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Summary: Model tests were conducted in a drum centrifuge on uniform clay. The water effect was
studied by two series of tests: uniform clay without water on top and uniform clay with water on top. The tests
were performed using circular half-spudcan and full-spudcan models. The main aim of this investigation was to
investigate the change of the flow mechanism and bearing capacity with and without water on top of the soil
sample. The cavity, formed when the spudcan punched into the clay bed, remained open until “flow failure’
occurred. Flow failure occurred at a much shallower penetration depth than that suggested by current offshore
design guidelines. The presence of water on top of the soil sample increased the depth of cavity formed. It is also
apparent that the presence of water slightly reduced the strength characteristics of the soil at enhanced gravity.
The bearing capacity factor N.= 10.5 for a spudcan in clay was obtained.

INTRODUCTION

Jack-up rigs are widely used in offshore oil and gas exploration and increasingly in temporary production and
maintenance work. Whilst originally designed for use in relatively shallow water depths, due to their economic
importance within the offshore industry. there has been a steady increase in demand for their use in deeper water.
up to 120m, and harsher environment (Carlsen et al.. 1986). A typical modern jack-up unit consists of a buoyant
triangular platform and three independent latticework legs. which are supported by individual ‘spudcan’
foundations (shown in Figure 1(a)). The majority of spudcans are effectively circular in plane, typically with a
shallow conical underside profile and sharp protruding spigot (Figure 1(b)) to facilitate initial location and to
provide extra horizontal stability. Spudcan diameters in excess of 20m have become quite common in post-1980
designs.
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(a) typical tripod jack-up
Figure 1. Spudcan Supported Jack-up Installation in Clayey Sea-bed (after Tirant. 1979)

The unit is typically moved to location with its leg elevated. The legs are then jacked onto the seabed and the
jacking systems are used to lift the hull out of the water. Then the foundations are preloaded by pumping
seawater into ballast tanks in the hull (called a ‘proof test’). Assuming a design storm of 50 years return period,
it is usual practice to preload the foundation to twice the working vertical load. The preload causes the spudcans
to penetrate into the seabed until the load on the spudcan is equilibrated by the resistance of underlying soil. In
soft soil. a spudcan may penetrate up to 2 diameters to be equilibrated. The ballast is then discharged and the hull
is raised further to provide an adequate air-gap for subsequent operation.
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Jack-up unit designers and operators are continually striving to extend its application to deeper water area. Thus,
an accurate analysis of jack-up behaviour can provide safer and more economical design. In order to comply
with these requirements, proper quantification of bearing capacity, which is strongly dependent on soil failure
mechanisms and selection of shear strength, is imperative. Few researchers have endeavoured to study the
behaviour on clay. Conventional model (1g) testing data were reported by Houlsby and Martin (1992), Martin
(1994). Martin and Houlsby (2000) and Vlahos et al. (2001). Soil strength profiles have been shown as
increasing with depth with the presence of water on top. However, it is well understood that for models tested at
1g the overburden stress level is very low and subsequently has almost no contribution to bearing capacity and
on soil back-flow. However, at a typical offshore soft clay site, deep spudcan installation is usually associated
with a substantial amount of infilling (Endley et al., 1981).

Currently, centrifuge model testing on homogeneous clay, has been reported by Craig and Chua (1990), Dean et
al. (1998) and Hossain et al. (2003). In the presence of water, increasing soil strength with depth, as in the above
mentioned 1g model tests, has been observed in Dean et al. (1998) and also slightly different strengths were
presented at 1g and different gravities. Soil strength characteristics were measured by miniature vane after
completion of footing tests at 1g but the writers’ experience indicates that actual strengths during footing tests at
elevated gravity are different than these post-test values. Craig and Chua (1990) and Hossain et al. (2003)
assumed uniform strength over the full depth of penetration in the absence of water on top. Again slightly
different strengths were presented at different gravities in Hossain et al. (2003).

Soil flow mechanisms were depicted by some investigators. Craig and Chua (1990, 1991) endeavoured to
visualize soil failure mechanisms by inserting dry spaghetti markers vertically in the soil across the centerline of
the foundation position. However, these illustrations depict only the ultimate soil failure mechanisms consisting
of extraction effects and have no indication of soil back-flow. Hossain et al. (2003) depicted clearly the change
soil failure mechanisms up to deep spudcan penetration from centrifuge model tests along with FE results. But
the image quality was too low as they were captured by low resolution video camera. ‘Line jitter’ and the
transmission of the analogue video signal through centrifuge sliprings further reduced image quality. Clay
specimens were not submerged during testing, and therefore do not represent the real seabed conditions.

CENTRIFUGE TESTING
Experimental Set-up

The experimental investigation was conducted in the drum centrifuge located at the University of Western
Australia (UWA), which has a diameter of 1.2 m and maximum acceleration level of 485g. Technical details of
the drum centrifuge can be found in Stewart et al. (1998). A special strong box (in. 258 x 80 x 160mm) with a
plexiglass window was built to allow visualisation of soil flow mechanisms through the window. Soil flow
images were captured by a high resolution (2270 x 1704pixels) digital still camera. The camera has been
modified by attaching a small weight to the shutter so that, under centrifuge acceleration, it can capture images
continuously on-board at a rate of approximately 0.4Hz, until the memory card (512MB) is full or the battery
(lasts for about 60minutes) is flat. Two 60v globe lights were mounted on the upper and lower surfaces of the
channel. The experimental set-up is shown in Figure 2. In order to perform the tests with water on top of the soil
specimens, a nylon hosepipe was used. Water was sprinkled over the soil sample through the hosepipe at lower
acceleration (15g) to avoid injection of water into or distortion of the soil sample.

— Globe lights
Strongbox with
plexiglass window

Digital camera cradle
Mini video camera

White paint

Drum centrifuge channel

Figure 2. View of Channel Set-up
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The tests were carried out at 50g, 100g and 200g. The relevant scaling relationships for modelling at elevated
accelerations can be found in Schofield (1980). In this study, a circular full-spudcan and a half-spudcan model,
made from dural, were used with a 13° shallow conical underside profile and a 76° protruding spigot. For
realistic comparison, their diameters at enhanced acceleration are shown in Table 1.

Table 1. Spudcan Diameter in Prototype

Gravity Level Half-Spudcan \ Full-Spudcan
[ 1g 60mm 30mm
50g 3m 1.5m
100g 6m 3m
200g 12m &m
Sample Preparation

Kaolin clay was used in the centrifuge modelling, with key properties as given by Stewart (1991). Samples were
prepared by consolidating kaolin slurry. Homogeneous slurry was prepared by mixing of kaolin powder with
120% deionised water (approximately twice the liquid limit) in a conventional barrel mixer, equipped with a
vacuum pump, for 4 hours. The slurry was consolidated in a conventional consolidation tank. The consolidation
pressure was applied in four stages: 25kPa, 50kPa, 100kPa and finally 150kPa. The sample was then unloaded to
100kPa and 50kPa and finally to atmospheric pressure. The total time required for consolidation was about two
and half weeks.

The sample was then moved from the consolidation tank. The resulting clay sample was 280mm deep (from
slurry of 50kg kaolin powder). with a moisture content of approximately 50%. Test specimens were prepared by
cutting the sample to a size of 258mm x 80mm x sample height, designed to fit tightly into the strongbox for the
centrifuge tests. The time elapsed after removing the consolidation pressure and prior to testing in centrifuge was
about 10hours and each typical test lasted about 4 -5 hours.

Experimental Strategy

Half-spudcan and full-spudcan tests were conducted at 50g, 100g and 200g. The half-spudcan was penetrated
into the soil with the flat face tightly against the window in order to prevent soil particles squeezing between the
window and the spudcan model. Black ‘flock” modelling material was sprinkled over the plexiglass face. Soil
flow images were captured continuously by a digital camera facing at right angles towards the midheight of the
window. Full-spudcan tests. to measure the load-penetration response, were conducted along the vertical
centreline of the strong box.

The full-spudcan was lowered at a constant rate of 0.2mm/sec., but the half-spudcan penetration tests were
conducted at a lower rate (0.05mm/sec) to allow filming the soil deformation precisely. These speeds ensured the
undrained conditions according to the expression recommended by Finnie (1993): vD/c, > 30 where v is the
velocity of penetration, D the diameter of the footing and c, the consolidation coefficient. Soil characterisation
tests were performed by in-flight T-bar penetration tests (Stewart and Randolph, 1991), with a bar of projected
area 100mm’. These tests were performed, before and after footing installation, at a rate of 1Imm/sec so that
undrained behaviour was obtained. Similar tests were then also performed with 30mm of water on top of the
specimens.

RESULTS AND DISCUSSIONS
Soil Strength

Figure 3 shows the measured undrained shear strengths, assuming N, = 10.5 (Stewart and Randolph, 1991), of
soil specimens at different gravity levels. The vertical axis (d/D) is penetration ratio of T-bar penetration depth
(d) to the diameter of full-spudcan (D) at the corresponding gravity (Figure 1(b) & Table 1). The preconsolidated
soil specimens have shown uniform strength profiles in the absence of water on top, consistent with the
observations from Craig and Chua (1990) and Hossain et al. (2003). The soil strength profile with the presence
of water shows a softening effect on the top of the soil layer. Below the surface. the strength shows an increase
with depth. This has also been reported by Dean et al. (1998), Martin (1994) and Vlahos et al. (2001). In Figure
3(b), the straight lines are the s, value used in the calculation of bearing capacity factor V..
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Figure 3. Undrained Shear Strength Profile from T-bar Tests

By comparing with the soil strength at 1g after consolidation, it is seen that the soil gradually becomes weaker at
the 50g and 100g but stronger at 200g (Figure 3(a)). This can be explained by the fact that the soil was heavily
consolidated under 150kPa pressure before centrifuge testing. When the clay sample is exposed to air after
consolidation, it may experience a pore suction and try to suck air (or water if available) from the exposed
surfaces. At elevated gravity. specimens are subjected to reconsolidation due to overburden pressure. However,
under 50g and 100g acceleration the vertical overburden pressure (self weight) up to d/D = 3 are insufficient to
exceed the preconsolidation pressure. This is allowing gradual swelling of the sample. On the other hand, under
200g acceleration, the overburden pressure exceeds the overburden pressure at d/D = 1.5, causing the soil sample
to consolidate further in the lower part. The soil sample, particularly at the exposed periphery, gradually became
dry and desiccated by evaporating water. This effect has also been observed by Phillips (1997). Although the soil
sample has been wrapped up by plastic sheets before centrifuge testing, the desiccation effect during acceleration
in the centrifuge cannot be prevented. It should be stated that all of the abovementioned effects are related to
time elapsed between the release of pressure after consolidation and the start of centrifuge testing.

Figure 3(b) shows the soil strength profile with water on top. It is clear that the presence of water lowers the soil
strength. At elevated gravity, the presence of water led to water absorption and hence the soil gradually became
softer. Three soil specimens were tested. For specimen 1, a full-spudcan along with T-bar tests was conducted at
50g followed by tests at 100g. For specimen II and specimen III, however, the half-spudcan model test was
conducted first, then full-spudcan penetration and T-bar tests were performed subsequently at 50g and 100g
respectively. A slightly softened strength on the soil surface was obtained in the case of 50g (I) as it was
conducted right after reaching the gravity level. On the contrary, a more profound softening effect was observed
in the tests at 100g (I). 50g (II) and 100g (III) as they were conducted after almost the same elapsed time at
elevated gravity. Hence, the elapsed time is crucial to the soil strength profile as more water can penetrate into
deeper layers of the over consolidated soil sample, which is the soil strength profile that is more often found in
offshore areas with over-consolidated marine deposits.

Soil Flow

Figure 4 shows the images captured during a half-spudcan penetration test at 50g acceleration without water and
with water on top. A cavity was formed at the initial stage of penetration. Soil flowed plastically around the
spudcan towards the top hence heave formed. By comparing the heaves and open cavity formed in the tests with
and without water, it can be seen that the larger heaves and higher cavity are formed in the test with water on
top. This is because the soil deformation under water is related to its effective unit weight, i.e. y' = 7kN/m’, and
when there is no water on top of the soil sample, the soil deformation is related to its total unit weight, i.e. vy =
17kN/m’. Therefore, a larger heave and higher cavity depth (H) was obtained in the test of soil under water.
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(a) d/D = 1.25 (without water on top) (b) d/D = 1.32 (with water on top)
Figure 4. Spudcan Penetration at 50g

It can be observed that the soil back-flow is caused by spudcan penetration action. which is called flow failure.
However, in offshore spudcan foundation design, the cavity depth (H) is calculated by cylindrical excavation
wall failure (SNAME, 1997). From Table 2. it is apparent that the wall failure occurs in a much deeper
excavation depth when compared to flow failure depth. Thus the cylindrical wall failure has never been
observed in the centrifuge tests. It also indicates that the traditional design guidelines for cavity depth can
overestimate the cavity depth. which is about 1.5 ~ 5 times higher.

Table 2. Assessment of Cavity Stability

G-Level H HID N, (yHis.) Ns (yHls,)
(Experiment) (SNAME, 1997)

50g 1.50 0.50 1.46 493

Tanout | 100g 190 032 2.48 4.64

200g 3.2 0.27 3.00 4.58

With 50g 2.00 0.67 0.89 5.18

Water | 100g 290 049 1.69 4.92

Therefore, in offshore spudcan foundation design: (a) an effective unit weight needs to be considered for under
water conditions: (b) flow failure needs to be considered since this is the only cause for soil back-flow, which
creates a cavity only 1/3 or 1/5 of the depth predicted by wall failure.

Bearing Capacity

The bearing capacity factor, N., is another key value used in a spudcan’s design. For spudcan penetration in clay,
N, can be calculated as

N(‘:qu T e—
S nD

u

\Y
P (1)

T

where q, is the ultimate bearing capacity of the soil, V is the ultimate vertical load, D is the diameter of the
spudcan (Figure 1(b)) and s, is the undrained shear strength of the soil. Depending on the soil strength profile,
obtained from in flight T-bar tests, undrained shear strengths (s,) were assumed as either uniform (s, = s,,) or
strength slightly increasing with depth (s, = s, + kz, z is the soil depth). In the latter case, average undrained
shear strength over half a diameter below the spudcan, as recommended by Young et al. (1984) and supported by
SNAME (1997). was used. In equation 1 the additional contribution of overburden pressure caused by the cavity
has been neglected since soil coming on top of the spudcan due to soil back-flow is occurring at a much
shallower depth under flow failure than for wall failure.

Figure 5 shows the results of full-spudcan penetration in the 50g. 100g and 200g centrifuge tests without water
on top. Different N, values, 10 ~ 11, are obtained at different acceleration levels. Since the soil shear strength
was tested before and after each spudcan penetration test, the shear strength has been carefully evaluated. The
difference in the resulting N, values under different g-levels may be due to the depth of remaining cavity above
spudcan foundation in each test. Since Equation 1 does not take the account of the effect of the cavity. Table 2,
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(H/D = 0.27) and the higher N, value for the 50g (H/D = 0.5).

For a submerged clay bed, results are shown in Figure5. A consistent bearing capacity factor N. = 10.5 is
obtained as penetration reaches d/D = 1.5. Although, the soil back-flow occurred at different cavity depth (Table
2). the influence of overburden pressure was significantly reduced as effective soil unit weight (y' = 7kN/m’) was
activated. The slight inconsistency observed at the beginning of the penetration (N, =5 ~ 8) is due to the
softening effect on the soil surface that occurs with water presence. Although the soil strength (s,), that is used in
the calculation of N, (Equation 1), can be taken as the solid lines suggested in Figure 3(b), the difference
between the measured s, and suggested s, shows a bigger gap in specimen I tests than in specimen II and III
tests. This is the reason why, at the beginning of the spudcan penetration, sample I tests give lower N, values
than the N, values from specimen II and III tests. However, when penetration reaches 1.5 times the diameter, all
tests provide a consistent N, number 10.5, which can be recommended for design in uniform clay.

14 14
specimen Il & IIl (50g & 100g)

41 specimen | (50g & 100g)

0 T T T T T T 0 —T T T T T T
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Figure 5. Spudcan in Saturated Clay (without water on top) Figure 6. Spudcan in Submerged Clay (with water)

CONCLUSIONS

Drum centrifuge testing has been conducted to study soil flow mechanisms and bearing capacity during
preloading of a spudcan foundation on uniform kaolin clay. A half-spudcan model, with black flock on the soil
specimens, was used to film the soil deformation during spudcan penetration, and a full-spudcan model was used
to investigate the bearing capacity factor N,.. The conclusions from this study are summarized below.

When there is no water on top of the soil sample, the over-consolidated clay sample may swell or re-consolidate
due to the acceleration level in centrifuge testing. For the soil samples used in this study (with consolidation
pressure ¢',, = 150kPa), the samples were found to swell under 50g and 100g accelerations, showing a slight
reduction in shear strength. However, re-consolidation occurred during a 200g test. At the upper surface
(exposed boundary) the higher strength obtained may be due to desiccation.

In the presence of water on the top of a soil sample, besides the swelling and re-consolidation effect stated
above, the clay beds tend to soften from the top of the soil sample by absorbing more water into the soil
specimen. The softening effect gets more profound when the acceleration level and acceleration time are
increased. Thus by increasing the acceleration level and time, the soil undrained shear strength (s,) profile turns
from a vertical line (uniform strength) to an inclined line (strength increasing with depth). Thus it is necessary to
test soil strength before and after each spudcan penetration test.

The cavity, which is formed above the spudcan foundation, can remain open until flow failure occurs. The height
of the cavity shows a much lower value than the one stated in the design guidelines, that is decided by cavity
wall failure. Thus the flow failure is the only cause of soil back-flow during spudcan penetration. As well, the
cavity height is over-estimated by the wall failure mode.

A range of bearing capacity factor N, values is given by a spudcan penetrating into uniform soil sample without
water on top. When water is present on top of soil sample, a consistent N, value of 10.5 is found. This is due to
the overburden pressure effect being much greater in a no-water test than a test with water. In offshore
engineering, a seabed under water is encountered, and so N, = 10.5 is recommended for spudcan foundation
penetrating into uniform clay.
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