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ABSTRACT

For jack-up units founded upon sand, sliding of the windward leg is often the governing foundation criterion
for a site specific integrity assessment. Since the penetration depth in sand is not so large, the spudcans are
more sensitive to sliding.

In an effort to examine methods for improving the sliding capacity, a test program has been carried out,
using a geotechnical centrifuge. Spudcans with a diameter of 60 mm were used to simulate a prototype of
14.4 m diameter. The tests were carried out on medium dense dry sands applying different types of spudcan
geometry. A computer controlled loading system was developed to simulate the load path a spudcan is
subjected to during a storm.

From the test results it is concluded that the sliding capacity can be improved most significantly by using
a skirt.
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INTRODUCTION

Conical shaped footings, spudcans, with a diameter of 10m-20m are often used as foyndation elements for
mobile jack-up units. When the jack-up unit is founded on clay the pene:trat.ion qeplh is generally sufficient
to provide resistance against sliding. However, the penetration depth in sand is not so large, so that the
spudcan foundations are more sensitive to sliding. L : ; . Wi

For jack-up units founded upon sand, sliding of the windward ‘1eg is often the governing foundation criterion
for a site specific integrity assessment. The integrity of the jack-up foundation may be assessed applying
the methodology adopted in the Recommended Practice for Site Specific Assessment of Mobile Jack-up
units, 1994 (RP). In a previous study (Allersma et al., 1996) is was {nvesngat.ed to what extent the
foundation checks as proposed in the RP agree with test msul}s. Since it is very qﬁ'ﬁcult to perform real
scale tests, model tests are performed in a geotechnical centrifuge. A spudcan with a typical shape was
subjected to a particular loading path, which was supposed to simulate the loading pgth during storm
conditions. An important conclusion of the previous test program was that the first foundation check, called
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TABLE 1
PARAMETERS OF THE SAND USED

porosity (%)

rel. density (%)

Dio (mm)

Dso (mm)

Dso (mm)

frictlion angle

friction sand-smooth steel plate (deg)
friction sand-rough steel plate (deg)

Figure 1: Geometries of the circular footings.

Step 1 in the RP, seems to be too optimistic in relation to the test results, so that some discussion is
possible about the required sliding capacity of spudcans on sand.

Since the behaviour of a spudcan foundation on sand is not optimal, improvement of the sliding capacity
by modifying the shape of the spudcan could be considered. In principle centrifuge research is extremely
suitable for examining the influence of modifications, because small models can be modified easily, whereas
they exhibit the same behaviour as real size footings.

A limited number of centrifuge tests of a spudcan under inclined loading have been reported by James and
Shi (1988) and Tan (1990). However, these tests were mainly performed with vertical loading only and the
penetration depth in sand was larger than can be expected in reality. No attention was paid to methods for
increasing the sliding resistance.

The main objective of this study was to examine to what extent the sliding capacity can be improved by
modifying the spudcan footing. In principle, slight modifications are of most interest. In this test program,
however, some extreme cases were also studied. Because the small scale tests are relatively cheap the

designer is able to test the influence of new ideas in a simple way.
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Figure 2: Demonstration of the stress dependent behaviour of sand.

TEST PROGRAM

A total of more than 20 centrifuge tests were carried out using medium dense dry Dutch dune sand. Details
of sand properties are given in Table 1. The internal friction angle of the sand was determined using a
triaxial vacuum cell apparatus.

The sliding capacities of several geometries were examined. The footing shapes are presented schematically
in Fig.1. A common spudcan geometry is presented in Fig.1*. In several cases the conical shaped footing
(angle is 154 deg) is provided with a spicular tip (Fig. 1%). The question to what extent the tip is useful can
easily be answered by performing a centrifuge test. The sliding capacity of the conical footing without tip
is used as the reference. The other footing types are shown in Fig.1 c-h. In most tests smooth footings are
used. In some tests, however, the additional influence of the roughness is examined. The roughness angle
between the test model and soil material was derived from shear box test results. Each model was tested
under vertical loading and inclined loading (sliding tests). Most tests were performed in duplo. Since the
effect of modification on the sliding capacity was of interest in this test program, each footing was subjected
to only one representative loading path.

The model footing was placed above the sand bed, such that its tip just touched the surface. The footing
was preloaded and subsequently unloaded to a vertical load of one third of the initial preload before
applying a horizontal load at a constant vertical load. In medium dense sand a preload stress of 700 kPa
was used to give an initial penetration of a cone of ca. 6mm (is ca. 1.44 m in the prototype).

TEST TECHNIQUE

The bearing capacity of a footing does not increase linearly with the stress level. This means that small
scale tests at a low stress level are not representative for reality. This behaviour is demonstrated in Fig.2.
Tests are performed on the same circular flat footing on which the gravity was increased. The vertical loads
are divided by the actual gravity, so that it can be seen that the bearing capacity is relatively much greater
at low stress levels. It appeared that this effect is particularly strong at the lowest stresses, because the
difference between 1g and 40g is much more than the difference between 100g and 140g. The predictions
of small scale tests at low stresses are too optimistic and therefore unsafe. Furthermore, it was found that
differences in design, which appeared to be significant at 1g are not measurable at realistic stress levels.
For this reason it is necessary that the gradient of the stress over the height of the footing is the same as
in reality. In what manner this gradient is realized is not important. The easiest way to increase the stress
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Figure 3: The University of Delft centrifuge (a) and a diagram and photo of the loading system (b).

level is by placing the model in a centrifuge. However, a combined action is also possible, e.g. by using
grains (with similar mechanical properties to the prototype) with a higher specific weight.

The tests have been performed in the geotechnical centrifuge of the University of Delft (Fig.3"). The
centrifuge (Allersma, 1994°) is a relatively small device with a diameter of 2.5 meters and a maximum
sample weight of approximately 300 N. The maximum space available for the model and the actuators is
30x40x40 cm®. Due to the small size of samples and equipment the centrifuge is very convenient in
operation.

In the test program a two dimensional loading system (Allersma, 1994°) was used (Fig.3"). Horizontal load,
vertical load and displacements of the spudcan can be controlled independently by means of small de
motors, load sensors and displacement transducers. The device is controlled by a computer, which is located
in the spinning part of the centrifuge and can be accessed via slip rings. The loading path and test procedure
can be defined in advance in a computer program. The sand boxes are filled by a computer controlled sand
pouring machine (Allersma, 1994%). Each time the sand box passes the curtain rainer, a sand layer of
approximately 3mm is added. In order to keep the falling height (and hence the density) constant the height
of the sand box is adjusted after the suppletion of each layer. The final height of the sand layer used was
100 mm.

The medium dense sand beds showed a high degree of reproducibility, the standard deviation of the mean
porosity was 0.2%. The quality of the reproducibility is demonstrated by the fact that each subsequent
graph is a representation of two tests. In many cases it is almost not visible that two independent tests have
been performed.

The tests were performed at an acceleration of 150g. At this gravity, the rotational speed of the centrifuge
is 370RPM. At an acceleration of n=150g the vertical stress o, in sand with a unit weight v at depth h can

be described by:

0,/ =0 Yary - Nnoder= (Ywee~Yuater) + Bprototype
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TABLE 2
SLIDING CAPACITY OF THE DIFFERENT FOOTING TYPES

footing sliding capacity

l!_
1

[ TN] _[smooth |
cone

cone + tip
flat
piramidal
skirt Smm
skirt 8mm
rib
pin

To simulate the stress dependent behaviour of sand in a correct way the increase of the effective stress is
significant. The effective stress is increased in these tests by increasing the gravity and the unit weight. The
unit weight is increased by using dry sand. Since there was no intention to simulate pore water pressure,
saturation of the sand layer was not necessary. In previous research it was found that water has no
significant effect on the interparticle mechanics. Hence, when simulating saturated sand under field
conditions the stress gradient should be multiplied by a factor of 1.6 where dry sand is used. This implies
that the stress gradient over the height of a spudcan with a diameter 60mm is approximately equivalent with
a prototype spudcan of 14.4 meters in saturated sand. Since normal sand is used, the sand particles are large
in relation to the footing. In the tests the diameter of the footing was more than 250 times the median grain
size. It was reported by Corté (1989) that in this case no scale effects related to the grain size are to be
expected. This was confirmed in a research project carried out in the centrifuge of the University of Delft
(Stuit, 1994). The height of the sand bed used was 100mm. By performing tests with smaller sample
heights it could be shown that a height of 100mm was sufficiently large.

TEST RESULTS

The test results are presented in Fig.4 to Fig.12. In Fig.4 the behaviour of the spudcan without the spicular
tip is presented. In the first instance the footing is preloaded to 1.5kN. To allow some creep, the vertical
load is held constant for 30 seconds. Next, the vertical load is decreased to 0.5kN. During unloading some
uplift of the footing is visible. Finally the vertical load is held constant while the horizontal load is
increased. The ultimate sliding load can be detected from the graph. In this test program the load after Smm
horizontal displacement is used to compare the sliding capacity of different shaped footings. The sliding
resistances for the different footings are summarized in Table 2.

In order to compare the different shapes the test results are divided by the sliding capacity of the smooth
conical footing without spicular tip. These values are given under the heading "factor” in Table 2. Since
the modifications also influence the shape of the curves representing the horizontal load, all the test results
are presented graphically. )

In Fig.4, the behaviour of smooth (a) and rough (b) cones are compared. Th_e rou_ghness was increased by
glueing sand paper to the surface of the footing. It was found that the vertical displacement to reach the
same preload was not significantly different. The sliding capacity, however, was mcreay?d by a factor
1.28. However, Smm horizontal displacement results in more vertical displacement than vlvm_x the smooth
cone. In Fig.5 test results of conical footings with a spicular tip are shown. Because the tip increases the
height of the footing, more displacement was required to achieve the preload of 1.5kN.Ina previous s:_udy
(Allersma et al., 1996) it was observed that the tip reduces the bearing capacity somewhat in comparison
with a cone. In contradiction with the cone, a significant difference .(14%) could be observed in
displacement between the smooth (a) and rough (b) footing in order to achieve the preload: It was found
that the tip has a significant influence on the sliding capacity, where Fhe effect was larger in lhg case ofa
smooth footing. Also in this test the rough footing shows a larger vertical displacement during sliding than

the smooth one.
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Fig.5 Sliding behaviour of a conical footing with tip a) smooth, b) rough.
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Fig.6 Sliding behaviour of a circular plate. Fig.7 Bearing capacity of a pyramidal footing.
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Fig.8 Sliding behaviour of pyramidal footing.  Fig.9 Sliding behaviour of spudcan with skirt (Smm).
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Fig. 10 Sliding of spudcan with skirt (8mm). Fig.11 Sliding behaviour of a cone with three ribs.
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Fig.12 Sliding of a cone with three pins a) smooth, b) rough.
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Figure 13: Photograph of modifications to improve the sliding capacity a) ribs, b) pins.

In Fig.6, the behaviour of a flat circular footing is shown. As can be observed, the preload is achieved at
a much smaller displacement than in the tests with the conical footings. The sliding capacity is much
smal}er than the conical footings. Typical is that there is almost no vertical displacement during sliding.
In Fig.7 and 8 a pyramidal footing is tested. Inspiration for this type of footing was obtained from tests
repqned by Hanna et al., 1997. In this study it was shown by small scale tests at 1g that a pyramidal
fooung (Fig.19) filled with sand has a larger bearing capacity than a rough flat circular footing. In the first
instance this phenomenon is tested in the centrifuge. Since it was believed that comparison of a pyramidal
footing with a flat footing would not be a 20od test for investigating this particular phenomenon, a more
basic test has been defined. In this test the pyramidal footing is first filled with sand, where in the next test
the space is filled with a pyramid of sand, sintered with polyester. In both cases the weight of the fill is
now taken into account and the friction between the sand bed and the bottom side of the footing can be
expected to be exactly the same. The test results are presented in Fig.7. It appeared that there was no
significant difference in vertical bearing capacity. In Fig.8 the sliding capacity of the pyramidal footing is
shown. It appeared that this type of footing did not improve the sliding behaviour. In Fig.9 and 10 the
effect of a skirt was investigated. The height of the skirt was Smm and 8mm, respectively. As is shown
in Table 2, the skirt has a significant influence on the sliding capacity. During sliding the vertical
displacement is low in comparison with other tests. On the other hand, the skirt has little influence 6%)
on the penetration depth during preloading. Remarkable is that the height of the skirt has no significant
influence on the vertical bearing capacity. This means that the extra bearing capacity is mainly effected by
the surface of the tip of the skirt. A typical phenomenon during sliding is that in comparison with other
tests more horizontal displacement is needed to mobilize the maximum sliding capacity. On the other hand
the vertical displacement during sliding is not as much as in the previous tests with rough footings. It seems
that a skirt is one of the most effective ways of improving the sliding capacity.

In Fig.11, it is examined to what extent the sliding behaviour is influenced by placing three ribs at the
surface of a smooth cone (Fig.1* and 13*). As can be seen in Table 2, the cone with ribs yields the same
sliding capacity as a rough cone or a smooth cone with a tip. In all respects the behaviour is very similar
to the rough cone (Fig.4%).

The effect of three pins attached to the surface of the cone (Fig. 1" and 13") is shown in Fig.12. The height
of the footing with pins is equivalent to the cone with a spicular tip. The diameter of the pins is 3mm,
which is equivalent to a 720mm prototype. In Fig.12* the behaviour of a smooth cone is shown. As can be
seen in Table 2 the improvement of the sliding capacity is the same as a rough cone with a spicular tip. In
Fig.12" it is shown in how far the roughness gives additional sliding capacity. As is shown in Table 2 some
increase of the sliding resistance can be observed. As is the case in other tests, in this test the vertical
displacement during sliding of the rough cone is also more than in the test with the smooth cone.

Up to this point, the geometry of the footings has been changed. In a final test it was examined to what
extent modification of the soil influences the sliding capacity. Modification of the soil was achieved by
replacing 10mm of the sand layer by fine gravel with an average particle size of more than 2mp1. The
rough cone was used as a test model. It appeared, however, that the results were not significantly different

from the tests with sand.
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CONCLUSIONS

It has bun shown that centrifuge modelling can be applied in an effective way to examining the influence
of ﬂ1= dmzn on the sliding behaviour of shallow footings. Actually this test technique is the only way to
examine _th.u. problem, because large scale tests are very time consuming and expensive. Furthermore the
repfodumbmty of large scale tests is probably not sufficiently accurate to visualize slight differences in
design. Because small scale models can be used to simulate real scale behaviour, modifications can be
realized in a short period.

Small scale tests at 1g result in excessive bearing loads and differences in design are sometimes larger than
at a higher stress level. Therefore these test results should be treated with great caution.

The advantage of a small centrifuge for small models is that the test can be performed in a short period.
The weight of the sand box is 150N, so that it can be transported by hand. On the other hand, the sand
sample is large enough to represent real scale behaviour at 150g. The success of this test program was, to
a large extent, dependent on the accuracy of the computer controlled sand preparation device.

The roughness of the footing has a significant influence on the sliding capacity. From this point of view
it is of interest to investigate the achievable roughness of full scale spudcans.

The spicular tip has a significant influence on the sliding capacity. The most effective way to increase the
sliding resistance is the use of a skirt.

Several other modifications are possible for improving the sliding capacity. It is believed that the use of
a small centrifuge is very valuable in improving the design of spudcans.
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