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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. In an effort to increase understanding
of the sliding behaviour of spudcans in sand a testing programme has been carried out, using a
geotechnical centrifuge, on dry sand at 150 times earth gravity. A spudcan with a diameter of 60
mm was used to simulate a prototype of 14.4 m diameter. The tests were carried out on loose and
medium dense sands applying different types of spudcan geometry and steel roughness. A
computer controlled loading system was developed to simulate the load path a spudcan is
subjected to during storm.

From the test results it is concluded that the sliding check as described in the Recommended
Practice for Site Specific Assessment of Mobile Units is applicable to restricted loading conditions
and may therefore be unconservative. Hence, it is concluded that this check should not be used
when assessing the integrity of the windward leg foundation.

RESUME

La résistance au glissement sur le sable des éléments de fondation de piles au vent d’unités jack-
up a été étudiée dans une géo-centrifugeuse. Les résultats montrent que la méthode de vérification
de résistance préconisée dans "Recommended Practice for Site Specific Assessment of Mobile

Units" est applicable pour un chargement restreint et peut étre non-conservative. Son emploi est
des lors discutable lors de I’évaluation de D'intégrité des éléments de fondation.
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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). Usually
the assessment requires the ability of the jack up unit to safely survive the 50 year return period
storm qondmons and comprises a check on the structural integrity of the jack up unit and an
eya!uat|9n of foundation stability. In the RP three levels of foundation assessment steps are
dlstlpgulshed with increasing order of complexity and model refinement. These steps could be
ca::ngd out sequentially. As soon as one of the steps satisfies the acceptance criteria the jack-up
unit is deemed to have passed the foundation check and no further check needs to be carried out.

In sandy soils, sliding of the windward leg is often the governing acceptance criterion. The lowest
level check (Step 1) calls for a simple sliding check using the following expression:

H=V.tand

where: H = horizontal foundation load
V = vertical foundation load
& = the interaction roughness angle.

The sliding model proposed in Step 1 has been developed on the basis of an idealized theoretical
approach, assuming a flat foundation plate which is sliding over a sand body. The effect of the
spudcan’s geometry and roughness is empirically included in the model by correcting the friction
angle. Tests confirming the sliding model have mainly been performed on flat plates, mainly
under 1-g conditions.

For steel-sand interface & is usually taken ¢-5°, where ¢ is the internal friction angle of the sand.
To account for the conservatism introduced due to the conical shape of the spudcan it is
recommended in the RP to use a sliding angle,8, equal to the internal friction of the sand.

The second level check is a bearing capacity check and has been divided into two parts, Step 2a
and Step 2b. Step 2a is based on the analytical model proposed by Brinch Hansen, 1970 and Step
2b is accounting for rotational, vertical and transitional stiffness of the foundation and the yield
surface. This yield surface is defined by the expression described in the RP. The third level, Step
3, includes full non-linear soil structure behaviour.

A limited number of centrifuge tests of a spudcan under inclined loading have been reported by
James and Shi (1988) and Tan (1980). However, these tests were mainly performed at vertical
loading only (bearing failure).

The main objective of this study is to validate the sliding check recommended in Step 1 of the
RP for assessing the integrity of the windward spudcan. Furthermore, the centrifuge tests were
compared to the analytical models proposed in Step 2.

TEST PROGRAMME

A total of about 80 centrifuge tests were carried out using dry Dutch dune sand. The sand beds
were prepared at two different densities, loose and medium dense. Details of sand properties are
given in Table 1. The internal friction angle of the sand was determined using a triaxial vacuum
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[image: image3.jpg]TABLE 1. Parameters of the sand used and roughness angle of the spudcan.

Medium dense sand_| Loose sand

porosity (%)

relative density (%)

Do (mm)

Dsp (mm)

Dgg (mm)

friction angle

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

d = 60 nn d =60 nn
1% —_4mn —
i 139 h=19.5nn 13°
type 1 type 2 d=13. 5nn

FIGURE 1. Geometry of the spudcans.

cell apparatus for a range of soil densities.

Two spudcan geometries were examined, a conical shape (type 1) and a conical shape provided
with a spicular tip (type 2), applying different surface roughness, i.e.: smooth and rough with
friction angles of 15 and 30 degrees respectively. The geometry of the spudcans used is shown
in Fig. 1. The roughness angle between the test model and soil material was derived from shear
box test results. Five combinations of models and sand densities were tested under vertical
loading and inclined loading (sliding tests).

The model footing was placed above the sand bed, such that its tip just touched the surface. Force
displacement measurements were taken until failure. In the inclined loading tests the footing was
preloaded and subsequently unloaded to a vertical load of half the initial preload before applying
2 combined vertical and horizontal load increment. Different load paths were adopted in order
to map the failure envelope under combined vertical and horizontal loading. In medium dense
sand a preload stress of 700 kPa was used to give an initial penetration equivalent to 1.25 m in
the prototype.

TEST TECHNIQUE

The tests have been performed in the geotechnical centrifuge of the University of Delft (Fig.2*).
The centrifuge (Allersma, 1994%) is a relative small device with a diameter of 2.5 meters and a
maximum sample weight of approg(imatcly 300 N. The maximum space available for the model
and the actuators is 30x40x40 cm”.

In the test program a two dimensional loading system (Allersma, 1994°) was used (Fig.2").
Horizontal load, vertical load and displacements of the spudcan can be controlled independently

201



[image: image4.jpg]FIGURE 2. The University of Delft centrifuge (a) and a diagram of the loading system (b).

by means of small dc 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 assessed via slip
rings. The loading path during a test can be defined in a computer program. The sand boxes have
been filled with a computer controlled sand pouring machine (Allersma, 1994%). The height of
the used sand layers 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 standard deviation of the density of the loose sand samples was
significantly larger.

At an acceleration of n=150g the vertical stress o} in sand with a specific weight v at depth h is:

o il e
O 2. Yoy« Magder™ (Ve ~Ywater) * Hprotorype

Hence, when simulating saturated sand under field conditions the stress gradient shall be
multiplied by a factor of 1.6. This implies that the stress gradient over the height of a spudcan
with a diameter 60mm agrees with a prototype spudcan of 14.4 meters. 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).

TEST RESULTS

Vertical bearing capacity tests ; : :
Five vertical bearing capacity tests were performed. To keep the maximum load within the limit

of the sensor capacity the tests were performed using a spudcan diameter of 50mm at 100g. When
executing the tests the spudcan was continually penetrated into the sand and the resultant load
displacement behaviour recorded. The load displacement curves for each test are presented in
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FIGURE 3. Load-displacement path during loading of spudcans (d=50mm) at 100g.

Fig.3. The behaviour seems inconsistent at first, as there appears to be no marked change in load
displacement behaviour upon attaining the maximum embedded area of the spudcan. As the tip
of the spudcan penetrates the sand bed the contact area increases quadratically. The bearing
capacity equation proposed in the RP relates bearing capacity to the product of diameter and the
area of the circular footing. For a conical footing the vertical displacement will be proportional
to the diameter in contact with sand and hence, a cubic relationship would be expected between
force and displacement until the spudcan is fully embedded. This is visible in the first part of the
curves in Fig. 3. The curves become more straight as the embedded area reaches its maximum.
This is attributed to both the stress strain behaviour due to a concentrated load on an elastic half
space and the effect of overburden pressure.

As expected a rough surface increases the bearing capacity (up to a maximum of 30%).
Furthermore it appeared that spudcans with a spicular tip showed a slightly higher bearing
capacity (about 7% more for the rough models).

Sliding tests
A typical load displacement path is illustrated in Fig. 4. Fig. 4* shows the full load path to

failure. The vertical and horizontal response are presented in Fig. 4® and 4° respectively. The
failure load has been arbitrarily derived from the intersect of the tangent. Three distinct failure
modes were identified. At low vertical loads the model lifted out of the soil, at high vertical loads
the model penetrated further and a third mode involved a purely lateral movement of the model.
The transition from uplift to penetration took place under a small range of vertical and horizontal
load combinations. For the rough models the transition is found at a vertical load level which is
in the order of 1 to 2 % of the ultimate bearing capacity (preload). On this basis it seems that
sliding failure is not always the correct description of the failure mode. Windward spudcan

failures with increasing penetration relates to a vertical bearing failure mode. Contrary, the mode
where the spudcan lifts out of the sand corresponds to a completely different failure mechanism.

The results of the centrifuge tests have been compared against calculated sliding resistances using
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FIGURE 4. Typical load-displacement curves during the sliding tests.

the calculation models according to Steps 1, 2* and 2° outlined in the Recommended Practice. The
internal friction angle, ¢, used as input to the calculations is based upon the triaxial test data. The
results of the sliding tests for each of the four foundation model footings are presented in Fig.
5-8. As illustrated in these figures predictions on the unsafe side for the Step 1 check relate to
all four models. The level of overprediction increases with increasing vertical load. The Step 1
in its current form therefore provides predictions which are considered to be on the unsafe side,
especially at higher load levels. The predictions for the Step 2a check are reasonable with the
curves generally providing a satisfactory fit to the test results. However, in a number of tests,
particularly with the smooth type 1 spudcan (Fig.7), the predicted values lie on the unsafe side.
In the Step 2b check the predictions fit reasonably well with all test results.
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FIGURE.5. Comparison of the smooth spudcan type 2 against Steps 1, 2a, 2b of the RP; ¢=35°.
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FIGURE.6. Comparison of the rough spudcan type 2 against Steps 1, 2a, 2b of the RP; ¢=35°.
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FIGURE.7. Comparison of the smooth spudcan type 1 against Steps 1, 2a, 2b of the RP; ¢ =35°.
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FIGURE.8. Comparison of the rough spudcan type 1 against Steps 1, 2a, 2b of the RP; ¢=35°.
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From the results of the study a number of conclusions can be drawn.

* At low vertical loads, the failure mechanism under combined loading is a lateral displacement
of the spudcan accompanied by uplift. At high vertical loads the failure mode combines lateral
displacement with further penetration of the footing. The two modes are distinguished by the
so-called transition point. The transition zone is dependent on footing roughness, geometry,
and penetration depth.

* The sliding model currently adopted in Step 1 in the RP is only strictly applicable for very low
vertical load levels. Beyond these load levels it would be more appropriate to use the bearing
capacity model proposed in Step 2a. Considering the limited applicability of the sliding model,
the uncertainty regarding transition point, the good fit between the test results and the Step 2a
failsure envelope one may conclude to replace the Step 1 sliding check by the model proposed
in Step 2a.

* Comparison of Step 2b failure envelope with the test results suggests that the check may be
OVer conservative.
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