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A finite element study of spudcan
interaction with boulders
H. Curtis
OGI Groundwater Specialists Limited, Durham, United Kingdom
ABSTRACT: Boulders pose a significant risk to the integrity of spudcans during
jacking operations. In the oil and gas industry, boulders are generally removed
prior to installation. This methodology is considered economically acceptable as
the frequency with which a jack-up is moved is relatively low. For the offshore
wind industry, the jack-up installation period may be 24 to 48 hours and many
locations are visited within a single windfarm development. Hence, moving all
boulders at all jack-up locations can be prohibitive and potential savings can be
made if removal of boulders can be minimised.
Using PLAXIS 2D FEA software, analyses have been performed to determine
loads imparted onto a spudcan due to a boulder. The analyses showed that boulder
loads are sensitive to the spudcan design and nature of the soils encountered at the
site. The interaction of the boulder with layered soils and the penetration of the
spudcan is relatively complex. The results of the analyses were used to develop a
flow chart for boulder clearance requirements. This enabled cost savings whilst
mitigating the risk of spudcan damage.

1 Introduction
Jack-up construction vessels (Figure 1) are often required to visit each turbine
location at least two times: firstly, to install the foundation and the transition piece;
and secondly, to install the turbine and rotor blades. Further visits are required
thereafter for maintenance and repairs.
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Fig.1: Typical windfarm construction vessel
Interaction of boulders with spudcans poses a significant hazard during the
construction of a windfarm. Jacking-up on a boulder imparts a point load on the
spudcan which can result in high stresses and a bending moment in the leg. The
magnitude of the point load depends on the soil conditions, boulder size and
spudcan design. Damage caused by the point load may require repair in dry dock
which leads to project delay and additional costs.
With high resolution side scan sonar data, boulders can be readily identified to
accuracy in excess of 0.1m. Dimensions of boulders located above the seabed can
therefore be identified and assessed for removal.
SNAME and ISO guidelines, written for the Oil & Gas Industry, recommend
removal or avoidance of all boulders. This is typically acceptable to operators as a
rig may be on site for two weeks or more, whereas a turbine construction vessel
may visit a different site every 24 to 48 hours. Therefore, an alternative approach
to boulder removal could enable substantial cost savings provided the risk of
spudcan damage could be mitigated.

2 Background Information
2.1 Site Details
An alternative approach was devised to minimize boulder removal at two
windfarm sites situated in the North Sea. Site 1 comprised 73No wind turbine
generators (WTGs) located off the East Riding of Yorkshire coastline. Site 2
comprised 116No WTGs located off the Sussex coastline.
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For each of the WTGs, two or sometimes three jack-up sites were required to
minimize spudcan footprint interaction. The numerous sites further increased the
requirement for boulder removal.

2.2 Geology
The Site 1 regional geology comprises a very thin to absent veneer of recent
Holocene sands and gravels which unconformably overlies approximately 25m of
Pleistocene (Late Weichselian) Glacial Till of the Bolders Bank Formation. The
Bolders Bank Formation is characterized by very stiff clays and discontinuous
layers of dense sands.
The Site 2 regional geology is characterised by mobile Holocene deposits
overlying glacial tills comprising dense sands and stiff clays. Throughout the site,
paleochannels were formed owing to periods of sea level change. These have
generally been infilled with soft clay or loose sand.
Surface boulders are numerous across both sites reaching sizes in excess of 2m
across.

2.3 Modelled Spudcan
The spudcans of two vessels that were included in the analysis, Vessel A and
Vessel B are both rectangular in plan. For the purposes of this study, equivalent
circular areas were determined in accordance with SNAME and ISO. The
modelled spudcan parameters are presented in Table 1 supported by Figure 2a and
2b.
Tab 1: Modelled spudcans for FEA
Parameter

Vessel A

Vessel B

Spudcan height (m)

0.55

1.1

Max. diameter (m)

9.7

9.0

‘Tip’ height (m)

0.7

0.4

‘Tip’ Diameter (m)

0.0

4.3

Max. Preload (kN)

69

44
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Fig 2: (a) top, Vessel A; (b) bottom, Vessel B
The maximum preload of Vessel A is approximately 70MN which corresponds to
an applied bearing pressure of 950kPa. For Vessel B, the maximum preload
capacity is approximately 45MN which corresponds to a bearing pressure of
710kPa.
The strength of the spudcans was assessed by a structural engineer. A range in
allowable stress was provided by the structural engineer for varying boulder
diameter. This was used in the analysis to determine the size of boulders which
required removal.

3 Methodology
When a spudcan lands on the seabed, any boulders on the seabed will provide a
concentrated contact load on the underside of the spudcan. In normal
circumstances, the boulder will be pushed into the seabed soils as a bearing failure
is created under the boulder, as illustrated in Figure 3a. This load can be readily
assessed for a range of boulder sizes using hand calculations in a similar manner
to a spudcan during initial penetration.
As the spudcan continues to penetrate into the seabed, the boulder will be pushed
down with the spudcan and a general shear failure created in the seabed soils until
such point that the preload capacity is reached.
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During this process the majority of the soil will be displaced to the side of the
spudcan; however, some material will be transported down with the spudcan, as
shown in Figure 3b. In this case the boulder will not generally impart any
significant concentrated load on the spudcan once fully embedded.
However, elevated point loads can be experienced if the spudcan continues to
penetrate and encounters a hard layer, the overlying material will be squeezed
laterally and the boulder may impart a concentrated load to the underside of the
spudcan. This scenario is illustrated as Figure 3c with the surficial soft soil layer
squeezing laterally, and the lower layer representing a hard soil.

Fig 3: (a) left,

Case 1 – Boulder at seabed

(b) centre,

Case 2 – Boulder buried in homogeneous material

(c) right,

Case 3 – Boulder encountered at soil layer interface

Case 1 can be readily assessed based on general bearing capacity theory; however,
for Cases 2 and 3 it was considered necessary to model the boulder / spudcan
interaction problem using FEA as hand calculations alone could not reliably
determine the loads imparted onto the spudcan as the boulder and spudcan
penetrate the seabed.

4 Geotechnical Analysis
An axisymmetric model was created using PLAXIS 2D 2012. The analyses
undertaken were based on a centrally located boulder which is considered to be a
worst case scenario. The spudcan was ‘wished-in-place’ at an increasing depth in
order to determine at which depth the highest loads would occur. Consideration of
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the boulder at any other location would require 3D analyses to be undertaken and
beyond the scope of this study. A typical PLAXIS model is presented as Figure 4.

Fig 4: Typical PLAXIS model
Three soil models were investigated to understand the mechanisms which would
cause the largest imparted boulder loads:
1. Uniform CLAY model with undrained shear strengths of 100kPa, 200kPa
and 300kPa;
2. Uniform SAND model with angle of internal friction of 32°, 37° and 45°;
3. CLAY over SAND case with varying parameters:
a. Clay layer thickness ranging from 1m to 4m;
b. Undrained shear strength ranging from 40kPa to 100kPa
c. Medium-dense sand with an angle of internal friction of 38°.
Case 3 was assessed to understand the squeezing mechanism which can lead
to high imparted loads.
For each of these cases, appropriate corresponding stiffness and submerged unit
weight values were assigned. The boulder UCS was found not to be critical.
Note that hand calculations were completed to determine the point loads during
early stages of penetration through the seabed soils. 3D modelling of localized
boulder crushing was also completed to gain a better understanding of the
permissible contact area between the boulder and spudcan. These aspects are not
presented within this paper.
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5 Results
5.1 Squeezing Comparison
The results of the CLAY over SAND model show that the squeezing mechanism
is much more onerous for Vessel A when compared to the Vessel B.
A typical model is presented as Figure 5. The soil profile for this case is
characterized by a 2 m layer of clay with an undrained shear strength of 60kPa,
underlain by dense sand to depth with an angle of internal friction of 38°.

Fig 5: (a) left, Vessel A; (b) right, Vessel B
It is observed that the stresses below Vessel B are more evenly distributed when
compared to Vessel A due to the flat nature of the spudcan. This has the
consequence of a high imparted load for the case of the Vessel A as the firm clay
layer offers little resistance to the spudcan and the preload is concentrated at the
tip of the spudcan where it is in contact with the boulder. This phenomenon was
only observed for Vessel B for an overlying firm clay layer thickness of 1 m or
less.

5.2 Boulder Removal Criteria
Using the results from the hand calculations and FEA study, a boulder removal
criterion was developed which could be applied to each individual turbine site. A
simplified flow diagram is presented as Figure 6 which was used to determine the
boulder diameter for which removal was required.
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Fig 6: Boulder removal flow diagram
A similar flow diagram was utilized for each of the two sites assessed for this
study. Vessels operating at Site 1 encountered more sites where squeezing posed
a potential hazard; whereas, soils at Site 2 where generally more competent posing
a hazard of hard ground.

6 Conclusion
Industry standard guidance specific to boulder removal is currently limited to the
recommendation of removing or avoiding all boulders during jack-up operations.
A more considered approach would lead to substantial cost savings, provided the
risk of spudcan damage could be mitigated.
This paper presents a methodology which was developed for a site off the East
Riding of Yorkshire coastline and reapplied to a site off the Sussex coastline. A
combination of hand calculations and 2D FEA was devised to determine the
potential loads imparted onto a spudcan.
With knowledge of the structural capacity of the vessel spudcans, the results of
analysis can be used to prepare boulder removal criteria which can be applied to
each individual turbine site.

