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Abstract: For jack-
site-specific integri
Pprogram has been carried out, using a geotechnical centrifuge, on ds
diameter of 60 mm was used to simulate a
‘medium-dense sands,

up units founded upon sand, sliding of the windward leg is often the governing foundation criterion for a
ty assessment. In an effort to increase understanding of the sliding behaviour of spudcans in sand a testing
ry sand at 150 times Earth gravity. A spudcan with a
prototype of 14.4 m diameter. The tests were carried out on loose and
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 storms. From the test results it is concluded
that one of the sliding checks (step 1) as described in the Recommended practice for site specific assessment of mobile jack-up
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 of the foundation.
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Résumé : Pour des structures auto-élévatrices fondées sur du sable, le glissement du pylone exposé au vent est souvent le
critére de fondation dominant lors de la vérification de I'intégrité pour un site donné. Dans un effort de compréhension du
comportement au glissement des béches fondées dans le sable, un programme d'essais a été développé en utilisant une.
centrifugeuse géotechnique avec du sable sec, & 150 fois I'accélération de la pesanteur. Une béche de 60 mm de diamétre a été
utilisée pour simuler un prototype de 14,4 m de diamétre. Les essais ont ét6 effectués dans des sables liches et moyennement
denses et en prenant différents types de géométrie de béche et en faisant varier la rugosité de I'acier. Un systéme de
chargement contrdlé par ordinateur a ét€ développé pour simuler le cheminement auquel une béche est soumis pendant une
tempéte. A partir des résultats d'essais on peut conclure que I'une des vérifications portant sur le glissement (étape 1) décrite
dans le document «Recommended practice for site specific assessment of mobile jack-up units» est applicable dans des
conditions de chargement restrictives et pourrait donc ne pas étre conservatrice. Par conséquent cette vérification ne devrait
pas étre utilisée lorsqu’on évalue Iintégrité de la fondation du pylone exposé au vent.

Mots clés : mécanique des sols, centrifugeuse géotechnique, béche, auto-€lévatrice.
[Traduit par la rédaction]

Introduction Insandy sol, liding ofthe windward eg i ofen !(he o
i i jack- i .d apply- erning acceptance criterion. The»lowest level Ccheck (step
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site specific assessment of mobile jack-up um'r; (RP) (SNME (11t

1994). Usually the assessment requires the ability of the jack-

up unit to safely survive the 50 year return period storm condi- where H is the horizontal foundation load, V is the vertical
tions and comprises a check on the structural integrity of the  foundation load, and § is the interaction roughness angle.
jack-up unit and an evaluation of foundation stability. In the The sliding model proposed in step 1 has been c?evel_oped
RP three levels of foundation assessment steps are distin-  on the basis of an idealized theoretical approach, e
guished with increasing order of complexity and model refine- flat foundation plate which is sliding over a sand body. "e
ment. These steps could be carried out sequentially. As soon as effect of the spudan’s geometry and rou g(hne§s |s,em]p|n_§:s‘);
one of the steps satisfies the acceptance criteria, the jack-up included in the model by correcting lhel r‘;cuon s
unit is deemed to have passed the foundation check and no confirming the sliding model‘ have mainly been per

further check needs to be carried out. flat plates, mainly under 1g conditions.

For a steel-sand interface & is usually taken as ¢ — 5°, where
¢ is the internal friction angle of the sand. To account for the
conservatism introduced due to the conical shape of the spud-
can, it is recommended in the RP to use a sliding angle, 3, equal
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Fig. 1. Geometry of the spudcans. d, diameter; h, height.
d=60mm
h=12mm
13°
type 1

of the foundation and the yield surface. This yield surface is
deﬁnedvby the expression described in the RP. The third level.
s'q:\ 31,. m_c‘::ldes f\;l; nonlinear soil structure behaviour. :

_ A limited number of centrifuge tests of spudcans under in-
clined loading have been reported by Jameps and Shi (1988)
and Tap (1990). However, these tests were mainly performed
at vertical loading only (bearing failure), and in the sliding
tesls.the penetration depth was larger than expected in the
E:onsmemfj prototype conditions. Tests on jack-up legs and full
Jjack-up rig models are reported by Dean et al. (1995) and
Murff et al. (1992) and Murff et al. (1991), respectively. Their
tests were mainly focused on the rotational fixity of a spudcan
in relation to the legs of the jack-up. No particular attention
was paid to the expected typical loading conditions of the
windward leg, namely, sliding of shallow spudcans at a low
vertical load.

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.
The sliding check in the RP is based on static loaded foundations.
‘Therefore the tests are performed under drained conditions.

Test program

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. Details of sand properties are
given in Table 1. The internal friction angle of the sand was
determined using a triaxial vacuum cell apparatus for a range
of soil densities. The tests were performed under drained condi-
tions, where the peak values are used to calculate the friction
angle. The roughness angle between the model footing and
soil material was derived from shear box test results. Since no
significant peak values could be observed, the calculation of
the friction angle was based on the shear stress during steady
state condition.

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°, respectively. The geometry
of the spudcans used is shown in Fig. 1. 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 measure-
e. In the inclined loading tests the

ments were taken until failur i
footing was preloaded and subsequently unloaded to a vcrpca]
load of half the initial preload before applying a combined
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Table 1. Parameters of the sand used and
roughness angle of the spudcan.

Porosity (%) 359
Relative density (%) 64
Dy (mm) 0.12
Dsy (mm) 02
Dy (mm) 05

Internal friction angle of the sand (°) 33-35
Roughness angle of the spudcan (°)

Smooth steel plate 15
Rough steel plate 30

vertical and horizontal load increment. Different load paths
were adopted to map the failure envelope under combined
vertical and horizontal loading. In medium-dense sand a pre-
load stress of 700 kPa was used to give an initial penetration
equivalent to 1.25 m in the prototype.

Test technique

Centrifuge tests are convenient to examine the behaviour of
large-scale geotechnical structures. Since small models can be
used to simulate large-scale problems, it is easy to modify the
dimensions and loading program of the model. Centrifuge re-
search is applicable in several offshore geotechnical engineer-
ing areas (e.g., Murff 1996).

The tests described in this paper have been performed in
the geotechnical centrifuge of the University of Delft (Fig. 2a).
The centrifuge (Allersma 1994a) is a relatively small device
with a diameter of 2.5 m and a maximum sample weight of
approximately 300 N. The maximum space available for the
model and the actuators is 40 x 40 x 40 cm®. The small size
of the centrifuge equipment and samples has proven to be very
convenient in operation.

In the test program a two-dimensional loading system
(Allersma 1994b) was used (Fig. 2b). An accurate and almost
friction free translation in two perpendicular directions was
made possible by means of shafts of tempered steel and linear
ball bearings. Horizontal load (max. 2 kN), vertical load
(max. £5 kN), horizontal displacement (150 mm), and vertical
displacement (30 mm) of the spudcan can be adjusted inde-
pendently by means of small direct current (dc) motors, load
sensors, and displacement transducers. The loading device is
controlled by a PC-compatible computer, which is located in
the spinning part of the centrifuge and can be accessed via slip
rings. The measuring and control system is not sensitive to noise.
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Fig. 2. The University
loading system (b).
L, linear bearing,

of Delft centrifuge (a) and a di
iagram of the
m, DC motor; Ie, load cell; P, pulse wheel;

The loading path during a test can be defined in advance in
a computer program. The program is written in a common
computer code so that it can be modified easily by the user.
The sand boxes have been filled with a computer-controlled
sand pouring machine (Allersma 1994b). The density of the
sand sample was controlled by keeping the falling height of
the sand constant during raining. The medium-dense sand beds
showed a high degree of reproducibility; the standard deviation
of the mean porosity was 0.2%. The reproducibility of the tests
on medium-dense sand is demonstrated by the first part of the
graphs in Fig. 3. The standard deviation of the density of the
Joose sand samples was significantly larger.
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The height of the used sand layers was 100 mm. It was
!ound that a variation in height of a few centimetres did not
influence the test results significantly.

To obtain a good comparison between small-scale tests and
reality, the stess level in the scale model and the gradient of
the effective stress over the height of the footing must be simi-
lar to the prototype conditions. How this gradient in the small-
scale model is achieved is of minor importance. It can be
realized by inc g the gravity and (or) by using grains with
a greater density. If static tests are performed, excess pore-
water pressure has no influence on the test results. Further-
more, it was found that water has no significant influence on
the interparticle mechanical properties of the grains. Since the
presence of water is not significant, the effect of the artificial
gravity can be increased by using dry sand so that the effective
stre: not reduced by the pore-water pressure

At an acceleration of ng, the vertical stress o, in dry sand
with a specific weight y, at depth / is equated to the submerged
effective stress in the prototype as

21 Oy =mghy= (Y=Yt =Yhy

where ¥ = Y — ¥, is the submerged unit weight, and the sub-
scripts m and p refer to model and prototype, respectively.
When simulating saturated sand under field conditions, the
stress gradient in the model will be increased by a factor Yy/Y.
which is typically 1.6. For n= 150, giving an acceleration of
150g, the stress gradient over a 20 mm high model spudcan with
a diameter of 60 mm simulates the stress gradient in a prototype
spudcan with a height of 4.8 m and a diameter of 14.4 m.

Since sand is used which is representative of the prototype
Jocation, the sand particles are large in relation to the small-
scale 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 e 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)
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Fig. 4. Typical load—displacement curves during the sliding tests.
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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 50 mm 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 Fig. 3. The behaviour seems inconsistent at
first, as there appears to be no marked change in load displace-
ment 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 ca-
pacity equation proposed in the RP relates bearing capacity to
the product of the diameter and 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 rela-
tionship would be expected between force and displacement
until the spudcan is fully embedded. This is visible in the f|rsl
part of the curves in Fig. 3. The curves become more straight
as the embedded area reaches its maximum. The failure load is
derived from the intersection point of the slopes of the pre- and
post-failure parts of the curve, respectively.

Horizontal load [MN]

As expected, a rough surface increases the bearing capacity
(up to a maximum of 30%). It appeared that spudcans without
a spicular tip showed a slightly higher bearing capacity than
spudcans with a tip (about 7% more for the rough models and
15% more for the smooth models). Furthermore it can be seen
that the density of the sand has a very significant influence on
the load displacement behaviour.

Sliding tests

A typical load displacement path is illustrated in Fig. 4. Fig-
ure 4a shows the full load path to failure. The vertical and
horizontal responses are presented in Figs. 4b and 4c, respec-
tively. The failure load has been arbitrarily derived from the
intersect of the tangent. Three distinct failure modes were iden-
tified. At low vertical loads the model lifted out of the soil, at
high vertical loads the model penetrated farther, 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 1-2% of the ultimate bearing capacity
(preload). On this basis it seems that sliding failure is not al-
ways the correct description of the failure mode. Windward
spudcan failures with increasing penetration relate to a vertical
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bearing failure mode. On the contrary, the mode where the
spudcan lifts out of the sand corresponds to a completely dif-
ferent failure mechanism.

'!'he results of the centrifuge tests have been compared
against calculated sliding resistances using the calculation
models according to steps 1, 2a, and 2b outlined in the RP. The
internal friction angle ¢ used as input to the calculations is
based upon the triaxial test data. The results of the sliding tests
_fnr each of the four foundation model footings are presented
in Figs. 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.

It has been shown by Allard et al. (1994) and Dean et al.
(1995) that suction can increase the sliding capacity of flat
circular skirted footings founded on very dense and medium-
dense sand. However, it is not yet clear how far suction, during
dynamic loading, has a positive effect on the sliding capacity
of nonskirted conical spuds in different sand types with differ-
ent densities. Therefore there is no evidence at this moment
that this component will improve the step 1 sliding check.

Conclusions

From the results of the study a number of conclusions can be
drawn.

(1) Atlow vertical loads, the failure mechanism under com-
bined loading is a lateral displacement of the spudcan accom-
panied by uplift. At high vertical loads the faih_xre mode
combines lateral displacement with further penetration of the
footing. The two modes are distinguished by the so—c_alled tran-
sition point. The transition zone is dependent on footing rough-
ness, geometry, and penetration depth.

(2) The sliding model currently adopted in step 1 in the RP

is only strictly applicable for very low vertical lo_ad levels.
Beyond these load levels it would be more appropriate to use

the bearing capacity model proposed in step 2a. Considering
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the lin}iled applicability of the sliding model, the uncertainty
regarding transition point, the good fit between the test results,
and the step 2a failure envelope, one conclusion may be toreplace
the step 1 sliding check by the model proposed in step 2a.

(3) Comparison of the step 2b failure envelope with the test
results suggests that the check may be overconservative.
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