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PENETRATION RESISTANCE OF JACK-UP SPUDCAN ON DENSE
SAND OVERLYING LOOSE SAND

Yung-Show Fang'*, Cheng Liu? Sheng-Lin Chen? and Ying-Chu Shih*

ABSTRACT

This paper presents experimental data associated with the penetration resistance of a conical spudcan penetrating a dense sand
layer overlying loose sand. Saturated Ottawa sand was used as the seabed material. The instrumented 1-g physical model spudcan
testing facility at National Chiao Tung University was used to investigate the variation of resistance profiles of a spudcan on a dense
sand layer overlying a weaker stratum of loose sand. Based on the experimental data, it was found that the measured penetration
resistance on the spudcan was in fairly good agreement with that estimated with the equations suggested by the Society of Naval
Architects and Marine Engineers (2008). When the spudcan was extracted from the granular soil, the penetration resistance on the
spudcan suddenly vanished. The upward moving spudcan was separated from soil particles below. For the spudcan penetrating a
dense sand layer overlying loose sand, no peak penetration resistance and no abrupt post-peak softening was recorded, and no
“punch-through” failure happened. The penetration profiles for a single dense sand layer and a single loose sand layer constituted
the upper and lower bounds for the penetration curves for all different dense sand thickness conditions. At the critical void ratio, the
backflow of soils induced a footprint sloping angle nearly equal to its residual internal friction angle, irrespective of its original
density and shear strength.
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1. INTRODUCTION file consisted of a peak penetration resistance gpeat, near the sand

surface, followed by an abrupt post-peak softening, and a reduc-

The potential for unexpected punch-through failure of a tion of 111 kPa was recorded between gpear of 447 kPa and a
pack-up spudcan existed during installation in layered soils Qpost-peak O 336 kPa.

(Young et al. 1984). Such failure could lead to buckling of the
jack-up leg, temporarily decommission the platform, and even

toppling the unit (Lee et al. 2013). A compilation of reported Penetration resistance (kPa)
incidents involving jack-up foundation incidents was summarized 0 200 400 600 800 1000 1200
by Dier et al. (2004). It was concluded that one third of jack-up o | l | | | |
accidents had been associated with foundation problems. 4—— Peak penetration
Punch-through had the highest rate in incidents, representing 5 resistance, gpea
53% of all foundation problems. Osborne and Paisley (2002)
reported that spudcan punch-through failures occurred at an av- 4 — Post-peak penetration
erage rate of one incident per year, costing the industry between TesiStance, Gpostpeak
USS$ 1 to 10 million per incident. ¢ — Sand
Lee et al. (2013) reported that when a jack-up spudcan was Clay
installed on seabed consisted of a sand layer overlying soft clay, 8 —

the potential for “punch-through” failure existed. Based on their
centrifuge tests, a typical penetration profile was illustrated in Fig.
1. In this case, the prototype spudcan diameter was 10.0 m and
the sand thickness was 6.2 m. In the figure, the penetration pro-
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Fig. 1 Typical foundation penetration profile on sand overlying
clay from centrifuge test (redrawn after Lee ef al. 2013)
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In the literature, soil conditions of a layer of sand overlying
a weaker stratum of clay were widely studied. In this article, the
soil condition of a layer of dense sand overlying a weaker stra-
tum of loose sand was investigated. An example of offshore site
where a dense sand layer overlying a weaker stratum of sand was
introduced by Jardine et al. (1998). The authors investigated the
axial capacity of offshore plies in dense North Sea sands. In the
sedimentation process, the dense fine sand layer with a relative
density D, = 77% was overlying the medium dense fine sand
with Dr = 63% at the AD II site of the Leman field. This study
was intended to explore whether the unexpected punch-through
failure, the abrupt reduction in bearing resistance would happen
in an uncontrollable manner, when the spudcan was installed
under such a soil condition. If not, what kind of penetration pro-
file should be expected?

Taiwan is a small island with limited land and energy re-
sources. The Bureau of Energy (2016) indicated that 97.95% of
the energy consumed in Taiwan was imported. To reduce the
negative environmental impacts due to the generation of energy
from coal, fossil fuel, and nuclear materials, the government of
Taiwan started the “Thousand Wind Turbine” project. Before the
year 2025, the expected capacity from offshore wind power
should reach 5.5 GW. At present, only two demonstration off-
shore wind turbines had been installed as shown in Fig. 2. These
wind turbines were located at Formosa I wind farm off the west
coast of Miaoli County. The two demonstration wind turbines
with the capacity of 4 MW each were manufactured by Siemens
and installed by Swancor (2017). The installation of these wind
turbines and associated cables were completed on October 27 of
2016. The Changhua offshore wind farms subsurface investiga-
tion report by Taiwan Power Company (2009) indicated that the
seabed sediments on the west coast of Taiwan included layers of
silty clay (classified as CL and ML) and silty sand (classified as
SM and SP) with different densities. As a result, the penetration
resistance of the jack-up spudcan on layered soils became an
important research subject.

This paper presents experimental data associated with the
penetration resistance of a spudcan penetrating a dense sand layer
overlying loose sand. Based on the test data, failure mechanisms
of soils near the spudcan were proposed. All of the experiments

Offshore wind turbines at Formosa 1 wind farm in
Taiwan (after Swancor 2017)

Fig. 2

mentioned in this paper were conducted in the National Chiao
Tung University (NCTU) 1-g model spudcan testing facility,
which was briefly described in the following sections. Saturated
Ottawa sand was used as the seabed material. Penetration re-
sistance on the spudcan was measured by a six-component force
transducer. It was hoped that these test results would enhance a
better understanding regarding the development of penetration
resistance on the spudcan and the shape of footprint induced by
the spudcan penetration and extraction.

2. THEORETICAL SOLUTIONS

To justify the experimental findings of this study, test data
obtained should be compared with existing theoretical solutions
and design guidelines. The bearing capacity equations suggested
by Meyerhof (1963) and the Society of Naval Architects and
Marine Engineers (SNAME 2008) were summarized as follows.

2.1 Bearing Capacity Equation by Meyerhof

By considering the important factors (such as the foundation
shape, depth, and load inclination) that influenced the bearing
capacity g of a shallow foundation, Meyerhof (1963) suggested
the following general bearing capacity equation:

¢u=C NeFesFeaFui+ qNyFys FuaFyi+ 0.5 YBN,Fys FaFy (1)

where ¢' = effective cohesion; ¢ = effective overburden pressure
at the level of the bottom of the foundation; y' = effective unit
weight of soil; B = width of foundation (= diameter for a circular
foundation); Fes, Fys, Fys = shape factors; Fesq, Fya, Fra = depth
factors; Fei, Fyi, Fyi = load inclination factors; N., Ny, N, = bearing
capacity factors.

2.2 Penetration Resistance Equations by SNAME

In 2008, the Technical and Research Bulletin 5-5A relating
to the site-specific assessment of mobile jack-up unit was pub-
lished by SNAME. In Section C6.2.3 of the Bulletin, it was de-
scribed that the ultimate vertical bearing capacity F, of a circular
footing resting in silica sand or other granular material could be
computed by the following equation:

F,=4 (0.5'}" B NySy dy+po' Nq Sq dq) (2)

where A = spudcan effective bearing area; p,' = effective over-
burden pressure at the depth of bearing area; sy, s,= shape factors;
dy, dy = depth factors. It should be noted that Eq. (2) was derived
from Eq. (1). The first term on the right-hand-side of Eq. (1)
vanished because the cohesion in silica sand was equal to zero.
Since the applied loading was vertical, all load inclination factors
were equal to 1. On the right-hand-side, the first term in Eq. (2)
was the last term in Eq. (1), and the second term in Eq. (2) was
the middle term in Eq. (1). At the end of Section C6 of SNAME
(2008), the factors in Eq. (2) were defined as follows:

Ny =2(Ny + 1) tand 3)
B . .
sy=1-0.4 (ZJ (0.6 for circular footing) “)

dy=1 Q)
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N, = €™ tan? (45 + $/2) 6)
sg=1+ @) tan %

dy =1 + 2 tan¢ (1-sind)? (D/B)
=1+ 2 tan¢ (1-sin¢)’ tan™! (D/B)

(for D/B <1)
(for D/B>1)  (8)

where ¢ = angle of internal friction for sand (degrees); B = effec-
tive spudcan diameter; L = foundation length (for circular foun-
dation L = B); D = distance from mudline to spudcan maximum
bearing area. In this study, the theoretical penetration resistance
of the spudcan was calculated with the equations proposed by
SNAME (2008). It should be mentioned that in this study, the
diameter of spudcan was defined as D instead of B, and the depth
of spudcan penetration was defined as z instead of D. The vertical
force acting on the circular spudcan was defined as V- instead of
F.

3. NCTU MODEL SPUDCAN TESTING FACILITY

3.1 Vertical Loading System

The vertical loading system employed for this study could
be divided into the following parts: (1) reaction frame; (2) axial
force loading device; (3) speed control panel; (4) force transduc-
er; and (5) displacement transducer as illustrated in Fig. 3.
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Fig.3 Spudcan loading system with reaction frame

3.1.1 Reaction Frame

Above the soil bin, a steel reaction frame was constructed to
resist the reaction force due to the penetration of spudcan into
soils. As indicated in Fig. 3, the reaction frame was made of four
150 mm x 150 mm x 2,650 mm steel columns, two 150 mm x
300 mm x 2,475 mm horizontal steel H-beams, and two 150 mm
x 300 mm x 2,000 mm movable horizontal steel beams.

3.1.2 Axial Force Loading Device

The motor-and-gear loading device indicated in Fig. 3 was
used to push down and pull up the model spudcan in the vertical
direction. The capacity of the loading machine was 100 kN, and
its maximum stroke was 450 mm.

3.1.3 Speed Control Panel

By adjusting the frequency of the alternating current sup-
plied to the motor, this panel controlled the descending and as-
cending speed of the model spudcan. Martin and Houlsby (2000)
conducted model tests with spudcan penetration speed of 0.33
mm/s. Hossain et al. (2006) conducted full and half model spud-
can tests with the speeds of 0.20 mm/s and 0.05 mm/s. Following
these laboratory studies, both upward and downward speeds of
the model spudcan were controlled to 0.34 mm/s in this study.

3.1.4 Force Transducer

A 6-component force transducer (Kyowa, LFX-A-3kN) was
used to measure the reaction force on the model spudcan during
penetrating and uplifting. The transducer was capable of simul-
taneous measurement of 3 components of force (Hx, Hy, V-) and 3
moments (Mx, My, M:) acting on the spudcan. However, for this
study only the vertical force V- on the spudcan was measured.
The capacity of vertical force for this load cell was 3 kN.

3.1.5 Displacement Transducer

A potentiometer-type displacement transducer (Kyowa,
DTPA-A-1K) was used to measure the downward and upward
displacement of the model spudcan. The rated capacity of this
transducer was 1,000 mm. Before testing, a stainless steel wire
was pulled out from the transducer to an extension rod connected
to the load rod. With the penetration of spudcan into soil, the load
rod moved down, and the wire was pulled out accordingly.

3.2 Soil Bin

It is important that the soil bin should be large enough so
that the soil failure zone near the penetrating spudcan would not
be confined by the rigid boundaries. Based on her centrifuge
experiment results, Lu (2007) reported that for a spudcan with
the diameter D = 6 m penetrated 5 m into seabed, the soils
within D/2 on the sides and the depth D below the spudcan base
were significantly disturbed. Test results reported by Hossain
and Randolph (2010) indicated that for a spudcan with the di-
ameter D = 6 m penetrated 6 m into clay, significant soil dis-
placements were observed within 0.6D below the spudcan base.
However, soil movements of both sides of the spudcan were not
obvious.

In this study, the diameter of the model spudcan was 100
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mm. Figure 4 showed the schematic diagram of the bin to contain
the soil specimen. Its inside dimensions were 900 mm x 900 mm
x 1,100 mm. In Fig. 3, the height of soil specimen and water
were 900 mm and 1,000 mm, respectively. It was obvious that
sufficient space was provided between the spudcan and sur-
rounding boundaries. The 20 mm-thick steel sidewalls, steel base
plate, twelve 38.5 mm x 38.5 mm box-type steel columns, and 16
steel beams were carefully welded together to ensure the stiffness
of the bin. Since the soil specimen was fully submerged during
testing, the 5 mm-thick inner wall was made of stainless steel to
prevent rusting.

To simulate a saturated condition for seabed soils, after the
laboratory specimen was submerged, the air remained in the soil
sample was removed by suction. To achieve an air-tight chamber,
a 1,060 mm-long, 1,060 mm-wide, and 25 mm-thick acrylic cover-
plate was made. After the soil specimen was pluviated, and in-
undated in the bin, the cover plate was placed on top of the soil
bin. Then air trapped in the submerged soil was sucked out by a
vacuum pump.

3.3 Model Spudcan

The shape and dimensions of the conical model spudcan
used for all experiments in this investigation was illustrated in
Fig. 5. The spudcan was made of solid steel and had a diameter
of 100 mm. In this study, the depth of penetration of the spudcan
was defined for the amount of vertical displacement of the load
reference point (L.R.P.) from the mudline shown in Fig. 5(a), and
a picture of the model spudcan was shown in Fig. 5(b). The ver-
tical reaction force, defined as V7, acting on the spudcan was as-
sumed to pass through the L.R.P. Figure 6 showed a picture in-
cluding the movable reaction beam, loading device, force trans-
ducer, model spudcan, and soil bin of the NCTU model spudcan
testing facility.
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3.4 Data Acquisition System

Due to the considerable amount of data collected during the
test, a data acquisition system was used. For the 6-componant
force transducer, a dynamic stain amplifier was built in the load
cell. The output analog signal was collected and digitized by the
data logger (GRAPHTEC, GL240). The digitized data was then
transmitted to the computer to obtain the vertical force V- on the
spudcan. For the potentiometer-type displacement transducer, the
analog signal from the sensor was filtered and amplified by the
dynamic strain amplifier (Kyowa, DPM-711B), then digitized by
an analog-to-digital converter. The digitized signal was then
transmitted to the computer for storage and analysis.

4. SPECIMEN PREPARATION AND TEST
PROCEDURE

Ottawa sand was used for all model experiments in this
study. Physical properties of the soil included Gs = 2.65, emax =
0.76, emin = 0.50, Dso = 0.39 mm, and Dio = 0.26 mm. The Ottawa
sand was classified as SP by the Unified Soil Classification Sys-
tem.

4.1 Specimen Preparation

To achieve the desired dry soil densities of 17.3%, 36.5%,
51.2%, 69.3%, and 83.5%, air-dry Ottawa sand was deposited by
air-pluviation from the slit of a hopper into the soil bin. To obtain
the initial relative density of 17.3%, the slot opening of the hopper
was 10 mm, and the drop distance was approximately 0.2 m from
the soil surface throughout the placement process. The
air-pluviation method had been widely used to reconstitute sand
samples in the laboratory. Rad and Tumay (1987) reported that
pluviation method provides reasonably homogeneous specimens
with desired relative density. Lo Presti et al. (1992) concluded
that the pluviation method is an efficient way of preparing large
soil sample. Density control molds were used to evaluate the
variation of soil density in the soil specimen. The cylindrical
mold was made of acrylic with an inner diameter of 152.4 mm
and a height of 155.2 mm (ASTM D4254 2014). For the density
distribution experiment, the molds were buried in the soil mass.
After the entire specimen had been placed, the molds were ex-
tracted and the unit weight of soil in the mold was determined. It
was found that the soil density was relatively uniform in the soil
mass.

Chen (1997) reported that the air-pluviated soil density in-
creased with increasing drop distance and decreasing slot open-
ing. To achieve the dense condition, the slot opening of the hop-
per was 5 mm, and the drop distance was approximately 1.2 m.
The achieved relative density in the soil specimen was about
69.3%. The measured water content of air-dry Ottawa sand used
was 0.12%. As indicated in Fig. 3, typical specimen size for all
experiments in this study was 900 mm x 900 mm x 900 mm.

4.2 Volume Reduction Due to Submergence and Suction

To simulate the behavior of seabed soils, the Ottawa sand
specimen should be saturated. Das and Sobhan (2018) suggested
that for granular soil deposits, the relative density D, between
15% and 50% was described as loose, the D, between 50% and
70% was defined as medium, and the D, between 70% and 85%

was described as dense. For a loose soil specimen shown in Fig.
7, the initial relative density was 17.3%. After soil placement,
water flowed into the soil bin, until the water surface rose to 100
mm above soil surface as illustrated in Fig. 3. After inundation,
the relative density of soil increased significantly (+8.0%) to
25.3%. To remove the air trapped among soil particles, an
air-tight cover plate was attached to the top of the soil bin, then a
suction of —50 kPa was applied by a vacuum pump for 8 hours.
After suction, the relative density of soil rose slightly (+0.8%) to
26.1%. Since the cubic soil specimen had a constant cross-
section area, the reduction of soil volume was obtained by meas-
uring the decrease of specimen height. The measured vol-
ume-weight relationship of the flooded and sucked specimen
indicated that the degree of saturation achieved was 100%.

For the dense specimen shown in Fig. 7, the initial relative
density was 69.3%. After flooding, the relative density of soil
increased only slightly (+1.2%) to 70.5%. After suction, the rela-
tive density of soil rose slightly (+0.9%) to 71.4%. In Fig. 7, a
series of tests were conducted for the cohesionless soil with five
initial densities. It could be concluded from these data that, for a
loose specimen, the volume reduction due to submergence was
much greater than that due to suction. However, this volume re-
duction due to inundation decreased with increasing soil density.
For a dense soil specimen, since the soil particles were initially
densely packed, neither the flooding nor suction could cause the
soil skeleton to compress significantly.

4.3 Test Procedure

After the submerged soil specimen was properly prepared,
the axial force loading device and the movable reaction beam
was moved to the location of spudcan penetration as indicated in
Fig. 6. A horizontal L-shaped steel beam was placed on top of the
soil bin, and a digital vernier caliper was used to measure the
elevation profile of soil surface before testing. Then the model
spudcan was carefully attached to the loading rod. In Fig. 8 (a),
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the axial loading device pushed the submerged spudcan down-
ward, slowly approaching the mudline at the speed of 0.34 mm/s.

It should be mentioned again that in this article, the penetra-
tion depth z was defined as the amount of penetration of the
L.R.P. Figure 8(b) showed, as the L.R.P. reached the mudline,
the penetration depth was equal to zero. Figure 8(c) showed that
when the desired penetration depth 350 mm was reached, the
penetration stopped, and a depression cone of soils was formed
around the loading rod.

Then the spudcan was retracted from the disturbed soils at
the speed of 0.34 mm/s. After the spudcan was totally pulled out,
the footprint profile (shown in Fig. 8(d)) due to the spudcan pen-
etration and extraction was measured.

5. TEST RESULTS

This section reports the testing procedure and experimental
results regarding the penetration resistance on a spudcan on
granular soil deposits.

5.1 Spudcan on Loose Sand

At the beginning of this study, a bench-mark experiment test
was conducted to investigate the vertical force on the spudcan
penetrating a horizontal loose seabed. The diameter D of the cir-
cular spudcan was 100 mm. The unit weight of the loose saturat-
ed specimen was 19.37 kN/m?, and its relative density was 26%.
Based on direct shear test results, the corresponding internal fric-
tion angle of the loose sand was 31.7°. The purple curve in Fig. 9
showed the variation of vertical force V- on the spudcan with
normalized penetration depth z/D. Before the spudcan touched
the seabed, the measured vertical force was equal to zero. As the
sharp bottom cone penetrated the soil surface, a tiny amount of
resistance was recorded. As the L.R.P. reached the mudline (z =
0), the base cone of the spudcan was embedded in soils as illus-
trated in Fig. 5(a), and a certain amount of penetration resistance
was measured. Test results in Fig. 9 clearly indicated that the
penetration resistance increased with increasing depth of penetra-
tion.

After the projected penetration depth z = 350 mm had been
reached, the penetration stopped and the spudcan was extracted
from soils. It could be observed in Fig. 9 that since there was no
adhesion between the metal spudcan and soil particles, the pene-
tration resistance on the spudcan suddenly vanished. The upward
moving spudcan was separated from discrete soil particles below.
It should be noted in Fig. 9 that a small amount of suction on the
spudcan was measured due to the unloading of the spudcan.
However, because of the high permeability and effective drain-
age of the granular soil, the suction stress quickly dissipated.
From a practical point of view, the vertical force on the spudcan
throughout the extraction process could be considered as zero. It
should be mentioned that during the extraction process, there
existed a downward vertical force on the spudcan due to the
self-weight of the sand above the flange of spudcan. However,
since the area of the conical model spudcan was only 0.00785 m?,
and the depth of overburden was less than 350 mm, when com-
pared to the significant bearing capacity in sand, the downward
overburden force became negligible.
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5.2 Spudcan on Dense Sand

Another bench-mark experiment was conducted to investi-
gate the penetration resistance on the spudcan penetrating a dense
sand specimen. The unit weight of the saturated dense sand was
20.08 kN/m?, and its relative density was 71%, with an internal
friction angle of 35.4°. The red curve in Fig. 9 illustrated the rise
of penetration resistance on the spudcan with increasing penetra-
tion depth. It was obvious that since the dense sand had a higher
shear strength, the measured penetration resistance in dense sand
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was greater than that measured in loose sand.

For comparison purposes, the vertical forces on the spudcan
calculated with equations suggested by SNAME (2008) were also
plotted with dashed curves in Fig. 9. Considering the assump-
tions made for the theoretical solution and model test details in-
volved, it was concluded that the measured penetration resistance
on the spudcan was in fairly good agreement with those estimat-
ed with the equations suggested by SNAME (2008).

5.3 Spudcan on Dense Sand Overlying Loose Sand

This section investigated the penetration resistance of the
model spudcan on a dense sand layer overlying a weaker stratum
of loose sand as indicated in Fig. 10. It was intended to explore,
under this condition, whether the “punch-through” failure would
happen to the spudcan or not. In Fig. 10, the thickness of the
dense sand layer was defined as Ha. The total height H of the soil
specimen in the soil bin was 900 mm. The thickness of the dense
sand layer used for laboratory tests included 0, 50, 100, 200, 400,
and 900 mm. The diameter of the conical spudcan was 100 mm.

Figure 11 showed the penetration resistance profiles ob-
tained for tests with five different dense sand thickness. In Fig.
11, the test data for Hs/D = 0 was actually the loading curve for
the spudcan penetrating loose sand. The test curve for Hs = 9.0
was the vertical resistance profile for the spudcan penetrating
dense sand. For the green penetration profile with H#/D = 1.0 in
Fig. 11, initially the vertical force on the spudcan was almost
identical to the penetration resistance obtained on dense soil. This
phenomenon could be explained with the help of Fig. 12(a) based
on Terzaghi (1943). In this H#/D = 1.0 condition, the general
shear failure surface under the spudcan was developed mostly in
the dense sand layer. Therefore, it was reasonable to expect the
measured initial penetration resistance to be almost identical to
that obtained on a spudcan penetrating dense sand.

With the depth of penetration increased to 0.5D, 1.0D, and
2.0D, the measured penetration resistance data gradually deviated
from the penetration curve for dense sand. Eventually, at the
penetration depth z = 3.5D, the measured penetration profile
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Fig. 10 Spudcan on dense sand overlaying loose sand

converged to that for a spudcan penetrating loose sand. This
phenomenon could be explained with the help of Fig. 12(b) based
on Vesic (1967). In the figure, the failure surface caused by the
spudcan penetration was quite similar to the end-bearing failure
surface of a pile, which was developed mostly in loose sand. This
was the reason why the vertical force measured at z = 3.5D was
almost identical to the resistance force V> measured on the spud-
can on loose sand.

Lee et al. (2013) reported that when a jack-up spudcan was
installed on seabed consisted of a sand layer overlying soft clay,
the potential for “punch-through” failure existed. In Fig. 1, the
penetration profile consisted of a peak penetration resistance,
followed by an abrupt post-peak softening. In Fig. 11, the spud-
can was installed on seabed consisted of a dense sand layer over-
lying a weaker stratum of loose sand. For Hs/D = 2.0, a change of
curvature was observed on the yellow curve at the depth of Ha/D
= 1.0 (z = 100 mm). With increasing depth of penetration, the
curvature slowly decreased. However, no peak penetration re-
sistance and no reduction of penetration resistance was recorded
on the penetration profile. For all curves in Fig. 11, no peak pen-
etration resistance and no abrupt post-peak softening was rec-
orded. It could be concluded that since the loose sand was not
really soft, no “punch-through” failure shown in Fig. 1 happened.
In Fig. 11, the penetration profiles for dense sand and loose sand
constituted the upper and lower bounds for penetration profiles
for all dense sand thickness conditions.

Comparing Fig. 11 with Fig. 1, it was clear that in Fig. 11
there were no abrupt reduction of vertical force. The discrepancy
in these two figures was most probably due to the different shear
strength mechanism of the underlying sand and clay layers under
large deformation. Holtz et al. (2011) stated that in the United
States, the clay with a sensitivity of 4 to 8 is defined as “medium
sensitive”. This means that as the failure surface below the model
spudcan cut through the underlying clay layer, the residual shear
strength of clay could be reduced to only 12.5% to 25% of its
undisturbed shear strength. This is probably the reason why there
was an abrupt reduction in penetration resistance in Fig. 1.
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Fig. 11 Comparison of vertical resistance on spudcan penetra-
tion different thickness of dense sand overlaying loose
sand
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However, for the underlying loose sand in Figs. 12(a) and 12(b),
the shear strength reduction due to increasing shear strain was
less significant. Assuming the void ratio of the loose sand was
nearly equal to its critical void ratio. After experiencing the large
shear deformation due to spudcan penetration, the residual inter-
nal friction angle ¢-of sand would be nearly identical to its un-
disturbed ¢ angle. This is probably the reason why the vertical
force curves in Fig. 11 were relatively smooth. These penetration
resistance curves mainly reflected the relative densities and shear
strength of the dense and loose sand strata.

Dy
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/ Loose sand
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failure
surface

(based on

Terzaghi 1943)

—J | —
Base
(a)
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:D 2 o[, b D:

5., Dense sand
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|

Assumed: \ . General
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surface shear
(based on
Vesic 1967)
- I
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(b)

Fig. 12 (a) Proposed general shear failure due to spudcan pen-
etrating surface dense sand layer based on Terzaghi
(1943); (b) proposed punching and general shear fail-
ure due to spudcan penetrating deeper loose sand based

on Vesic (1967)

Osborne et al. (2011) reported that for a spudcan penetration
soft to firm clay or loose silt seabed, the amount of penetration
could reach 0.5D to 2.0D. However, for a spudcan penetration
seabed with uniform sand, the amount of penetration would be
minimal. For this study, the sandy seabed was pretty stiff and
strong. Depending on the loads on the jack-up unit and size of the
spudcan, the actual depth of penetration in the field could be
controlled to be less than 0.5D, which was significantly less than
the maximum depth zmix = 3.5D used for the model experiments
in this study.

5.4 Footprints

This section discussed the settlement and sloping angle of
the footprint left on the seabed surface due to the penetration and
extraction of the spudcan. The distribution of settlement on the
seabed surface at the xz and yz sections for five different dense
sand thickness conditions were shown in Figs. 13(a) and 13(b).
For Test 0503 (Ha«/D = 0), the soil bin was filled with loose sand.
The loose soils contracted due to vertical loading and associated
shearing. Therefore the footprint settlements were the greatest
among five sets of data. For Test 0313 (H«/D = 9.0), the soil bin
was filled with dense sand. As a result, the measured settlements
were the smallest in Figs. 13(a) and 13(b). The volume of dense
sand would contract and then dilate upon shearing. It was not
surprising to observe some heaving of seabed on both sides of the
footprint in Figs. 13(a) and 13(b).
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Fig. 13 Footprints caused by spudcan penetrating into seabeds
with different His/D
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5.4.1 Footprint Sloping Angle

Holtz and Kovacs (1981) described that when loose sand
was sheared in a triaxial test, the principal stress difference (o] —
o3) gradually increased to an ultimate value. Concurrently, the
volume of the specimen decreased from e (loose) down to a val-
ue very close to the critical void ratio eeit. This condition was
referred to as the ultimate, constant volume, or residual condition
(Lambe and Whitman 1969). When a dense specimen was
sheared, the principal stress difference reached a peak value and
subsequently decreased to a value very close to (o1 — &3)un for
loose sand. The dense sand contracted slightly at first, then dilat-
ed up to a value very close to eait. It was clear that as dense sand
dilated with increasing strain, the dense specimen was no longer
“dense”.

A typical experimental footprint profile was illustrated in
Fig. 14. For a granular seabed, test data indicated that the main
inclined surface of the footprint could be approximated with a
cone. Linear regression analysis was carried out for points D to I
in Fig 14, and the footprint sloping angle was found to be i =
30.3°. For points I to N in the figure, the footprint inclination
angle was also i = 30.3°. This phenomenon could be explained
with the concept of the repose angle of granular soils. When the
spudcan was pulled out of seabed, a transient cylindrical space
was generated by the upward movement of the circular spudcan
as indicated in Fig. 14. When the spudcan moved up, the cylin-
drical cavity generated below the spudcan was instantly filled by
the backflow of adjacent soil particles. On the conical footprint,
the backflow particles formed an angle of repose i = 30.3°, which
was quite close to the residual friction angle of Ottawa sand ¢»=
31.7° obtained from direct shear tests. It should be mentioned
that in Fig. 14 points A to D, and N to Q on the depression curve
were out of the cut of the infinite slope from point I. Therefore,
these points did not backflow.

Figure 15 summarized the footprint sloping angles based on
the regression analysis for test data measured at four directions
(east, south, west, and north), at six different dense sand thick-
ness (Hs/D = 0, 0.5, 1.0, 2.0, 4.0, and 9.0). The coefficient of
determination R? for the regression analysis for 24 sets of data
varied from 0.973 to 0.999. It was interesting to find that the
range of footprint sloping angles (i = 29.8° to 31.3°) were fairly
close to the residual internal friction angle of Ottawa sand (¢,=
31.7°). Based on the critical state concept, when the soil was
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Fig. 14 Experimental footprint profile and its linear regression
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Fig. 15 Variation of footprint sloping angle with thickness of
dense sand

severely sheared, and the soil would reach a critical state. At the
critical void ratio, the backflow of soils induced a footprint slop-
ing angle nearly equal to its residual internal friction angle, irre-
spective of its original density and shear strength.

It should be mentioned that, in this study the penetration
depth of spudcan was 3.5D, and the seabed soils along the spud-
can path were significantly sheared. If the depth of penetration
was too small to remold adjacent soils, the footprint sloping an-
gle might not be identical to the residual friction angle of soil.

5.4.2 Maximum Settlement

Figure 16 showed the variation of maximum settlement Smax
(defined in Fig. 14) of the footprint, as a function of the thickness
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Fig. 16  Variation of maximum settlement with thickness of

dense sand
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of the dense sand layer. In the figure, the maximum settlement
changed from 0.60D to 0.75D. For the spudcan on loose sand
(Ha/D = 0), the soil specimen contracted the most under vertical
load and shearing. Therefore the measured Smax was the largest.
For the spudcan on dense sand (Hs/D = 9.0), the measured Smax
was the smallest. The entire footprint crater was created by the
downward compression of the spudcan. It should be noted that
among many other factors, the maximum settlement was affected

by the depth of penetration, spudcan diameter, and density of soil.

It was apparent that more investigation regarding this subject was
needed.

5.5 Limitations

In this study, the major limitation of the findings obtained
from the 1-g physical model tests was the scale effect. For exam-
ple, the area of the spudcan of the turbine installation vessel
named “Torben” which built the offshore wind turbines shown in
Fig. 2 was 90 m? Assuming that the spudcan was circular, the
corresponding diameter of the spudcan would be 10.7 m, which
was 107 times the diameter (D = 0.1 m) for the model spudcan.
The minute stress and strain due to the spudcan penetration in the
1-g physical model could not fully simulate the stress and strain
of the soil in the field. It should be emphasized that in this study,
no quantitative finding was attempted, only primitive and quali-
tative observations regarding the failure mechanism and related
soil behavior were reported. Scale effects of shallow foundation
bearing capacity on granular materials were investigates to eval-
uate the trend of decreasing bearing capacity factor Ny, with in-
creasing footing width by Cerato and Lutenegger (2007). Results
of the model-scale footing tests showed that the bearing capacity
factor N, was dependent on the width of the footing for both
square and circular footings. It was found that behavior of most
model-scale footing test cannot be directly correlated to the be-
havior of full-scale tests because of differences in mean stresses
experienced beneath footings of various sizes. It is obvious that
more investigation based on centrifuge experiments, numerical
studies, and full-scale tests associated with this subject are need-
ed.

Other limitations of this study included that only a granular
and horizontal seabed was considered. Only the vertical penetra-
tion loading was applied, so the horizontal force and bending
moment due to ocean current, wind load, and earthquake excita-
tion were neglected.

6. CONCLUSIONS

Based on the experimental data obtained during this inves-
tigation, the following conclusions could be drawn.

For air-dry loose sand, its volume reduction due to sub-
mergence was much greater than that due to the following suc-
tion. However, this volume reduction due to inundation de-
creased with increasing initial soil density. For a dense sand
specimen, since the soil particles were initially densely packed,
neither the inundation nor the following suction could cause the
soil skeleton to compress significantly.

For a spudcan penetrating loose sand, the penetration re-
sistance increased with increasing depth of penetration. When the
spudcan was extracted from the granular soil, the penetration
resistance on the spudcan suddenly vanished. The upward mov-

ing spudcan was separated from soil particles below. A small
amount of suction on the spudcan was measured due to the un-
loading of the spudcan. However, the suction stress quickly dis-
sipated. From a practical point of view, the vertical force on the
spudcan throughout the extraction process could be neglected.

The measured penetration resistance in dense sand was
greater than that measured in loose sand. The measured penetra-
tion resistance on the spudcan was in fairly good agreement with
that estimated with the equations suggested by SNAME (2008).

For the spudcan penetrating the seabed consisted of a dense
sand layer overlying a weaker stratum of loose sand, no peak
penetration resistance and no abrupt post-peak softening was
recorded. It was concluded that since the loose sand was not re-
ally soft, no “punch-through” failure happened. The penetration
profiles for dense sand and loose sand constituted the upper and
lower bounds for the penetration curves for all dense sand thick-
ness conditions.

When the spudcan moved up, the transient cylindrical cavity
generated below the spudcan was instantly filled by the backflow
of adjacent particles. On the conical footprint, the backflow of
granular particles formed a repose angle, which was quite close
to the residual friction angle of Ottawa sand.

Based on the critical state concept, when the soil was se-
verely sheared, the soil had reached a critical state. At the critical
void ratio, the backflow of granular particles induced a footprint
sloping angle nearly equal to its residual internal friction angle,
irrespective of its original density and shear strength.
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