moment 
are higher for the deeper footprint because the bal-
ance between left and right side of a spudcan is de-
layed. The normalised horizontal force along with 
footprint depths are summarised in Table 4. The re-
sults confirm that the novel spudcan is effective at 
mitigating spudcan-footprint interactions.  
 
Table. 4 Summary of normalised horizontal forces. __________________________________________________ 
Footprint depth               (H/Asu, 0.5zF)max                 _________________________ 
           Generic  Novel Reduction __________________________________________________ 
Shallow footprint (200g)   0.41   0.22  40.3% 
Deep footprint (1g)     0.87   0.52  46.5% 

Deep footprint (200g)    0.98   0.64  33.0% __________________________________________________ 

4 CONCLUSION 

This paper presented the results from 1g and 200g 
centrifuge tests on a generic and a novel spudcans 
penetrating adjacent to an existing footprint. The ar-
tificial shallow and deep footprints were created. 
The spudcans were penetrated at an offset of 0.50D 
or 0.55D from the footprint centre. The results 
showed that the novel spudcan provides an effective 
measure at reducing horizontal force and easing the 

spudcan interaction with footprint. More extensive 
investigations are being carried out through numeri-
cal analyses and centrifuge model tests, with the ob-
jective for realistic conditions - global jack-up rig ef-
fect, remolded soil strength with penetration and 
extraction of a spudcan. 

Collapse of footprint/cavity at elevated gravity 
spinning and corresponding prevention using a light 
weight plastic collar may be helpful for future cen-
trifuge modellers.  
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