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ABSTRACT

In the Canadian Beaufort Sea, the design ice load can often govern the cost of gravity
based (GBS) oil or gas production structures. By installing suitable ice barriers
around the structure, the design ice load for the GBS and hence its cost may be
reduced. The cost of three candidate GBS were calculated as a function of design ice
load and soil strength. Similarly the cost of the ice barrier was estimated as a function
of barrier type, design ice load and soil strength. It was found that for some of the
production structures on cohesive soils, the overall cost of the GBS plus the cost of
the barrier was less than designing the GBS for the full ice load.

INTRODUCTION

For oil and gas production structures located in the Canadian Beaufort Sea, ice
loading is usually the dominant driving force rather than the wave force or the seismic
force. The overall structure cost is, in many cases, a function of the ice loading that
the structure is designed to resist. Suitable ice barriers installed adjacent to such a
structure, can reduce the magnitude of the design ice loading. The reduced ice loading
may then result in changes to the structure design which may then result in reductions
in the cost of a Gravity Based Structure (GBS). There is however a cost associated
with the construction of the ice barriers. The paper addresses the following aspects:
What is the likely reduction in the construction cost of a GBS from reducing the 100
year ice loading? What is the cost of an ice barrier that will result in a substantial
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reduction in ice loading on the GBS? Are there combinations of ice barriers and GBS
that will result in a net cost saving over the GBS alone?

GBS STRUCTURE OPTIMISATION

The design parameters chosen to reflect the general conditions for this geographical
location are given in Table 1, in practice they will be site specific. The nominal
design ice load used for this location is 10 MN/m. (e.g. Croasdale & Brown 2000)

Table 1 Environmental Parameters

Parameter Value/s
500 year seismic acceleration 0.08g (NRCan 2005)
100 significant wave height 6.0m (Caires 2005)
100 Year Ice Loading 0 to 10.0 MN/m
Soil Strength 25, 50, 100 kPa; 30deg (Barker & Timco 2004)

The candidate GBS structures listed in Table 2, represent a range of production
scenarios for the Canadian Beaufort Sea. All structures were constructed from steel
and had Dry storage, where the storage space is full of air when empty of product.
Wet storage has the oil storage space full of sea water when empty of product.

Table 2 Representative GBS

Structure = Water Depth Type Storage Deck
1 15m Caisson 0 barrels 80X 80X20m, 30,000 t
2 30m Caisson 1,000,000 barrels 125X125X30m, 45,000 t
3 30m 4 legged 1,000,000 barrels 125X 125X 30m, 45,000 t

A custom computer program allowed for the conceptual design of minimum
construction cost GBS taking into account the appropriate engineering constraints
(Spencer et.al. 2005A and 2005B). The method used a grid-search algorithm where
structural geometric variables and solid ballast volume were varied over a range of
grid points and the lowest cost structure satisfying the various engineering constraints
listed in Table 3 is retained. The resulting structure costs in US dollars as a function
of ice load are presented in Fig.1, Fig.2 and Fig.3. Additional data are given in
Spencer (2007).

Note, runs were not done for Structure 2 at 0 MN/m. Costs for the 25 kPa soil case
are given in Table 4. Generally the optimization routine could not find a structure
satisfying all the constraints and approximate solutions were generated (Spencer et.al.
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2005A). In Fig. 3 for structures 1 and 2, a solution was not found at the higher ice
load levels.

The GBS type-cohesive soil strength combinations that showed a strong dependence
of cost on design ice load were selected for calculation of the barrier costs. The
frictional soil case was not pursued as there was not a strong cost-ice-force

relationship.
Table 3 GBS Optimization Routine Constraints
Parameter Value
Solid Ballast Hematite
Liquid Ballast Sea water
Minimum Sliding Resistance Factor of Safety (FOS) 1.5
Minimum Bearing Capacity Factor of Safety (FOS) 2.0
Minimum on-bottom Bearing Pressure 25 kPa
Minimum set-down GM 1.0m
Maximum Light draft Water depth -2m
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Fig. 1 BS costs 30 deg Frictional Soil Case
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ICE BARRIER CONCEPT

As indicated in Fig. 2 and Fig. 3, the construction cost of the GBS is reduced by
reducing the design ice load. Various types of Ice Barriers have been discussed in
Barker & Timco (2005). The ice barrier concept used here is illustrated in Fig. 4
where the barriers would be offset from the GBS location. Depending on the ice drift
direction at the site, not all four barriers may be required. In general, the barriers can
be surface piercing or non-surface piercing. If they are surface piercing then they
need to be designed for the same ice loading as the GBS. In that case rubble would be
generated outside of the barriers. For a non-surface piercing barrier, the level ice
sheet would float over the top of the barrier and rubble adjacent to the GBS. The
barriers would then promote the retention of the ice rubble. The barriers would
reduce the effective ice load on the GBS from thick ice features such as ridges or
multi-year floes by the deeper parts of the keel interacting with the barrier. Three
types of ice barrier configurations were considered, a “T” shaped barrier, a wedding
cake shaped barrier and a pile augmented barrier shown in Fig. 5. The basic wedding
cake configuration does not have the piles. The T shaped barrier was found to be less
efficient in terms of material quantity than the basic wedding cake configuration and
was not considered further.
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Fig. 3 BS Costs 50kPa Cohesive Soil Case

Table 4 BS Costs 25 kPa Cohesive Soil Case

Structure Cost (10°$US)

Comment
1 200 Approximate solution at 0.0MN/m
2 570 Approximate solution at 0.0MN/m
3 988 Solution at 1.0MN/m
GBS

Fig. 4 Ice Barrier Concept Plan View
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Fig. 5 Cross section of Underwater Barriers

BARRIER COSTS

The costs for the basic wedding cake and pile augmented barrier were evaluated for a
range of parameters; design ice force applied at the top of the barrier, height of the
barrier, soil strength, steel or concrete construction material, solid ballast volume,
spacing of piles and design factors of safety. A separate grid-search algorithm was
used where the base width of the barrier, ballast volume and pile spacing were varied
over a range of grid points and the lowest cost barrier satisfying the required sliding
and overturning or bearing factor-of-safety (FOS) retained. The various inputs used in
the algorithm are given in Fig. 6 along with an example of the calculated barrier cost
and geometry. The piles are Spin Fin Piles (PN&D 2006) with nominal dimensions of
1.2m shaft diameter, a 2 m diameter fin 3 m long fin with an overall burial depth of
18m. A unit cost of $250,000 was used. The tension and lateral capacity of the Spin
Fin Piles in cohesive soils used the methods given by CADOT (2001) and Poulos et
al. (2001) respectively. As indicated in Fig. 6 lower concrete and steel volumes were
used compared with that used in the design of the GBS (Spencer et al, 2005A). Also a
lower FOS of 1.1 was evaluated as well as the usual factors for a GBS given in Table
3. Representative wedding cake barrier costs are provided in Table 5 and the Spin fin
Pile augmented barrier in Table 6.

Table 5 Unit Cost of “Wedding Cake’’ Barrier 3.0 MN/m ice force and 1.1 FOS

Soil Construction 10m high 20m high Unit 30m high
Strength Material Unit Cost Cost Unit Cost
(kPa) (10° /m) (10°$ /m) (10° /m)
25 Steel 0.227 0.437 0.632
25 Concrete 0.159 0.319 0.478
50 Steel 0.133 0.268 0.405
50 Concrete 0.090 0.183 0.286
100 Steel 0.109 0.227 0.355
100 Concrete 0.082 0.168 0.262
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Table 6 Unit Cost of Pile augmented Barrier 3.0MN/m ice force and 1.1 FOS

Soil Construction. 10m high 20m high Unit 30m high
Strength Material Unit Cost Cost Unit Cost
(kPa) (10°$ /m) (10°$ /m) (10° /m)
25 Steel 0.208 0.342 0.477
25 Concrete 0.157 0.252 0.351
50 Steel 0.146 0.281 0.416
50 Concrete 0.098 0.197 0.296
100 Steel 0.138 0.270 0.405
100 Concrete 0.098 0.197 0.294

Additional runs were done to investigate the cost savings of the reduced FOS
compared with those given in Table 3 (Spencer 2007). For the pile barrier, the higher
FOS had a cost 33% higher than presented in Table 6. For the wedding cake barrier in
Table 5 the cost depended on soil strength with the cost 33% higher at 25 kPa and 6%
higher at 100 kPa. For both types of barriers, using concrete construction material
was approximately 72% of the cost of using steel construction material.

From data in Tables 5 and 6 the pile augmented barrier has a cost advantage over the
basic wedding cake for the 25 kPa soil case and the wedding cake has a cost
advantage over the pile augmented barrier for the 50 and 100 kPa soil cases.

Additional calculations were done for the pile assisted barriers at higher load levels
using concrete construction, a FOS of 1.1 and a 25 kPa soil strength. These data are
given in Table 7.

Table 7 Unit Cost of Pile augmented Barrier at higher load levels

Ice Load 10 m high 20 m high 30 m high
(MN/m) Unit Cost Unit Cost Unit Cost
(10% /m) (10°§ /m) (10% /m)
5.0 0.258 0.370 0.497
7.5 0.387 0.511 0.660
DISCUSSION

We look for combinations of a barrier plus GBS that result in a cost saving relative to
a GBS designed for an ice force of 10 MN/m. We shall assume that the total length
of barrier is 400 m in the general locations indicated in Fig. 4. This is a conservative
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assumption as in most cases the ice drift would likely have a pronounced
directionality and barriers on only 3 sides would be required. Table 8 lists the
combinations where an ice barrier results in overall cost savings.

0.8
"Unit Ice Force (MN/m)" 3
0.7
"Soil Cohesion (kPa)" 25 2
"Required Sliding FOS" 1.1 "g 0.6
"Required Overturning FOS" 1.1 é
= 05
. 3
"Concrete density (kg/m3)" 2.6x 10 % /
. 3 O 04
"Seawater density (kg/m3)" 1.015x 10 &
Inputs =|  vga : . 3 £ o3
allast density (kg/m3) 2x 10 é / M
Ui . 3 E o2 P
Unit concrete cost ($/m3) 2x 10 Z -
5 P—o—o—o0——
"Unit ballast cost ($/t)" 200
0.1 K =
"Concrete volumetric ratio (%)" 12 W ;?E’E’E_E-(
"Steel weight multiplier" 0.6 0
10 15 20 25 30
"Unit steel cost ($/t)" 3.3 x 103 BARRIER HEIGHT (m)
P SO o —— TOTAL COST
Construction Material Steel’ B85 BALLAST COST
—9— BARRIER MATERIAL COST
»>O< PILE COST
60 200
Bl /
e
= = 150
T g
S 40 =
=
> 5
= z
2 / Z 100
= =)
2 20 g \
M <
E / - 850
4
=]
0 0
10 15 20 25 30 10 15 20 25 30
BARRIER HEIGHT (m) BARRIER HEIGHT (m)
1.15 1.15
1.14 1.14
1.12 1.12
L 2 L1 ~———
- 1.11 Lu; .
2 1.09 g 109
2 108 Z 108
a 5
5 106 2 1.06
z g
1.04 3 1.04
1.03 1.03
1.02 1.02
1 1
10 15 20 25 30 10 15 20 25 30
BARRIER HEIGHT (m) BARRIER HEIGHT (m)

Fig. 6 Pile augmented Barrier using Steel Construction material
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Table 8 Cost reducing GBS-Barrier Combinations

GBS Soil GBS cost GBS cost Barrier Barrier Barrier Cost
(kPa) @ 10MN/m @reduced height load Cost reduction
ice load ice load (m) (MN/m) (106$US) (106$US)

(10°%US)  (10°$US)

1 25 >200 200 12.5 1.5 167 >0 *
1 50 >200 180 12.5 7.5 167 >0 *
1 100 367 141 12.5 3.0 41 185
2 25 >570 300 275 1.5 250 >21%
2 50 >1188 500 27.5 3.0 84 >600
3 25 >988 500 27.5 7.5 250 >238
3 50 403 300 27.5 3.0 84 19 *

Engineering judgment has been used in estimating the GBS cost at the reduced ice
load level. Also the top of the ice barrier was set at 2.5m below sea level. The load
capacity of the barrier was selected depending on the particular requirements, data
from Fig. 2 and Fig.3 plus Table 4 were used in this assessment. Given the
uncertainties involved in the cost estimates, items marked with a * in Table 8 have a
cost advantage that is too small to be reliable. From Table 8 there are three
combinations of GBS and soil strength that have advantages using the barrier concept.
From the data presented in Fig. 1 for the 30deg frictional soil case no structures had a
cost advantage from using the barrier concept. Thus the barrier concept would have
most applicability in locations where there are weak cohesive soils. Note that for
cohesive soils, the sliding resistance of a GBS is increased by increasing the seabed
contact area. This usually results in a larger water-plane cross section structure that
then results in a larger ice load etc. For a frictional soil the resistance is increased by
increasing the structure weight on bottom. This can be achieved for example, by
adding solid ballast, which may not result in an increased water-plane cross section.
Weak cohesive soils have also been addressed in the Beaufort Sea by dredging the
seabed to expose stronger layers at depth. The barrier concept should be considered as
an additional GBS design option.

Any cost advantage for the ice barrier concept, is dependent on the particular soil
conditions, the actual design ice load and the details of GBS that is required.
Analysis on a case-by-case basis should be done.

CONCLUSIONS

In the Canadian Beaufort Sea the design ice force is usually larger than the wave
force or the seismic force. For three typical production structures, the GBS cost as a
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function of ice force suggested combinations of structure and soil strength where the
GBS cost is a strong function of ice force. Three types of ice barriers were considered,
a T shaped barrier, a wedding cake shaped barrier and a pile augmented wedding cake
barrier and their cost was determined. The most cost effective barriers were the
wedding cake barrier constructed from concrete at 50 kPa and 100 kPa soil strength.
For the 25 kPa soil strength the pile augmented barrier from concrete was the most
cost effective. For the 25 kPa soil case there was difficulty in designing a GBS for
the assumed 10 MN/m ice load. Ice barriers could be designed to reduce the ice load
on the structure to the point where a design was either possible or quantifiably
cheaper. For example with structure 1 situated in a 15m water depth the cost saving
of a barrier for 100 kPa soil strength was estimated to be 185 million$.

Thus there are situations where an ice barrier could reduce the cost of a GBS design
or augment the capacity of the GBS for resisting ice forces.
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