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Abstract

For offshore foundation structures, the loads are of varying nature both in magnitude and duration. For the bucket
foundation the dissipation of the pore pressure is highly relevant since it greatly affects the strength of the structure. The
build up of pore pressures with varying loading rate is therefore a highly relevant research subject. In computational
models, e.g. FE-models, normally either a drained or an undrained behaviour is assumed. In real life, the behaviour is
partially drained, which calls for a time-dependent model. Especially, the tracking of pore pressures in and around the
bucket skirt will provide valuable information of the quasi-static behaviour. For a number of small-scale tests performed
in the laboratory at Aalborg University, a bucket foundation will be loaded with varying velocity to investigate the
dissipation and general behaviour of bucket foundations used as offshore support structures for wind turbines.

1 Introduction

The suction bucket concept for offshore foundation
of wind turbines, which is illustrated in figure 1, has
been extensively researched for the last decade, among
other places at the Geotechnics Department of Aalborg
University (AAU). The design procedure and validation
of the foundation dimensions have to be verified by risk
assessment organizations such as Det Norske Veritas. In
the current verified design method the ultimate capacity
of the bucket foundation is calculated both in the drained
and undrained condition whereafter the lowest capacity
is chosen. In dense cohesionless soil the response in
the drained case will often be significantly lower than
the undrained, causing the capacity to be low. As the
ultimate limit state loads on offshore structures are
often of impulsive nature, i.e. a very large load over a
small period of time, arising from emergency stop of
the turbine, freak waves or breaking waves in general,
this article aims to investigate the behaviour of the
foundation as a function of the loading rate. The thesis
is that for large loading rates, the drained condition is
an underestimation of the capacity of the foundation,
causing the design dimension to be overestimated.

The thesis has previously been investigated by
conducting tests in the pressure tank at the Geotechnics
Laboratory at AAU, cf. (Sjelmo et al., 2012) and (Foglia
et al., 2013) among others. The thesis was in these tests
validated, however the test setup was not able to conduct
the test to a satisfactory degree, mainly due to a limited
displacement range of 40 mm of the piston, cf. figure
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Figure 1: An illustration of a wind turbine on a bucket foundation.
(Universal Foundation A/S, 2013)

4. Since the before mentioned tests were conducted, the
test setup has been thoroughly upgraded. The upgrade
involves a new actuator, new bucket foundations with
greater steel thickness and an addition of five extra pore
pressure gauges. Furthermore new control hard- and
software has been installed. With the new setup it is
possible to exert much larger forces at greater velocities
over a larger displacement range. In this article the
results of the first four successful tests with the new
setup will be analyzed and compared to the previously
obtained results.



2 Theory

The sand in the pressure tank is Aalborg University Sand
no. 1, which is thoroughly documented from triaxial
tests. The sand resembles sand types commonly en-
countered offshore. For the calculation of failure sand
is defined as being in either a drained or undrained state,
representing the two extremes of drainage behaviour. In
the tests it is investigated what happens as a transition
from fully drained conditions at low loading velocity
to a potentially partial or fully undrained behaviour at
high loading velocities occurs. A partially undrained be-
haviour can be experienced when a pore pressure build
up is not able to dissipate, which makes the behaviour a
function of the drainage conditions and the permeability
of the soil.

2.1 Development of Pore Pressures

Sand under drained conditions can act both compres-
sional with Aey < 0 and dilatational with Aey > 0 under
loading. The change between the two states is called the
characteristic state and is characterized by,
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The point of the characteristic state for different density
indices and stress combinations can be plotted ina p’ —¢g
diagram where they form a straight line. This line is
called the characteristic line, cf. (Ibsen and Lade, 1997).
Sand with stress states below the line thus exhibits com-
pression and stress states above exhibits dilatation. The
slope of the characteristic line is called the characteristic
angle ¢, and this angle has for Aalborg University Sand
no. 1 been found to be independent of the density index,
cf. Ibsen and Lade (1998). A schematic overview of the
drained behaviour can be seen in figure 2. For the sand
to behave fully drained the effective stress path (ESP)
and the total stress path (TSP) have to be coincident, as
seen in figure 2. This only takes place if the excessive
pore pressure formed during volume change of the sand
is able to dissipate, which in turn requires the loading
rate to be low.
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Figure 2: The characteristic state in drained sand. (Ibsen and Lade,
1997)
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Figure 3: The phase transformation state in undrained sand. (Ibsen and
Lade, 1997)

For sand in the undrained state a similar property
is seen as the point at which the pore pressure devel-
opment Au changes from being positive to negative.
This change is associated with compression and dilation
of sand in drained behaviour. The state at which the
transition takes place is called the phase transformation
state, cf. (Ibsen and Lade, 1997). As with the drained
case the phase transformation line is a straight line in a
p' — g diagram, cf. figure 3. The phase transition point
is defined as the point at which the ESP has a vertical
tangent, since the point of maximum pore pressure um,x
and minimum effective mean stress does not completely
align, cf. figure 3. Once the pore pressure increment is
negative the effective pressure state will increase, thus
giving the soil extra strength. A sand with a highly
dilatational behaviour will therefore have a higher
strength. The negative pore pressure increment prevents
the sand from dilating as long as the pore pressure is
positive, once the pore pressure turns negative, the sand
starts to dilate and is no longer fully undrained. As the
pore pressure nears the point of cavitation the failure is
controlled by the drained failure envelope.

Since the failure point of dense undrained sand oc-
curs once the pore pressure reaches the cavitation limit,
the value of the pore pressure in the initial state is
important for the total strength. In the undrained state it
is thus the total stress state p’ + uq that is relevant for the
strength, and not the effective stress as for the drained
case. The combination of ug and p’ is furthermore not
relevant, only the sum. As a consequence for the sand in
the pressure tank, the undrained ultimate capacity will
be greatly increased due to the pressure applied, even
though the effective stresses are not changed. (Nielsen
etal., 2013)

Whether or not the sand will act drained or undrained is
a function of the drainage conditions, the permeability
of the sand and the loading rate. It has often been found
that a high loading rate in saturated sand will cause a
dramatic strength increment, sometimes denoted the
boot effect, originating from trying to pull a boot out
of mud. The investigation in this article will clarify if



this effect is present with the bucket foundation, which
is expected. The development of pore pressure will
furthermore be a function of the failure mechanism,
a point where some uncertainties exist in the design
methods.

2.2 Scaling Effects

In a model test consideration has to be taken, since the
investigated phenomenon is a scaled down version of
the real-life phenomenon. Using similarity laws along
with continuum and fluid mechanics scaling parameters
can be derived for the scaling of length, time, force,
stress, velocity and time for both the sand and the pore
water. The similarity laws state that both geometric,
kinematic and dynamic similarity need to be obeyed, for
the scaling to be correct. Often the dynamic similarity
is the hardest to obtain, since it involves scaling of
physical entities such as gravity and viscosity. (Larsen
and Brorsen, 2009)

In the model of this article, the primary object is
to investigate the influence of the loading velocity on the
development of pore pressures and load bearing capacity
under horizontal loading. The scaling of the sand and
fluid is done without obeying the scaling laws, as e.g.
the grain size in the sand is not scaled properly. The
consequence of the wrong scaling is that the numerical
values of the measured forces and pressures cannot be
directly extrapolated from model to real size. This is
however acceptable, since investigation of the nature of
the phenomenons is the goal of this article.

3 Test Setup

The quality of the test setup is the key to achieve reliable
results from any experiment, scaled or not. The tests de-
scribed in this document are all scaled experiments per-
formed in the pressure tank at Aalborg University. The
reason that the experiments are performed in a pressure
tank is that it is possible to apply a pressure, simulating
that the foundation is situated below water and allowing
a larger decrease in pore pressure before cavitation takes
place. In the pressure tank at Aalborg University, it is
possible to apply a maximum of 1000 kPa of pressure.
An overview of the setup in the pressure tank is seen in
figure 4.

3.1 Test Setup Overview

The test setup consists of multiple components which
will be outlined in the following.

Actuator and Control System

The force is delivered from a hydraulic actuator which
is controlled through a test control unit coupled with a
computer. The actuator can be either displacement or
force controlled. The actuator can deliver 100 kN of

2200

Force
measurement

FTe D]:# Piston

————————— /™
E E‘H Displacement
control

Air
pressure|

[ l inlet

I
P11 P7 P4

Gravel

—ﬂ: Water

inlet

Figure 4: Overview of the pressure tank.

force, it has 500 mm of free range and a maximum ve-
locity of at least 0.5 m/s. The movement of the actuator
is controlled through a piece of computer software. In
the software, it is possible to monitor movement of the
actuator, force through a weight cell connected to the ac-
tuator and all the pressure transducers. The test control
system also works as data acquisition software.

Bucket, Tower and Wire

The model bucket is made of stainless steel and has a
diameter of 500 mm, a skirt length of 250 mm and a
tower height of 610 mm, cf. figure 5. The tower is a
galvanized RHS 180 x 100 mm steel profile reinforced
at the bottom with two steel plates welded to the flanges.
A round plate is mounted on the bottom of the tower to
transfer the forces between the tower and the bucket lid
via eight bolts. The model is a further development of
a previous model, where the steel thickness of the skirt
proved to be too small to withstand the development of
earth pressures during the loading. In the new model the
steel thickness is 10 mm in the lid and 5 mm in the skirt.
Between the actuator and the piston a demountable steel
wire is used to transfer the force. The whole setup is
designed to be able to withstand a force of 100 kN at an
eccentricity of 500 mm above the lid.

Measurements

13 pore pressures are measured on the bucket, cf. figure
5, to track the development during loading. Four dis-
placement transducers are used to track the vertical, hor-
izontal and rotational displacement. The displacement
transducers are ASM wire transducers, which are care-
fully mounted before each test to ensure that the wire
are respectively perfectly horizontal or vertical in the ini-
tial phase. The force applied via the piston is measured
with a 100 kN force cell. The force cell is zeroed before
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Figure 5: Sketch of the bucket.

each test is started, as it is affected by both the tighten-
ing of the wire and the pressure in the tank. This does
to some degree cause the numerical value of the mea-
sured force to be wrong, but it is however comparable
between the tests. The pressure in the tank is measured
to ensure that the 200 kPa pressure is applied. The mea-
surements are obtained using both the MOOG system
and an older HBM Spider8 system, both are connected
to a computer.

4 Preparation of Test Setup

Before each test is carried out a procedure for prepar-
ing the test setup is followed. The main purpose is to
ensure that all the physical and geometrical parameters
of the setup are identical in all the tests. The procedure
has been investigated and documented in Fisker and Kro-
mann (2004). The procedure is briefly explained in the
following.

4.1 Preparation of Sand

The sand is prepared by following the points below,
1. Loosening of sand with water gradient
2. First vibration of sand
3. Second loosening of sand with water gradient
4. Second vibration of sand

5. Adjustment of water level in tank

The loosening of the sand is done by applying an up-
wards gradient of water, causing the effective stress in
the sand to be reduced and thus loosening the grains from
each other. The effective stress is calculated by,

0 =(Ym—WEim)z 2)

where iy, and 7, are the unit weights of respectively sand
and water, i is the gradient of water flow and z is the
depth below the surface. As an upwards gradient of wa-
ter flow is negative, the effective unit weight is reduced
and the sand is loosened. A gradient of i = 0.9 is ap-
plied, which is equivalent to a pressure height difference
of 0.54 m. The gradient is applied for a period of 5 min-
utes, whereafter the water surface in the tank is 5-10 cm
above the sand surface. The following vibration is car-
ried out using a vibrator rod that is lowered slowly into
the sand until it is approximately 5 cm above the geotex-
tile cover and then pulled slowly out. The slow velocity
and the water layer above the sand surface minimizes the
risk of creating air pockets in the sand. Before the level-
ing of the sand the water can be drained to make it easier
to do, afterwards the water level is adjusted to approxi-
mately 6 cm above the sand.

4.2 CPT Testing

Prior to the installation of the model-bucket in the
pressure tank CPT-tests are carried out in the prepared
sand. This is done to ensure homogeneity in the soil
volume. The tests are done using a mini-CPT cone,
which is driven into the sand with constant velocity
using a hydraulic piston. The CPT cone is mounted
on an steel girder that can rotate 360° in the tank
and allows for radial adjustment making CPT testing
possible everywhere in the tank. Five CPT tests are
done prior to each test at respectively the middle and
at 90° intervals around the tank at 40 cm from the centre.

The sand in the tank is the Aalborg University Sand no.
1. This sand has been used extensively in the research
at the Geotechnics Laboratory at Aalborg University,
and its properties are thus very well documented.
Using a series of triaxial tests performed with varying
backpressure and relative density, a set of formulas has
been derived to determine soil parameters from the cone
resistance in a mini-CPT test (Ibsen et al., 2009). The
following parameters can be determined from the CPT
testing,

e Relative density Ip

Angle of friction ¢

Angle of dilatency y

Void ratio e

Unit weight of the soil y

The relative density is related to the cone resistance and
the effective vertical in-situ stress through,

G/ —0.42
— 0
Ip=5.14 <qg~v75) ; 3)

where o} is the effective vertical in-situ stress and g is
the measured cone resistance. Ip is generally defined as,

Ip = _Cmax —€ 4)

)
€max — €min



—— CPT Center
50 —CPTO°
—— CPT 90°
1001 —— CPT 180°
—— CPT 270°

Depth [mm]
N
o
o

2501

3001

3501

400 : : : : ‘
0 200 400 600 800 1000
Cone Resistance [N]

Figure 6: Cone resistance of five cone penetration tests.

with emax, €min and e as the maximum, minimum and
current void ratios respectively. The effective in-situ
stress can be found from the effective unit weight 7 and
the depth z with,

o =772 5)
using the effective unit weight of the soil from,

do—1
1+e’

Y =

(6)

where d; is the characteristic density of the soil equal
to 2.64 for Aalborg University Sand no. 1. With the
equations (3) to (6) an iterative procedure can be used
to find ¥, Ip and e. Empirical formulas to determine
the triaxial angle of friction and dilatation fitted from a
series of triaxial tests are seen in equations (7) and (8),

P = 0.152 I +27.39 () > +2321, ()
Wi = 0.195 Ip + 14.86 (af) """ —9.946,  (8)

where o, = 0}, (1 —sin(¢y)), Ip is in percent and
stresses are in kPa. With the presented set of formulas
it is thus possible to achieve an estimate of specific
soil parameters at each CPT location, which can be
compared. Often the greatest difference will be present
in the measure of relative density, where a difference
between the CPTs of maximum 0.05 is accepted. If
the difference is greater than 0.05 a third vibration
procedure must be applied.

An example of the results of five CPT tests is shown
in figure 6, where the cone resistance is plotted against
the depth. During the preparation of the four tests
presented in this article, some technical difficulties
were encountered, meaning no usable CPT tests were
done before test 2 and 3. Since the same preparation
procedure has been used every time, and the results
hereof have been good, the soil properties are assumed
to be within the acceptable range. The results are thus
treated similar for all tests.

Figure 7: Picture of the bucket ready for testing.

4.3 Installation of Bucket

When the sand is prepared and the CPT results are ac-
cepted, the bucket is installed in the centre of the tank
using the hydraulic piston also used for the CPTs. The
installation will cause disturbance in the sand volume,
and is thus carried out step-wise to allow for dissipation
of excess pore pressure to minimize the effects of the
disturbance. As the speed of the installation piston is not
changeable, the procedure is not optimal. It is however
the same procedure for all tests, and should as such not
have an influence on the validity of the results. Upon
finishing the installation of the bucket all the measuring
equipment is fitted and the horizontal hydraulic actuator
is attached with a steel wire. The bucket equipped and
ready for test can be seen in figure 7.

4.4 Applying Pressure to the Tank

After the installation the tank is sealed off and the com-
pressor is set to 200 kPa of pressure relative to the atmo-
spheric pressure. The build up of pressure is monitored
with the MOOG system until an equilibrium at approxi-
mately 200 kPa is found and is then left overnight for the
pressure state in the entire sand volume to stabilize. The
test setup is thus fully prepared for testing.



Table 1: Overview of loading velocity for the tests.

Test no. 1 2 3 4
Velocity [mm/s] 0.10 1.00 10.0 100

5 Overview of Tests

A total of four successful tests are used for the results in
the article. All of the tests are carried out with a hori-
zontal displacement of the actuator of 150 mm applied
at varying velocities. Table 1 shows the different test ve-
locities. In the previous tests in Sjelmo et al. (2012) it
was investigated if a very low loading rate (0.01 mm/s)
behaved as drained condition, which was the case. A test
with this loading rate is therefore not redone.

6 Results

In the following selected results from the four tests are
shown. A very large quantity of data is produced in the
tests, and only relevant results for underlining the points
made are shown. All the test data is however treated, and
the trend shown in this article is a picture of the general
trends. Earlier analyses of similar tests have been made
in Sjelmo et al. (2012) and Foglia et al. (2013), and these
results will be compared with the new tests.

6.1 Force and Displacement

The recorded displacements v;, v, and h; are all
transformed to the resultant horizontal (H), vertical (V)
and rotational (0) displacements of the bucket with
reference to the middle of the bucket lid. This reference
point is used, as the actual rotation point of the bucket
moves during loading and thus is not suitable. The
procedure is iterative as the elongation of the wires
in the transducers are influenced by all displacement
components. In the iteration algorithm it is assumed that
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Figure 8: Force measurement as a function of the displacement of the
piston.

Displacement of piston — Force

14000 T T T T
12000
10000
— —0.10 mm/s
=z L
= 8000 — 1.00 mm/s
8 ——10.0 mm/s
S 6000F —— 100 mm/s
4000
2000
L Y
0 = |
0 2 4 6 8 10 12 14

Rotation [°]

Figure 9: Force measurement as a function of the rotation of the
bucket.

the displacements of the bucket can be divided into the
three separate components that are mutually dependent
on each other. The four monotonic loading tests differ
only in loading velocity and consequently also duration.
For all four tests the development of the force as a
function of the actuator displacement and rotation of the
bucket is shown in figures 8 and 9.

From the results it can be seen that as the displacement
rate increases the measured necessary force to apply the
displacement increases as well, which was expected. It
is evident that the bearing capacity is highly rate depen-
dent. In contrary to the previous tests done in Sjelmo
et al. (2012), all the models have reached failure within
the span of the displacement. While test 1, 2 and 3 reach
an easily determinable peak, the fastest test 4 reaches a
maximum force, which is then constant the rest of the
loading phase. This indicates that the cavitation limit
is reached at which no more capacity is available in the
pore water. For all the tests the maximum force and the
piston displacement and rotation of the bucket at the
maximum points are shown in table 2. It is seen that the
higher the displacement rate, the larger the rotation is
before the maximum capacity is reached.

The vertical, horizontal and rotational displacement of
the tests shown together with the force development is
seen in figure 10. The difference between the resultant
final horizontal displacement in the four tests is most
pronounced, as it decreases with each increment in

Table 2: Maximum force, displacement of piston dj, and rotation 6 of
the bucket.

Test Max Force [N]  dp [mm] 6 [°]

0.10 mm/s 538.6 22.8 1.9
1.00 mm/s 1168.8 38.6 2.6
10.0 mm/s 3399.4 63.1 4.6
100 mm/s 12741.9 91.7 6.5
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Figure 10: Displacement and force for all four tests. Test 2, 3 and 4 are zoomed in on the loading period.

the loading rate. The resultant vertical and rotational
displacement also decrease with increasing loading rate,
however the change here is not as large. In test 2 the
vertical displacement first increases during the loading
but then goes back to zero in the end of the loading. This
effect is not clearly present in any of the other models,
and can perhaps be a measurement error. Generally
the displacements of the bucket decrease in magnitude
as the loading rate increases. An explanation for this
phenomenon is that the slower the loading rate, the
easier it is for the pore water to dissipate, thus causing
an increase in effective stresses which then cause a
deformation in the soil. This effect is especially evident
in test 1, as the vertical displacement here is very large
compared to the other tests. The upwards vertical
displacement is greatly influenced by the dissipation
of negative pressure inside the bucket, i.e. pore water
flowing from outside the bucket to the inside. With the
low loading rate the change in pore pressure is almost
balanced by the inflow of pore water.

6.2 Initial Stiffness

While it has been shown in the previous section that the
lateral response of the bucket foundation is highly de-
pendent on the loading rate when it comes to large dis-

placements and ultimate capacities, it has earlier been
shown, e.g. in Foglia et al. (2013) that the initial stiff-
ness is independent on the loading rate. This is of inter-
est, since the vast majority of the environmental loading
will be small loads where the initial stiffness is impor-
tant. The initial stiffness is furthermore interesting in dy-
namic investigation, which is however outside the scope

1200
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Figure 11: The force exerted in the first 10 mm of applied displace-
ment.



of this article. The force exerted in the first 10 mm of
applied displacement for all four tests is shown in figure
11. The response of test 1 is somewhat different than
the other three tests, which is attributed to the very low
loading rate. Tests 2-4 all show a very similar response
for the first part of the applied displacement, with slopes
of the force-displacement curve being similar. This is
in good correlation with earlier findings, and the results
from this article further verifies this phenomenon.

6.3 Pore Pressure Development

The pore pressure was recorded during all the tests in
the locations shown in figure 5. As an example, the pore
pressure development over time plotted together with
the force development for test 3 is shown in figures 12
and 13. The pressure measurements are divided in the
seven gauges inside of the bucket in figure 12 and the
six gauges on the outside of the bucket in figure 13.

The build up of suction is as expected directly
correlated with the applied force caused by the dis-
placement. The build up is considerably larger inside
the bucket, which is caused by flow-barrier effect
from the impermeable skirt. A few of the pressure
gauges show some irregularities in the results. This
is namely P5 on the inside, which was expected to be
somewhere between P4 and P6, and P7 which differ
significantly from the two other gauges at the top P4
and P11. The irregularity in the results of P7 has
been observed in all of the tests and could be caused
by a slightly different method of instrumentation,
as this gauge is placed directly under the mounting
of the tower and therefore has a long and soft tube
from the measuring point to the pressure transducer.
Another, perhaps more likely, explanation is that the
rotation point of the bucket is placed close to P7, causing
the displacement of the bucket in this point to be smaller.
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Figure 12: Pore pressure inside bucket during test 3.
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Figure 13: Pore pressure outside bucket during test 3.

The gauges away from the loading direction show
the largest change in pressure, gauges P11, P12 and P13,
however the top gauges P4 and P11 show very similar
results, indicating a uniform pressure distribution on the
lid if P7 is ignored. From the gauges on the outside, the
trend is not as clear. The gauges closest to the surface
P1 and P8 show the smallest pressure change, which is
due to the very short drainage path.

From figure 10 it was shown that a significant strength
increase takes place as the loading rate grows. This is
an indication that while the drained condition might be
suitable to calculate the capacity at low loading rates,
it is not the case for a quite high loading rate. This is
backed up by the results of test 3 examined in figure 12
and 13, which is not even the fastest loading rate.

The maximum pore pressure build up in all four
tests is shown together in figures 14 to 16. The distribu-
tion on the lid, cf. figure 14 is similar in all four tests.
The two side gauges P4 and P11 show almost the same
maximum value, while P7 reaches only approximately
65 % of the maximum value in tests 2-4. As earlier
pointed out, this could mean that the measurement is
partly errorneus. In the execution of the tests problems
with the P7 gauge occured, especially due to difficulties
with fully saturating the transducer and connecting tube.
Another conclusion is that the pressure distribution is
not constant on the lid. In the tests done in Sjelmo et al.
(2012) this phenomenon was not clearly visible.

The pressures along the back skirt, i.e. away from
the loading direction, are seen in figure 15. These results
can be compared to the results in Sjelmo et al. (2012),
as the test setup herein had pressure gauges in the same
positions on the back skirt. The outside pressures show
a pressure distribution that is increasing non-linearly
with the depth, which is consistent with previous results.
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Figure 14: Force measurement as a function of the displacement of the
piston.

The magnitude of the pressures significantly increases
with the growth in loading rate as expected from the
force measurements. The magnitude in the 100 mm/s
test is 241.1 kPa at the bottom, which is below the
cavitation limit. The fastest previous test was 10 mm/s,
however this test did not show failure due to a very short
loading distance, and the maximum pressures are thus
not comparable.

The pressures on the inside of the back skirt are
all larger than the corresponding pressures on the
outside. Both the bottom point on the inside and outside
are P10, as the pressure is recorded at the tip of the skirt.
The pressure is slightly larger at P13 in all the tests,
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Figure 15: Force measurement as a function of the displacement of the
piston.

however a discontinuity in the pressure at P12 as found
in Foglia et al. (2013) is not present. The pressure at
P13 is the maximum measured pressure, which is close
to the cavitation limit of approximate -290 kPa.

The pressures on the front skirt of the bucket, cf.
figure 16, during loading have not been investigated
earlier, and can therefore not be compared with previous
results. The pressure on the outside is increasing
with depth from P1 to P2, while the pressure at P3 is
significantly lower. This could be caused by the rotation
of the bucket, indicating the location of the rotation
point being close in depth to P3. The pressures inside
the front skirt follow a different trend compared to the
back skirt. Firstly the magnitude of the pressures are
smaller, but also a discontinuity is present at PS 2/3 up
the skirt, before the pressure increases to that of the
lid. As proposed in Foglia et al. (2013), a discontinuity
could be caused by the drainage pattern.

In figure 17 the absolute pressure difference for
P13 is shown for all four tests, with the time normalized
with respect to the loading time. P13 is chosen since it
shows the maximum measurements for all tests and it
has one of the most distinct developments. For test 1 the
response is very low, and can thus be considered almost
completely drained. For test 2 and 3 an increment in
pore pressure is seen, which does however become
constant after respectively 0.2 and 0.4 of the normalized
time. These tests can therefore be classified as partially
drained, as the pore pressure cannot be increased
indefinitely.

Test 4 shows an increase in pressure that is almost
linear up to a plateau of around 275 kPa after which
the increase is slightly slower. This test is therefore
classified as substantially undrained, if not completely.
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Figure 16: Force measurement as a function of the rotation of the
bucket.
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Figure 17: P4 for all tests with time normalized to loading time.

The absolute value of the pressure is below the cavita-
tion limit, however the decrease in slope indicates that
the limit is close. For high loading rates and relatively
large displacements the response can according to these
results be classified as significantly more resistant to
applied load than what the drained condition predicts.

6.4 Capacity as Function of Loading Rate

From the four different loading rates, it is investigated if
the increase in ultimate capacity can be expressed with
a mathematical expression. Firstly the failure load, cf.
table 2, is normalized with the failure load of the slowest
test, as it is assumed to be the drained capacity. A power
function,

Foorm = a Vlba &)

where Fyorm is the normalized force, v is the loading
rate and a and b are fitting parameters, is fitted to the
data points. The data points and the fit are seen in figure
18. It is evident that the development follows a power fit
for the range of tests performed. It is expected that the
strength increase reaches a plateau at around the level of
the fastest test caused by the cavitation limit. Whether
this is the case needs further investigation in future tests.
The parameter of the fit is seen in table 3.

6.5 Non-dimensional Analysis

It was in Foglia et al. (2013) investigated whether the
test results could be fitted to a non-dimensional function.
The results are made non-dimensional by assuming a re-
lationship,

1 1
Apo< |-, —,Lq, Y|, 10

4 <k ) TL y Ld s N > ( )
where k [m/s] is the permeability of the soil, 71, [s] is the
loading period, Ly [m] is the drainage length assumed
proportional to the skirt length L and %y [N/m3] is the
unit weight of the soil. While the loading period Ty, and
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Figure 18: The normalized failure loading plotted against the loading
rate.

the unit of it, is a term from dynamic loading, it is as-
sumed that the loading rate can be used instead, despite
having a wrong unit. The non-dimensional group is thus,

Ap L
—=fl—- (11)
Tw L kT
The function f is unknown, and a fit with a power func-
tion is examined,
A L\
2P _ (=) . (12)
Y L k TL

With the parameters ¢ and d being fitting parameters.
The data from pressure gauges P4 and P11 are used,
since these gauges show the maximum response under
the lid. For each of the four tests the maximum value
is chosen from the dataset, making the non-dimensional
group an expression of the maximum obtained pressure
difference for a given soil, loading rate and geometry.
With the two gauges chosen there are thus eight data
points in total with four different loading rates. In fig-
ure 19 the data points are shown together with the fitted
function. The fitted parameters are seen in table 3. The
fitted power law follows the data points quite good and
is somewhat an indication that a function of this type is
suitable. More test data should be used before a final
function can be fitted to the data.

7 Conclusion
The new test equipment in the pressure tank has been

implemented and four successful tests have been ex-
ecuted. The displacement rates used ranged from 0.1

Table 3: The fitted parameters of equations (9) and (12).

a b c d
1.848 0.553 1.033-10° —0.654
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Figure 19: Non-dimensional analysis of maximum pore pressure de-
velopment.

mm/s to 100 mm/s. The results showed a significant
increase in the bearing capacity from approximate 0.5
kN in the slowest test to 12.7 kN in the fastest test. From
the displacements gauges it was seen that the overall
displacement of the bucket foundation decreased as the
loading rate increased. An explanation for this is the
lack of sufficient seepage of pore water allowing for
deformations with the fast loading rates.

The pore pressure development was tracked by 13
pressure gauges during all four tests. For the slowest test
a very low pore pressure change occurred, indicating
almost fully drained conditions. As the loading rate
increased, the measured pore pressures increased,
indicating partially undrained conditions.  For the
fastest tests the build up of pore pressures increased
throughout the entire loading sequence pointing to
substantially undrained conditions. There was a clear
correlation between the faster loading rates, the build up
of pore pressures and the rise in lateral capacity of the
foundation.

The pressure distribution of the bucket foundation
was found to be similar to earlier investigations, albeit
without a discontinuity on the inside of the back skirt.
The shape of the distribution was almost identical in all
four tests, further proving the reliability of the results.
All gauges showed a negative development of pore
pressure, meaning suction occurred around the entire
bucket under loading.

The initial stiffness of the lateral response was in-
vestigated by looking at the first 10 mm of applied
displacement. Apart from the slowest test all tests
showed a similar response with similar slopes of the
force-displacement curve. This proves earlier findings,
where the initial stiffness has been found to be indepen-
dent on the loading rate.

The capacity of the bucket foundation increased
with the loading rate in a manner that could be fitted
with a power law, more test data is needed to determine
whether this trend continues beyond the test rates of
this article. Lastly the results from two of the pressure
gauges were analyzed using a non-dimensional group.
It was found that the development of pore pressures can
also be described using a power law, although more test
data with different geometries is needed to improve the
reliability of the findings.

Overall the initial thesis of the article proved to be
verified by all the findings in the treatment of the
results.

8 Further Work

The results put forward in this article are a product
of the very first tests with the new test-setup in the
pressure tank at the Geotechnics Laboratory at Aalborg
University. During the work in the laboratory several
useful experiences with the setup and new equipment
were made, which continuously leads to optimization
of the whole setup. In time this will lead to better tests,
which can further validate the points presented in this
article.

During the analysis of the test results it was found
that the signals from the transducers were polluted with
noise to a quite large degree. The noise present was
of varying amplitude for the various signals, and could
indicate problems with the wiring and soldering of the
cables and plugs. Further work could involve trying to
minimize this noise.

The tests 1 to 4 showed in the article are all done
with a foundation with L/D = 0.5. Further work in the
laboratory involves similar testing with suction buckets
of other dimensions, already now tests witha L/D = 1.0
bucket are planned. Furthermore the test setup is able to
handle cyclic loading and two-way loading, which can
further be used to analyze the behaviour of the suction
bucket foundation type.
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