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Abstract: Spudcans are a type of footing foundat@mprovide a secure operation of mobile jack-
up rigs. They are connected to each of the indegranlégs of a jack-up rig. The current practice

to assess the penetration depths of spudcans &ndsth of geotechnical failure (punch-through)

involves calculating the bearing capacity of thetiog at discrete depths. The finite element
method offers the possibility to model the comglexdcan penetration process while involving
detailed soil parameters and spudcan geometry.hla paper, the use of Coupled Eulerian-

Lagrangian (CEL) model elements, available in ABAQUWb simulate large soil deformations

during the spudcan penetration process is describée novel approach allows the separation of
the material movement from the finite element rmeash thus overcomes numerical problems
associated with large distortion of elements. Thisthod combines Lagrangian elements, which
can represent solid structures (such as a spudaaith, Eulerian elements that idealize the soil.

The application of CEL elements in a finite elemeatdel of the spudcan penetration process
allows large-strain failure mechanisms to be obsdrvbetter understood and additionally, the

effects of the penetration process to be estimated.

Keywords: Offshore, Spudcan, soil-structure-inteoa; Abaqus, Coupled Eulerian-Lagrangian
(CEL).

1. Introduction

In this study, the Coupled Eulerian Lagrangian niicaé method was applied to simulate the
spudcan penetration process. The set up of the @Bdel of a spudcan is described and
afterwards validated against published work of Qitdenke (2011) and Qiu et al. (2011a). The
numerical results of the analysis are subsequentiyented.

Spudcans are used as footing foundations proviisgcure operation of mobile jack-up rigs. The
legs of the rig are jacked into the seafloor tadtble rig in its position and ensure stability agai
horizontal and vertical forces. These rigs are Widgerating in the offshore industries such as oil
and gas exploration for drilling wells, maintenane®rk or temporary production. Further
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application of mobile jack-up rigs can be obseriredhe emerging field of offshore renewable
energy, for the erection of offshore wind energgnps.

The diameter of spudcans usually range between l&nhdn16 m but are steadily increasing,
exceeding 20 m in recent years. In general, spwlaes approximately circular in plan but may
also have a polygonal shape and mostly have a a@lonitderside (about 15° to 30° to the
horizontal). Additionally, a spudcan can incorperan acute tip called spigot centered on the
bottom, which improves its sliding resistance. Thp face also exhibits a conical shape with
angle to the horizontal similar to the one of thederside (Hossain & Randolph, 2010a).
Figure 1 depicts a typical shape of a spudcan+igoti
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Figure 1: Typical geometry (in [m]) of a spudcan (Hossain & Randolph, 2010a)

Guidelines on the site specific assessment of jgckigs and its components are provided in the
International Standard ISO 19905-1:2011 and inTidehnical and Research Bulletin 5-5A of the
Society of Naval Architects and Marine EngineerdNAME, 2008). Further guidelines on
geotechnical assessments including foundation desig be found in 1ISO19901-4:2003.

2. Overview of Previous Work

Spudcan footings for jack-up rigs have been usdteroil and gas industry for the past 30 years.
Experience gained from practice as well as reseapghying model tests have shown that the
penetration depth of spudcans in sand layers isoghanot normally exceeding the height of the
spudcan. In contrast, the penetration depth ofualegm in soft clay can reach a depth several
times its diameter.
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Recent model tests and numerical simulations havdirmed the above observation. Tho &
Leung (2011) observed that a spudcan penetratgsabshallow depth in sand or stiff clay so that
the edge of the spudcan is still above or slighéipw the original seabed.

The penetration depth, and hence the penetratgistaace, of a spudcan depends significantly on
whether the the soil is drained or undrained duriing process. Usually, it is assumed that
penetration in sand is a drained process, wheneashiesive soils such as clay, penetration may be
assumed to be an undrained process (ISO 1990540):201 addition to the general soil type,
drainage conditions during penetration are alsoémiced by the rate of spudcan penetration. The
increase of the penetration rate leads to enlatgeblained behaviour of the soil and thus to a
decrease of penetration resistance (Houlsby & @gs&011). This association is depicted in
Figure 2. However, it should be noted that a furinerease of the penetration rate beyond the
fully undrained state leads to viscous effects &l aws enlarged strain rates, which will also
increase the penetration resistance (Lee & Rangaiphl).
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Figure 2: Penetration resistance as function of the penetration rate adapted from Houlsby &
Cassidy (2011)

Analytical methods to assess the spudcan penetrdépth apply simple models that idealize the
complex spudcan penetration process. Except foesmw mechanism based approaches, most of
the models applied for spudcans have been basdéideories developed for shallow foundations
and thus do not consider the actual progress adcgpupenetration with depth. These analytical
methods for spudcan penetration assessment may digiicant limitations especially when
encountering complex soil conditions, such as keyeoil profiles (Kellezi & Stromann, 2003).

In recent years, the assessment of spudcan peoethats been investigated applying numerical
methods. Classic Finite Element Analysis (FEA) rodthusing Lagrangian elements have been
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used to model a spudcan. However, such analysig Lagrangian elements are limited to small-
deformation problems. As the spudcan penetrategbeuin to the soil, large deformations of
model elements occur leading to numerical and ageree problems. The large deformations in
the model cause significant distortions of the mastl its elements as well as contact problems
between the spudcan and the soil (Qiu, et al., 0Hossain et al. (2005) attempted to overcome
this limitation by simulating with pre-embedmenttbé spudcan at a certain depth.

More recently, FEA methods using an Arbitrary Lagyian- Eulerian (ALE) formulation process
have been investigated and successfully appliddrgm-deformation problems, such as spudcan
penetration. Results of such analysis have beemrsho be in agreement with model tests
(Hossain & Randolph, 2010b; Gao, et al., 2012).

Another method, using Coupled Eulerian-Lagrangi@&Ll() elements in ABAQUS, has been
shown to be able to model large-deformation problefho et al. (2009) first applied the CEL
method for the assessment of spudcan penetrafits.approach has since been benchmarked
and validated for application in other large-defation, geotechnical problems (Qiu, et al., 2009;
Qiu, et al., 2011b). There are several other regeblications documenting the applicability of the
CEL method for spudcan penetration assessments&@®enke, 2011; Tho, et al., 2012; Yi, et
al., 2012).

The next section describes the CEL formulation,civhis subsequently applied in a numerical
model to investigate the spudcan penetration psocesandy soil.

3. Coupled Eulerian-Lagrangian Method

There are two ways to describe the movement ofrtainevolume as a function of time, namely
the Lagrangian and Eulerian description. In theraagian description, the movement of material
is a function of the material coordinates and t{{@&. et al., 2011b). The nodes of a Lagrangian
mesh are bound to the material and the mesh defsimdtaneously as the material deforms. A
Lagrangian element is always completely filled watsingle material and its boundary represents
the material boundary (Simulia, 2012). Thus, thetact interface between two materials is
precisely defined. Due to the precise materialnidawies and contact interface, simulation of
large-deformation problems producing high distertiof the mesh and elements negatively
impacts the accuracy of the calculation. Numerarabrs such as stress concentrations, singular
plasticity and high-velocity gradients may occlading to convergence problems (Simulia, 2012).

In the Eulerian description, the movement of mates a function of the spatial coordinates and
time (Qiu, et al., 2011b). The nodes of a Eulerizsh are fixed in space and the material flows
through the elements. The material boundarieskularian element are not precisely defined so
that an element can contain more than one maigritde same time or contain a full or partial

void. Since the nodes of the mesh are not bourtieganaterial, the elements in a mesh remain
undistorted as the material moves. Numerical sitiaria requiring large material movement can
be performed without causing convergence problesseaated with high element distortions.
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However, material boundaries including interfacesaeen multiple materials within an element

have to be computed in each time increment (Qiwl.et2011a; Simulia, 2012). Thus, accurate

calculation of material location requires fine mesland simple geometries. A disadvantage of the
Eulerian analysis is the occurrence of numericélsiion that leads to increasingly inaccurate

results with advancing simulation period.

The CEL method in ABAQUS combines the advantageBubérian and Lagrangian elements to
analyze problems involving both small and largeod®ftions, which is generally not feasible
with conventional Lagrangian FEA methods. In gelotécal applications, the CEL method allows
the soil, which may undergo large deformationspbéomodeled using Eulerian elements while
solid structures with little deformations can bedeled using Lagrangian elements. Numerical
convergence problems associated with stress aath stoncentrations at the edge of a solid
structure are overcome since the Eulerian soil eféns able to move freely.

The interface between the two elements definesbihwndary of the Lagrangian body. The
Lagrangian body occupies a region in the Euleriashmwhile it pushes the Eulerian material out
of the elements since there is no material flooterian material in the Lagrangian body (Tho et
al., 2012). This process is calculated with a timerementation algorithm that consists of a
traditional Lagrangian phase followed by a Euleti@msport phase.

The CEL method is particularly advantageous in $atimg installation processes in geotechnical
engineering, which typically involve large soil dehations. The installation of foundations, such
as piles and/or footings, can be simulated rea#ili}i beginning at the ground surface in contrast
to modeling pre-embedded foundations (Qiu, e28i09).

4. Development of the CEL Model

The spudcan penetration analysis under purelyocatribading is an axisymmetric process, which
could, in principle, be analyzed as a two-dimenaigmroblem. However, ABAQUS provides only
one Eulerian element type that is a 3D elementiregueight nodes. Therefore, a 3D model of
the spudcan and soil mass was created in this ;stunlyever, the model was optimized by
utilizing symmetry. Two planes of symmetry wereaddished and only one-fourth of the spudcan
and soil domain was modeled (see Figure 3). Boyndanditions were applied to the planes of
symmetry, which inhibit material movement normalttee planes of symmetry. The type of
boundary condition in the ABAQUS model was set tw-flow-boundaries”. This type of
boundary condition enforces zero velocity in theiuary, in the direction of the given boundary
condition.

The dimension of the complete model was based omerigal studies of Qiu & Henke (2011).

However, the applied spudcan geometry was basdtieomodels of Craig & Chua (1990) and
Qiu et al. (2011a).
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The model contains a spudcan with radius 7 m aswllalomain with radius 28 m, which is equal
to four times the spudcan radius (Figure 3). Thazbatal dimension of the soil model is thus
expected to be large enough to avoid any boundfiegte. The height of the soil model was
increased to 56 m, which is equal to four times tiemeter of the spudcan. This allows
penetration of the spudcan up to a multiple oflitameter without boundary effects. In addition,
an initial void region above the soil mass providasugh space for the soil heave.

model a model b
void 14 VOid 4
sand 7

sand or clay clay

56

x 1
yj > W

28
Figure 3. Dimensions and geometry of spudcan penetration model

In the CEL model, the soil mass and initial voidjions above the soil were assigned with
Eulerian elements while the spudcan itself wasgassl with Lagrangian elements. The model
was made up of several parts, with the element&gizbe mesh adjusted for each part. A fine
mesh was applied in proximity to the spudcan waimarser mesh was applied to the model parts
close to the boundaries. This allowed an optimizatf total number of elements in the model
without compromising on accuracy of calculated sailvements in proximity to the spudcan.

The soil mass was assigned as either sand or Iclasome models, the soil mass consisted of
layered sand and clay (Figure 3). The Mohr-Coulgtdsticity constitutive law was chosen to
represent the behavior of sand. Tabtentains the required soil properties for the MGlolomb
constitutive law that was applied in the model. Bod properties for sand were mainly adopted
from the model of Qiu & Henke (2011) to enable cangon of results. A negligible value of
cohesion was assumed to overcome numerical inisieedil
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Tablel: Applied soil propertiesfor sand

Parameter Value
Unit weight 11 KN/m
Young’s modulus 50.0 MPa
Poisson’s ratio 0.25
Friction angle 38.0°
Dilatation angle 8.0°
Cohesion 0.01 kPa

Since the elements of the Eulerian mesh may nathlways full of one material, ABAQUS uses
the corresponding volume fraction of the matertadetermine average state variables, such as
stresses and strains (Simulia, 2012).

Spudcans are constructed from steel and are holtothhe CEL model, the equivalent density of
the spudcan is 2.0 t/m3. However, since the defdomaf the spudcan is of minor interest in the
analysis, the spudcan was modeled as a rigid bsihglu.agrangian elements. The rigid body is
assigned to a reference point on the spudcan, wiherdooundary conditions and the output
requests are applied on.

ABAQUS provides the general contact method to defime interaction between the Lagrangian
and Eulerian material, which allows finite slidirgf two separated surfaces. This aspect is
essential for the spudcan penetration analysis,reviige soil continuously moves along the
spudcan surface. The definition of a friction caréint represents the roughness of the spudcan
surface. The interaction property is stated asralpe contact with a friction coefficient of 0.5
(equalsd=26.57°). The general contact is required in th& @Ralysis with Abaqus.

The numerical analysis is generally performed io steps. The initial step defines the geostatic
stress field, which is induced by self-weight oé thoil under gravity. The second step applies
loads in the model to initiate the analysis andudes the spudcan penetration process. This step
is a dynamic, explicit type analysis. A displacetramntrolled force with a constant penetration
rate was applied to the spudcan in the model. ifine period of the step was defined in relation to
the penetration rate of the spudcan and penetratepth to be reached (with penetration
depth/time period = penetration rate).

In addition to the boundary conditions defining thanes of symmetry, another boundary
condition was specified to apply the penetratide & velocity of 0.5 m/s to the spudcan. A pre-
defined field to establish the initial velocity ¢fie same magnitude to the spudcan was also
defined in the initial step.
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41  Validation and Convergence Study

The element size of the mesh for each part of thdenwas optimized with the aim to create
approximately 50,000 elements for best compariséh the results of Qiu and Henke (2011).

Initially, global seeds with an approximate elemsize of 1 m were applied. Seeds with a size-
dependent bias were afterwards selected to proauey fine mesh region in proximity to the

spudcan and a coarser mesh near the bottom ofdtlelfor computational efficiency.

The final model described in this paper containg}s® elements. The smallest element size is
0.25 m near the spudcan, but increases in sizetim forizontal and vertical directions towards
the model boundaries. A global seed size 0.5 molasen.

An initial simulation of the spudcan penetratiomgess, replicating the model of Qiu & Henke
(2011), was carried out to verify the numerical mod-igure 4 presents the results of the
numerical simulation in comparison to those of @ilHenke. The results compare the bearing
pressure of the spudcan with penetration depthshod a very good fit between the two models.
There is a slight mismatch in the penetration raofge m to 1.50 m with a difference of 12 % at
most. After 1.50 m penetration depth, both grapbshaarly identical.

Bearing pressure [M Pa]
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Figure4: Bearing pressure of a spudcan penetrating into uniform sand; comparison to Qiu
& Henke (2011)

Based on the validation of the model, a convergestady on the mesh density as well as the
penetration velocity was performed. Different mestvith varying the number of elements as well
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as the minimum element size were investigated Tsde 2). Figure 5 presents the results of the
spudcan penetration analysis in terms of bearinrgsgure with penetration depth, applying
different mesh sizes. The comparison reveals nstantal differences in the calculated resistance
of the spudcan due to mesh density. However, bgapimessure graphs are much smoother
(without excessive instabilities) as the numbeeleinents in the model is increased. Since there
were no significant differences between mesh B,n@ B, mesh B with total element number
100,536 was chosen for all subsequent analysiptimize accuracy and computational time. The
numerical modeling was done using the computeresewith Intel Xeon X5670, 2.93 GHz
processor with a main memory of 48 GB. The numlbeooes used is 8.

Table 2: Mesh densities applied in conver gence study

Mesh A Mesh B Mesh C Mesh D
Number of elements 59,455 100,536 150,960 255,668
Minimum element size [m] 0.25 0.2 0.15 0.15
CPU time (approximately) [h] 2 4 10 17
Bearing pressure [M Pa]
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Figure5: Convergence study on the mesh density

The effect of the penetration rate on the spudesmibg resistance was also investigated. In a
numerical model, the penetration rate is much fasimpared to the actual penetration rate in-
situ, which may take up to 1 day or 3 days depandmsoil conditions. Thus, this divergence
from real conditions must be taken into consideratFigure 6 depicts the results of the
simulations with different applied penetration geat€he results indicate that an increasing
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penetration rate leads to a slightly higher beacaggacity. The bearing capacity graphs show an
increasing instability with higher penetration ratel advancing penetration (compare graphs with
penetration rates of 0.5 m/s and 1 m/s). The aisalyish penetration rate 0.1 m/s was aborted due
to exceedance of CPU time (> 59 h at D = 2 m) pt@pmately 2 m penetration depth (see red
curve in Figure 6). The analysis with penetratiate 10.25 m/s produced a smooth graph, which is
almost identical to the results with penetratioie 1 m/s until it was aborted. Regarding the
computational effort, it was observed that the Qe required increased with decreasing
penetration rate, especially for penetration rles than 0.25 m/s. Hence, a penetration rate of
0.25 m/s was adopted for all subsequent analysesnbre detailes, pl. refer to (Giitz 2012).

Bearing pressure, g [MPa]
0 1 2 3 4 5 6 7 g

|
[y

Len]

Penetration depth, D [m|

i

Figure 6: Convergence study on penetration ratein sand

5. Numerical Results

The numerical results of the spudcan penetratiatyais were compared to results from analytical

methods. Analytical methods to estimate the spugesetration depth were applied using Fugro
in-house software. Figure 7 depicts the compargfamumerical and analytical results in terms of

spudcan reaction versus penetration depth in sdfat. all results, it can be observed that the
progressively increasing bearing area during dgvéaetration causes a significant increase of the
spudcan reaction for penetration depth D < 0 mDAt 0 m, the slope of the curves increases
since the bearing area does not increase furthéhndécembedded spudcan.
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Spudcan reaction, V [MN]
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Figure 7: Comparison of finite element and analytical results

Based on general bearing capacity equations (faltcst foundations), the bearing capacity of a
spudcan penetrating in cohesionless soil can beraeal into two terms: the resistance due to soil
weight beneath the footing and the surcharge oktiileabove the spudcan (Cassidy & Houlsby,
2002).

For the spudcan at ground surface, the methodesit\(1975) and Martin (2004) result in similar
spudcan reactions, which are in good agreementtivigh-E result. The method of Brinch Hansen
(1970) exhibits the lowest bearing capacity at grbsurface and thus significantly underestimates
the results from FE analysis. The increase of spudeaction with advancing penetration depth is
similar in Vesic's and Brinch Hansen’s approach, lower than the one of Martin. The bearing
capacity reaction determined with Martin’s methedalmost identical with FE results up to
penetration D = 4 m (during partial spudcan embednoe penetration). At penetration depth
D >4 m (at deeper penetration), the bearing capaesults of the FE analysis becomes slightly
lower than the results applying Martin’'s method.

Figure 8 illustrates the soil movement induced g $pudcan penetrating in the sandy soil at
penetration depth D = 2.95 m. Although soil batlgéts on, the soil movement still reaches the
ground surface and indicates a shallow failure rapidm (known as general shear). It could be
observed that as the spudcan penetrates deepehénsand layer, the shallow failure mechanism
becomes less obvious. At penetration depth D > B5the shallow failure mechanism cannot be
observed in the FE model as it transitions to gpdadure mode. At this depth, the increase of
spudcan reaction reduces and deviates slightly fileenanalytical result of Martin (2004) (see

Figure 7). For further results, pl. refer to (GA1.2).
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Figure 8: Soil movement [m/g] at penetration depth D =2.95m

6. Conclusions

The aim of this paper was to conduct analyses @fsffudcan penetration process using a novel
finite element approach and to compare these sesiih the methods that represent the current
practice of spudcan penetration analysis. The otrstandards and guidelines recommend
analytical methods to assess the spudcan penettdiéd are, in general, based on the general
bearing capacity approach for shallow foundations.

An essential aspect is the application of the Cediflulerian-Lagrangian method in the numerical
model, which is suitable for analysis of large defation problems. The implementation of this
finite element model using CEL was validated witteyious studies on spudcan penetration
analyses. A numerical study was performed that diatecomparing analytical and finite element
results for multiple cases and investigated theotdf or mechanisms that occur as the spudcan
penetrates in sandy soil.

The comparison of both approaches revealed thaatladytical methods applied in practice to
estimate the spudcan penetration depth generalighmeth finite element results, although it was
observed that the results of the applied analytisethods mostly underestimated the results from
the FE model.

To improve the reliability of the relatively nov€EL method for use in geotechnical applications,
further studies comparing model tests and in-sitia avith such simulation are highly useful. The
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continual verification of FE results with model tesas well as a better understanding and
consequently prevention of numerical instabilitieii greatly improve the applicability of finite
element methods to investigate and analyze thecspugdenetration process. Further potential
applications of the CEL method are the investigataf more complex conditions, such as
multilayered soil conditions with varying soil prepies.
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