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ABSTRACT

Huisman Equipment B.V. has developed an Arctic drilling unit, which has three main
operating modes. The ‘Huisman Arctic Drilling Unit” can operate in open water as a
conventional semi-submersible unit and also in ice conditions afloat. In addition to floating
operating modes, the unit is foreseen to be placed as Gravity-Based-Structure (GBS) in
offshore arctic conditions. As a GBS the Unit is designed for drilling activities in water depths
typically ranging from 12 to 30 m. Witteveen+Bos has performed a pre FEED foundation
study for the GBS.

The study consists of stability analysis for certain soil conditions and load combinations. The
aim of the study is the identification of the ultimate capacity envelopes in terms of combined
vertical, horizontal and overturning loads. The vertical foundation load is related to water
depth, with some variation due to variable loads from topsides, operation and ballast weight.
Horizontal loads are dominated by interaction of the structure with drifting ice.

1 INTRODUCTION

The Arctic drilling unit can operate in floating mode and immersed as Gravity-Based-
Structure (GBS) in offshore arctic conditions. The GBS is designed as a circular structure in
plan view, with inclined walls in order to reduce the ice load exposure (Figure 1). The
structure is equipped with skirt arrangement at foundation level in order to improve the
foundation capacity.

Figure 1. Structure geoetry



The main ice failure modes for the GBS are bending and crushing, and the highest global load
can be caused by the ice ridge interaction. The global ice forces for the GBS are determined
using ISO19906 (ISO19906, 2010) and compared to published data on existing gravity based
structures such as Molikpaq, SSDC, CRI, and CIDS. Ice model tests, including level ice, ice
floes and ridges, have been carried out for both the floating and bottom founded modes. ISO
19906 methods were checked against the available model test data. The model tests also
helped to tune some main parameters required for ISO 19906 calculations.

The purpose of the pre-FEED study is to assess the ultimate foundation capacity of the unit
for combined vertical, horizontal and overturning loads. To this extend the performance for
two basic soil profiles (sand and clay) and the performance for three selected profiles
typically encountered in potential operating areas are addressed in this study.

Stability analysis is performed along numerical methods using Plaxis 3D finite element
software. Since analytical expressions are not directly applicable to the typical ring-shape
foundation, these expressions cannot be simply applied. The results have been compared to
analytical benchmarks for pure sliding and vertical bearing capacity. Important aspects of the
study were representative modelling of the partially skirted foundation, the numerical stability
of the models and dealing with computational limitations.

2 ANALYSIS APPROACH

Capacity analysis is performed with Plaxis 3D finite element software. 3D analysis is required
because of the typical circular ring shape of the structure. Capacity analyses are performed for
combinations of vertical (V), horizontal (H) and overturning (M) loading. A large series of
analysis provides a set of failure points from which subsequently a yield envelop is
constructed.

To determine the complete 3D load space all possible combinations of the horizontal load,
vertical load and overturning moment need to be considered. However, for the specific case of
this GBS not all combinations of V-H-M loading are realistic. The maximum overturning
moment is caused by horizontal ice loads which act on water level and the vertical load is a
function of water depth as well. For any given horizontal load (F ) this implies:

Mmin:Fh*dmin: 12*Fh (13)
Mgy = Fp % dypgy = 29.2 % F, (1b)

Therefore in H-M space the yield envelopes can be focussed on a limited range as given by
Eq. 2 and presented graphically by Figure 2.

12%F, <M < 29.2 % F, 2)

3D analysis implies high computational capacity and effort, since finite element mesh
typically consists of a large number of elements. Limitation to the number and the fineness of
elements however may also affect analysis results. In order to control these effects a
calibration study has been performed. Analytical solutions for foundation bearing capacity are
compared to 2D finite element analysis with very fine meshes and 2D finite element analysis



with mesh size similar to 3D analysis. With this approach it was possible to derive reduction
factors to be applied on the ultimate capacities calculated by 3D finite element analysis.
Reduction factors cover the capacity overshoot due to model simplifications, finite element
mesh, numerical tolerances and the adopted associated plasticity for sand. For this latter
aspect also the Soil Test module of Plaxis was used to extract purely the effect of the
associated plasticity assumption from the models.
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Figure 2. Graphical representation of realistic H-M combinations
3 STARTING POINTS
3.1 Structure geometry

The gravity based drilling unit structure geometry consists of a circular steel frame with
inclined walls. The foundation footprint of the structure is a ring with outer diameter 100 m
and inner diameter 48 m. An indication of the structure geometry is presented in Figure 1. The
main part of the ring is covered with skirts, except for four locations where recesses in the
skirt arrangement are made to allow for mooring lines during floating operations. This is
shown in Figure 3.
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Figure 3. Foundation plan géometry and skirt arrangement



3.2 Soil conditions

Foundation capacity assessments are performed for 5 soil profiles:

- Artificial clay soil profile, clay undrained shear strength increasing with depth.
- Artificial sand soil profile, constant friction angle.

- 3 typical selected layered soil profiles

Mohr-Coulomb constitutive numerical soil model is adopted, which is accepTable for
ultimate capacity analysis. Clay drainage type Undrained B is adopted. Undrained B analysis
enables modelling of the soil behaviour using undrained total strength (S,) and effective input
parameters for stiffness. Sand is assumed to behave drained under vertical dead weight and
horizontal ice actions.

Artificial clay profile

An artificial typical overconsolidated clay soil profile is developed. Provided the horizontal
ice loads the minimum undrained shear strength on the foundation interface needs to be 50
kPa. The clay needs to be firm with medium high undrained shear strength. The typical cone
resistance should be 1 MPa. Soft clay might have sufficient vertical bearing capacity but
insufficient to account for ice loading. The typical overconsolidation ratio OCR=3 to 10 and
the typical pre overburden pressure POP = 200 to 400 kPa. The artificial soil profile as
presented in Table 1 is derived.

Table 1. Artificial clay profile summary

Description | Top depth | Bottom depth Yat Sy E’
[m+seabed] | [m+seabed] | [kIN/m3] [kPa] [MPa]
1 | Firm clay 0 -10 16 50to 75 25t0 37.5
2 | Stiff clay -10 -50 18 75 to 150 37.5t0 75
3 | Stiff clay -50 -100 18 150+ 1.9/m | 75 +0.9/m

Figure 4 shows the equivalence between the theoretically derived soil profile (based on
fundamentals of geotechnical engineering) and the simplified soil profile as included in the
analysis and presented in Table 1.
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Figure 4. Comparison theoretical overconsolidated clay profile and the simplified profile



Artificial sand profile

The artificial typical sand profile consists of homogeneous sandy soil with medium relative
density and a constant friction angle equal to ¢’= 35°. This is equivalent to a sand with 5 MPa
cone resistance at seabed and 15 MPa at 10 m depth. Associated plasticity of sand is assumed
to overcome numerical instabilities. Sand Young’s modulus is assumed to be a function of
vertical effective stress level, as presented in Figure 5. In this Figure the blue line indicates
the stress dependent stiffness according to the hardening soil model (Brinkgreve et al. (2010)).
The red line indicates the simplified modelling of the stiffness for in the Mohr-Coulomb
model, as will be used in the Plaxis calculations. The resulting artificial sand profile is
summarized in Table 2. This Table presents characteristic soil parameters, excluding soil
strength partial factors.

Table 2. Artificial sand profile summary

Number | Description | Top depth | Bottom Y'sat Su E’
[m+seabed depth [kKN/m3] [kPa] [MPa]
] [m+seabed]
1 Sand layer 1 0 -10 20 35 20 to 40
2 Sand layer 2 -10 -50 20 35 40 to 80
3 Sand layer 3 -50 -100 20 35 80 + 1/m

3.3 Design loads

Vertical loads at foundation level are a function of water depth, with some variation due to
variable loads from topsides, operation and ballast weight. Ice loads are calculated in
accordance with ISO 19906. An overview of vertical (gravity) and horizontal (ice) loads is
provided by Figure 6.
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Figure 6. Vertical load and horizontal ice load on the GBS for different water depths



4 MODEL DESCRIPTION

The 3D finite element model is presented by Figure 7. Since the study focuses on
geotechnical capacity the structural geometry of the unit could be simplified in de modelling.
In order to reduce calculation time symmetry is obeyed and only half the GBS is modelled.

Connectivity plot

Figure 7. Finite element model of the GBS

Modelling of the skirted foundation required special attention. Quite some effort was made in
order to develop an accurate but simplified (feasible from perspective of numerical
modelling) way of modelling for the skirt arrangement. The result is shown by Figure 8.
Realistic modelling of interfaces along the different faces of the foundation surface with skirts
and recesses required specific attention. In addition the accuracy of the modelling in relation
to mesh fineness sensitivity was investigated.

Skirted area recess

Skirted area

. Soil-steel interface, Material from adjacent cluster, Default interface strength 0.6
. Artificial linear elastic material for soil within skirts, cluster unit weight adjusted for soil profile

. Soil-soil interface of subsoil and soil confined within skirts, Material from adjacent cluster, Interface strength 1.0

Figure 8. Isometric view of bottom side of GBS finite element model



S MODEL CALIBRATION

To verify the numerical calculations the horizontal and vertical loading capacity are
analytically calculated to serve as benchmarks. For the ultimate horizontal load calculation the
forces are divided into:

- Shear force at the bottom of the foundation.

- Soil pressure at passive side of the foundation.

- Soil pressure at active side of the foundation.

- Side friction.

To compare the numerical models with the analytical solution the resulting forces are divided
into the same components as the analytical solution. However, for the 3D calculation these
values cannot be exactly derived from the finite element model. This is the main reason for
the calibration steps performed and the coupling with 2D. Forces for the different components
contributing to total capacity are derived as accurate as possible from the 2D model. Then to
analyze the effect of the mesh coarseness on the results, the Plaxis 2D calculation is executed
with a medium fine and a very fine global mesh. The medium fine mesh corresponds to
realistic mesh fineness for the Plaxis 3D calculation.

Other aspects that were addressed in the model calibration phase but not presented in this
paper are the required model width and the mesh quality (shape of the elements).

5.1 Analytical solutions

Analytical solution horizontal loading clay
The ultimate horizontal shear force below the foundation is calculated by:

Fh;sliding = Afound * Ou0 (3)
Where Asound 1s the total foundation area including the recesses and Sy is the design shear
strength directly below the foundation.

The horizontal passive earth pressure is estimated by:

Fh;passive =d=* O-p * (Di + Dout) (4)
Where:
0, =0, +2 %5,

The horizontal active earth pressure is estimated by:

Fh;active =d * Oq * (Di + Dout) (5)
Where
o,=0,—2x8, with g, > F;, = —10kPa (tension cut of)

The active/passive earth pressure is multiplied by (D; + D,,;) because the foundation has
two active and two passive sides, within the ring foundation and at the outside of the ring

To account for some tension on the interface between the structure and the soil a tension of
10kPa is allowed. This assumption avoids numerical instability of the models. Allowable
tension capacities for skirted foundations in clay are subject to many discussions in literature
(Randolph &Gourvenec, 2011), but in general agreement on some capacity is obtained.
Accordingly, a small tension capacity (<s./5) is conservatively applied in this study.



Due to the shape of the foundation the side friction is assumed to act over a side with length
of half of the diameter of the circular foundation:
Fh;side =d * SuO * (Di + Dout) (6)

Analytical solution horizontal loading sand
The ultimate horizontal load is calculated by:

Fh;sliding = Afound * Fv * tan ((P) (7)

The horizontal passive earth pressure is calculated by:
Fh;passive =d* OJv;av * Kp * (Di + Dout) (8)

The horizontal active earth pressure (Fp,, 5) is estimated by:
Fh;active =d * OJv;av * Ka * (Di + Dout) (9)

Due to the shape of the foundation the side friction is assumed to act on the front half of the
foundation, therefore only half the width of the foundation is taken into account.
Fh;side =d * OJv;av * KO * tan((p) * (Di + Dout) (10)

Analytical solution vertical loading clay

Undrained bearing capacity is calculated according to the DNV CN 30.4 section 4.4.4. (DNV
CN 30.4). The rate of increase with depth of the undrained shear strength (k) is averaged over
a depth equal to the foundation width. In addition squeezing is considered according to
NEN9997-1 section 6.5.2.2 (NEN 9997-1). The thickness of the squeezed layer is considered
to be equal to half the foundation width, based on numerical analysis results.

Analytical solution vertical loading sand
Drained bearing capacity is calculated according to the DNV CN 30.4 section 4.4.2. (DNV
CN 30.4)

5.3 Understanding of geotechnical failure mechanisms for ring-shape foundation

Model calibration for horizontal loading is relatively straight forward and will not be further
discussed in this paper. For vertical loading model calibration was more challenging. Realistic
clay soil profiles show an increase of strength with depth, which together with the ring shape
foundation complicates a closed form expression for vertical bearing capacity. Different best-
estimate analytical solutions and upper and lower bound approximations are compared to the
results from numerical analysis (Table 3) The actual dominant failure mechanism was found
to be best represented by the analytical expressions for squeezing and the bearing capacity of
a strip foundation with width equal to the ring width. This is consistent with the failure
mechanism shape obtained from numerical analysis, as shown by Figure 9.



Table 3. Comparison of analytical expressions for vertical bearing capacity to numerical

model results
Fiot FE model
capacity
[MN] reduction factor
[
Analytical solution squeezing (ref EN 9777-1) 1787 n/a
Analytical solution bearing capacity equivalent strip foundation (ref. DNV) 1620 n/a
Analytical solution ring foundation Doy - Din (ref. DNV) 2282 n/a
Analytical solution upper bound bearing capacity circular foundation (ref. DNV) 2800 n/a
2D Axi-symmetric FE model, very fine mesh 1882 n/a
2D Axi-symmetric FE model, medium fine mesh 1864 n/a
3D FE model 1919 1.03
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5.3 Capacity reduction factors for numerical model results

Model calibration calculations have been performed for both sliding and vertical capacity.
Horizontal loading turned out to be decisive, based on which the capacity reduction factor is
set to 1.05. This reduction factor is generalized for both vertical, horizontal and overturning
loads. For sand a correction factor multiplier equal to 1.12 is applied to account for overshoot
due to associated plasticity assumption. The results are summarized in Table 3.

Table 3. Summary FE model capacity reduction factors

Soil profile Calculated FE model capacity reduction factor[-]

Artificial profile clay and selected
profiles with clay layer
Artificial profile sand and selected
profiles with sand layer

1.05

1.05*%1.12=1.18




6 CAPACITY ANALYSIS RESULTS

In Figure 10 the resulting yield curve for clay is given. Yield envelopes are presented in the
H-M plane, for different realistic vertical load levels. In addition the Figure shows the H-M
failure envelop for a vertical load equal to 0.75 times the ultimate vertical load (F, = 1499

MN). From this curve it can be concluded that vertical load is affecting horizontal -

overturning capacity, but the realistic vertical loads for the Arctic S are in the range where this
influence is very low. This observation is well in line with literature (e.g.
Randolph&Gourvenec, 2011, Taiebat&Carter, 2000). Figure 11 clearly shows the effect of the
vertical load component on the geotechnical failure mechanism when approaching the
ultimate vertical capacity. Figure 10 also shows that the overturning moment has only a
minimal impact on the ultimate resisting force over the realistic range of H-M combinations.
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Figure 10. Foundation capacity yield envelope artificial clay profile
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Figure 11. Failure mechanism artificial clay profile for V=285 (left) and V=1499 MN (right)

In Figure 12 shows yield envelop for the artificial sand profile. It shows that an increase of the
vertical load gives an increased ultimate horizontal resisting force, in agreement with Mohr-
Coulomb failure criterion that applies to drained conditions. In addition it shows that within



the realistic range of water depths (relation between H and M), the influence of the
overturning moment on the yield loci increases with vertical load. This is reasonable since
overturning and vertical load impose a similar load situation on the lee side of the ring
foundation.
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Figure 12. Foundation capacity yield envelope artificial sand profile

Figure 13 shows the relative ultimate horizontal capacity for the three selected typical profiles
compared to the ultimate ice load. For the Laptev Sea and the Chucki sea profile the
horizontal resisting force is 1.5 to 2.0 times larger than the ultimate horizontal ice load. For
the Kara sea the resistance against sliding is a function of vertical foundation load. For this
profile the top sand layer results a sliding resistance that increased linearly with vertical
foundation load. The GBS concept includes ballast water tanks with which the vertical
foundation load can be adjusted. With this feature the unit can operate in the selected typical
Kara Sea conditions during the ice season. In addition ice management can be used as a tool
to further reduce design ice actions which may allow for operation of the unit for worse soil
conditions.
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Figure 13. Foundation capacity yield envelope selected typical soil profiles



In any case however local soil survey shall be performed to obtain the site specific conditions.
The survey may to some extend even be used as a tool to select the most favourable location
for the unit. This is relevant for operation in summer season but particularly for operation in
arctic winter conditions, because the study has shown that for this ring-shape unit horizontal
sliding typically is the dominant failure mechanism.

7 CONCLUDING REMARKS

This paper presents the pre-FEED foundation capacity assessment study for the ring-shape
foundation of the Arctic Drilling Unit. An extensive calibration study including analytical
benchmarks and 2D and 3D numerical modelling was performed in order to verify the
performance of the numerical models. This resulted a reduction factor on numerically
calculated capacity equal to 1.05. This factor accounts for an overshoot in calculated capacity
due model simplifications, finite element mesh and numerical error tolerances.

Analysis for artificial and selected typical soil profiles concluded that for various soil
conditions sliding forms the dominant failure mechanism, given the typical water depths for
which the drilling unit is developed. Below foundation level a shear capacity of about 50 kPa
is required to provide sufficient sliding capacity to resist extreme design ice loads. Integration
with ice management may allow for installation of the unit on worse soil conditions.

Aspects recommended for further research are:

- More detailed evaluation of the effects of the associate plasticity assumption for sand

- More detailed evaluation of the relative effect of modelling simplifications, mesh coarseness
and numerical error tolerance to the overshoot in calculated capacity.
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