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SUMMARY

In 1989 the Ekofisk Protective Barrier was completed around the Central
Ekofisk Storage Tank. The Ekofisk field, 400 km east of Edinburgh, is a very
important junction in the Oil producing and transporting Northsea network. The
protection of the Tank was necessary due to increased wave loads caused by
subsidence of the seabed. The installation and the subsequent offshore connecti-
on of the two caissons of the Protective Barrier was critical and complex. This
was related to three aspects, which were influenced by many interrelated
parameters. The three aspects were tolerances of the joint construction, the
stability of the uncoupled halves during the temporary phase offshore and the
strength of the joint construction.

Given the extreme time pressure (18 months for the total project), the design of
the installation and offshore completion was coordinated by dynamic models of
aspect systems. This coordination system and the reasons why it was developed
is described in this paper.
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1. INTRODUCTION

In 1987 it was necessary to elevate the decks supported by steel jackets at the Ekofisk Field
due to significant seabed subsidence which resulted in an increased wave load. However, in
order to prevent any production shut down, a different solution was required for the central
concrete bottom founded tank, supporting the main field processing facilities. The solution
adopted was a bottom founded concrete protective barrier surrounding the. existing tank
structure, installed in two separate half units. These units were connected by a joint construction
of steel plates to be inserted into prepared boxes within each unit. After placing of the plates,
the space between the two half units was concreted in order to provide the necessary structural
strength. The Engineering, Procurement and Construction contract for the project was awarded
to Peconor Ekofisk AF in 1988 and the protective barrier was completed in autumn 1989,

2.  SPECIFIC PROJECT CHARACTERISTICS

The concept of the Ekofisk Protective Barrier is rather unique. Firstly, it was the first offshore

construction which was not installed as a monolith. Secondly, the shape and mass of the con-

struction was different from all realized structures in this construction discipline. Thirdly, the

wave load on the structure during both the constructional phase as well as the utilization phase

is beyond the load on any other existing offshore structure.

The most significant characteristic of the project however was the available construction time

with respect to the size of the Protective Barrier. Phillips Petroleum Company (PPCON) had -

18 months available from basic concept to complete protection. PPCON’s development philos-

ophy was based on two main components in order to avoid any further delay:

- Develop the protection system within an EPC contract to avoid interface problems and
associated time losses;

- Round off the conceptual design phase completely, fix the concept and keep the
engineering as simple as possible.

The contractual time schedule was rather tight (fig.2.1).
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The basic idea behind the schedule was a straight forward engineering of isolated subsystems

of the concept for a period of eight months, followed by a subsequent construction and

installation phase. The above philosophy is acceptable in case the system to be developed meets

two criteria:

- The system may not be complex.

- The concept must have sufficient reserve to compensate negative consequences of initial
uncertainties. o :



Given the extreme time pressure the non-fulfillment of at least one of the two conditions leads
to a frustrated development process. The main reason is complexity. Complexity is defined as
the rate in which the whole of the system differs from the sum of the parts. This difference is
mainly caused by interrelations. In consequence, the behaviour of a complex system can not
be predicted with the behaviours of the isolated separated part only. Hence, in case the concept
does not have enough reserve, the whole system must be considered.

3. THE CONCEPT AND ITS ENVIRONMENT AT THE START OF THE

PROJECT

The environment was described as follows:
- 100 years wave condition for the in-service period.

- 10 years summer wave condition for the temporary phase offshore with both half units

uncoupled.

- Type of soil, strength related to soil data at a few hundred meters distance of the tank,

margins.

- Lay out of platforms and pipelines

For the Barrier concept the following items were investigated:

- Global structural analysis
- Wave load on uncoupled half units

- Wave induced motions on floating half units

Environment and conceptual design resulted in:
- Dimensions, construction material and lay out
- Principle of joint connection

- Guaranteed stability of uncoupled half units during the period june-september.

A horizontal cross section of the Protective Barrier and a side view is given in figure 3.1.
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Dimensions:
Length outer wall 432 meters.
Width 155 meters,

« External dlameter 140 meters.

Helght above seabed 106 meters.

Weight during the tow-out from Alfjorden to

the Ekofisk field:

Weight without ballast, one half unit approx.
140,000 tons.

Salid ballast during tow-out approx. §2,000
tons.

Total weight, one hall unit during tow-out
192,000 tans.

Yotal welght of the entire structure during
tow-out Including ballast 384,000 tons.

The concrete structure requires 105000

cubicmeters of concrete, 24000 tons
of reinforcement and 6,000 tons of pre-
stressed steel.




4. GENERAL DESCRIPTION AND EVOLUTION OF THE JOINT CONNECTION

After the inshore completion, the two caissons of the Barrier were towed in floating position

to the Ekofisk field. The subsequent installation was as follows (fig 4.1):

- Approach of the western half unit and positioning of the rotating point above the already
installed docking pile ‘

- Rotation of the western half unit around the docking pile till the desired position is
reached. Rotation impact is taken by a bumper fender, attached to the innerside of the
western half unit.

- Lowering by water ballasting

- Underbase grouting after sufficient penetration, in order to provide enough stability.

- Approach of the eastern half unit and positioning the topside at a distance of 1 meter from
the western half unit with top fenders. '

- Tilting of the eastern half unit with differential water ballasting till contact is made with
the lower fenders.

- Lowering by water ballasting and after penetration underbase grouting
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Figure 4.1

—PANCPLE SCFTCH OF MATING SYSTEM DURING THTWG,
After installation, the two half units had to be coupled in order to provide enough strength and
stability to withstand the design wave condition. The concept was based on a connection of the
inner and outer walls, which was to be provided by key piles to be inserted in circular recesses
in keys and in-situ concrete to be casted in the remaining holes. This concept is sketched in
figure 4.2.
A few months after the start of the project, it was concluded, that the magnitude of the forces
to be transferred in the lower part of the joint, were substantial larger than assumed. In
consequence also a connection of the bottom slab was necessary. Due to several reasons
(strength, fatigue, construction problems, etc.), the key and key pile concept was after seven
moths engineering changed into a steel plate and prepared box concept. At that time the lowest
keys were already constructed. The changed joint concept is sketched in figure 4.3.



Figure 4.2 | Figure 4.3
5. THE PROBLEMS WITH INSTALLATION AND OFFSHORE COMPLETION

5.1 Events during the engineering

A few months after the start of the engineering, model tests on wave loads revealed that the
wave loads with the defined 10 years summer storm condition on the uncoupled half units were
twice as much as assumed. Due to the larger wave loads and given the defined soil condition,
the stability of the uncoupled half units was not ensured during the temporary offshore phase
at Ekofisk. Stability could be insured by increasing the amount of ballast. However, a larger
amount of ballast would cause larger differential penetration and settlements due to non-uni-
form soil conditions. This would lead to horizontal tolerance problems (figure 5.1). Due to the
tolerance problems, it was advisable to limit the amount of ballast prior to joint connection
works. Unfortunately, such a ballasting strategy would lead to larger built-in stresses due to
deformations after the connection works, (fig. 5.2).
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Confronted with the stability problem, PPCON was willing to accept more risk during the
offshore phase and lowered the summer storm condition. Instead of a 10-years return period,
a 3-years return period was allowed for the governing wave condition. However, even this wave
condition was too heavy to ensure stability. Besides that, the tolerance problem would remain.

Model tests on floating behaviour resulted in larger wave induced motions as assumed during
the floating position prior to installation of the second half unit. In order to avoid clashes two
measures were necessary. Firstly, the gap between the two installed halves was enlarged. As
result the amount of concrete to be poured into the gap became larger and consequently the
necessary concreting time offshore. Secondly, the vertical space between the keys was changed
to allow for vertical motions.
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The larger gap and the required hardening time required a minimum concreting period of one
week. During this week motions were not allowed in order to guarantee adequate strength
development. This additional requirement made it necessary to find a week in which the wave
action had to be negligible.

6. THE DESIGN APPROACH

6.1 Analysis
The overall design problem with the three critical aspects during installation and offshore

completion (tolerances, stability and temporary strength) pointed out that there existed

contradictory requirements on the coupling philosophy in relation with the ballasting strategy:

- The tolerance problem would be less critical in case the amount of ballast prior to the
connection is at minimum

- The stability of the uncoupled halves and the strength of the joint would be less critical
in case the amount of ballast is at maximum as soon as possible.

An examination of the design problem showed that a large number of variables were related
to the governing aspects. A simplified logical interrelation scheme is given in figure 6.1.
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Without doubt the temporary phase offshore could be considered as a complex system. The

development of that system was complicated due to four factors:

- Major boundary conditions e.g soil condition and wave climate were unknown.

- Behaviour of the total temporary system was influenced by changing stochastical boundary
conditions. )

- The solution of these design problems was urgently required, as the construction works
had already started.

- The offshore installation works tentatively had to be advanced (more favourable wave
climate), which caused even more time pressure on the overall development scheme.

Due to these facts the total development process changed from a phased engineering and
construction into a simultaneous engineering and construction development process.
Consequently, the planned eight months engineering period lasted over the full
construction period.

6.2 Development strategy
The only way to solve the design dilemma without iterations was to describe the total behaviour
of the installation and subsequent offshore completion with respect to the critical aspects in a
mathematical model. This model could be used as an overall coordination organ. Therefore it
was necessary to have insight in both strength and uniformity of the soil as well as the wave
climate during the summer months. Both boundary conditions played too important a role to
suffice with a sensitivity analysis of the uncertainty of the soil and with schematized
unfavourable wave data valid for the defined four months installation period. On Peconor’s
request soil and wave climate investigation was started. Since the behaviour of the total system
was dominated by transient stochastic parameters, the model to be developed had to be a
simulation model. Given the urgency and the main purpose (coordination), the following
modelling philosophy was adopted:
- Keep the models as simple as possible and split up where possible. (modules).
- Develop the models from rough to fine. The visualization of the interrelations is more
important than the overall validity.

6.3 Coordination by dynamic models of the aspect systems

Two principles were used for the coordination of the design of the installation and offshore
completion. The first principle is coordination with meta control. With the Peconor
organization, composed of homogeneous clusters (disciplines) of C.T.R’s (Cost, Time,
Resources units), the controlled system is the subset of relevant CTR’s within a discipline. The
discipline leader is the control organ. The metacontrol takes over control function in case the
control organ is inadequate or incompetent. In fact the control is inadequate in case solutions
of design problems have to be found outside the discipline. The second principle is meta
control by aspect systems. In order to avoid large iterations when developing a complex system
under time pressure, it is wise to coordinate on interrelations. Since aspect systems are defined
as subsets of interrelations, they can be used as coordination (metacontrol). For effective
control, it is necessary to make dynamic models of aspect systems.




7. THE DYNAMIC MODEL OF THE TOLERANCE ASPECT SYSTEM

7.1 General

A detailed analysis of the fitting of the joint constructions pointed out that a deterministic
approach of the influencing processes would lead to unrealistic joint dimensions. Due to the
two dimensional problem as a function of the height, and the stochastically independent
processes, a Monte Carlo simulation model was developed, with three main components. Firstly
the concept and the design variables, secondly the environmental boundary conditions and
thirdly the processes.

The tolerance model was developed for the temporary phase after installation of both half units.
In consequence clashing possibilities during the mating operation ( western half unit installed
and eastern half unit floating) had to be dealt with at CTR level.

7.2 The concept, design variables and the geometrical model

The fitting problem was concentrated on two typical cross sections e.g. above and below EIl
+12m (figure 7.1) and concerned the fitting of the connection plates and keys into the associ-
ated recesses. The direct design variables were:

diameters lowest keyholes and key piles
dimensions of the boxes

length of the plates

- dimensions of the wing wall recesses

1

The coordination on tolerances eventually resulted in an optimal choice of the above variables.
The resulting composite chart of clearances of the final design, showing the available tolerance
space, is given in figure 7.2.

The tolerance considerations were necessary to deal with deformations, deviations and
displacements of the two installed half units with respect to each other. These processes had
to be determined and combined into a geometrical model. This model was built up in three
dimensions with translations and rotations. Hence the position of any arbitrary point on the two
half units was given in coordinates. ' i X
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7.3 Environmental boundary conditions

Soil condition
As said before the initial soil information concerned the bed material (sand) and an average
value of the angle of internal friction provided with a range. However, it was essential to have

insight in the uniformity (see section 7.4).

Wave climate

An overall insight in the summer wave climate was necessary for two reasons:

- The close distance between the two half units allowed relatively small wave induced
motions during the installation. The question was whether a very favourable wave

condition could be found for the installation. .
- The deformations of the two half units after installation but prior to the connection were

partially a function of wave induced forces.

7.4 Processes during the temporary phase

The processes during the temporary phase with respect to tolerances were divided in three
categories. Firstly intrinsic processes, which had to be passed through. Secondly strategic
processes, which a priori influenced the installation processes. Thirdly tactical processes, which
could control the total operation. Due to the choice of the model, the processes had to be des-
cribed in probability distribution functions. Therefore it was necessary to convert the
deterministic calculation results of the contributing disciplines into Gaussian distributed parame-
ters. The main assumption was that maximum values equal two times the standard deviation.

Intrinsic processes

- Wave induced motions of the eastern half unit during installation. These motions were the
governing boundary conditions for the design of the fendering system, whereas the fenders
were main parameter for the final positioning accuracy. For the defined installation condi-
tion (Hs= 1.5m with Tp= 8 sec), the maximum horizontal amplitudes at the top of the half
unit were about 0.60 meter.

- Penetration and differential penetration into the seabed. This process was influenced by
the on bottom weight of the half unit, the geometry of the ribs underneath the bottom slab
and the soil condition. The penetration had to exceed a minimum in order to avoid leakage
during the underbase grouting. The spreading of the distribution functions was built up by
spreading of the soil condition and by the models used.

- Settlement and differential settlement, which also determined the relative positions. The
spreading was mainly determined by the soil condition.

Strategic processes

- Preparation of the seabed. With help of transfer functions of inclination of the half unit
on bed ribbles and a fourier analysis of ribbles, it was possible to establish the relation be-
tween bed unevenness and inclination of the half units.

- Principle of installation.

- High construction accuracy inshore provides more clearances offshore.

- Speed of construction (limited deformations due to milder wave climate offshore)



e

Tactical processes

- Underbase grouting. This process, which is necessary for the uncoupled stability, stopped
penetration. Hence, it was a tactical process for the fitting problem. Since the bottom slab
was divided into compartments by ribs, underbase grouting could be applied selectively
to counteract too large differential penetration.

- Water ballasting. This process influenced the short term immersed weight. Due to the
compartimentation of the half units also differential water ballasting was possible to
counteract t0o large penetration.

- Solid ballasting. This process influenced the long term immersed weight and thus
settlements.

7.5 Results

The gaussian distributed processes made it possible to define a two dimensional failure
criterion. The calculated criterion (2.3’%) was based on a failure criterion for a one dimensional
failure function concerning temporary construction works (1%). Failure was defined as non
fitting of at least one of the construction parts. A result of a fitting simulation is given in figure
7.3, showing the composite tolerance chart and the 10000 simulations. The simulation model
was able to determine the relative contribution of the various processes to the total failure.
Hence it was simple to detect the most critical processes, which made the tolerance model a
sophisticated coordination system. The eventual result of the tolerance model given in probabili-
ty of failure as a function of on bottom weight of the half units is given in figure 7.4. 1t is
noted that the corrective measures are not included in this figure. As will be shown in the next
paragraph the outcome of the coordination of tolerances together with the corrective measures,
provided enough reserve to solve the problems with the stability and strength problems of the
uncoupled half units.
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8 THE DYNAMIC MODEL OF THE STABILITY AND STRENGTH ASPECT SYS-
TEMS DURING OFFSHORE COMPLETION

8.1 General

The dynamic model was built around the basic failure functions for stability and strength, :
- Fi(t)= Ri(W,Q)/Li(Hs,Tp,Alpha)

1:Stability Western Half

2:Stability Eastern half
3:Strength Joint construction

.t o
i

-
|

with: Fi Failure function
Ri = Resistance (Moment MNm)
Li = Load (Moment MNm)
Hs = f(T,Alpha)= Significant wave height (m)
T = Time (week number)
Tp = {(Hs)= Peak period of wave spectrum (s)
Alpha= Wave direction (deg.to North)
W = f(bp)= on bottom weight (KN); i=1,2
bp = ballasting process = f(t,Hs, Tp))(Kn)
t = time (days after start connection works)
= f(t)= strength temporary connection (KNm); i=3

2
I

For the total temporary phase, failure was defined as Fi>1% for i=1 to 3. The purpose of the
coordination model was to visualize the critical items and, given the failure criterion, to
establish the optimal sequence, the latest possible start date and to determine the various
process parameters.

8.2 Wave loads

Wave climate

The wave climate was investigated in detail by DHI for the summer months june, july, august
and september, using ten years observations. For interpretation purposes the results were
extrapolated for october and november (fig.8.1).
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The relation between Hs and Tp was established using the existing scatter diagrams and
expressed in distribution functions. In that way the available scatter diagram could simply be
represented with large accuracy. This was very important due the strong relation between wave
load and wave period (fig. 8.2).

The relation between Hs and wave direction Alpha was also established using available scatter
diagrams and was fitted into a Gaussian distribution function. In order to generate a
representative wave climate also an autocorrelation function was established using Ekofisk time
series of waves over a period of ten years.

With the above wave information the wave climate could be generated and compared with the
available time series. The validation was based on 10000 runs. The comparison with the wave
climate was found satisfactory.

Wave loads

The wave loads on the uncoupled half units were investigated in model tests at SSPA Goteborg
for changed governing summer storm conditions (10 years and 3 years return period). The
changes of the governing storm conditions made it possible to derive the general relationship
between loads and wave parameters and express them into a Gaussian distribution function.
The wave load is given in the most critical direction ( 180 degree in figure 8.4). The governing
backward overturning moment and the backward force are given in fig. 8.2 and fig. 8.3 resp.).
The wave load on the Barrier Halves as function of incident wave direction was determined
using a diffraction model. Although the reliability of such a model is questionable for the
Barrier Halves close to the 2/4 Tank, the dependency of the wave load as a function of incident
waves could well be established (fig. 8.4).
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Given the orientation of the two half units with respect to north, the wave load could easily be
described with reference to the Ekofisk wave climate.

e 1 )
uy l . . - L . ; Mx (a)
| : 10 - Ae 140N
] : Mx (180}
- 068 B )
0.40— - : -
- oIS ¥ l \r, :
TW 0 90 135 180 225 270 360 TQ(

Figure 8.4

-12 -



8.3 Resistance of uncoupled half units

The resistance of the uncoupled half units against wave loads was a function of on bottom
weight and soil properties. Due to the shape of the bottom slab, the backward wave induced
moments were the governing wave loads. The additional soil investigation showed that the soil
properties east of the tank were substantially worse than the soil properties west of the tank.
The backward allowable overturning moments were expressed in parameters of a Gaussian
distribution (fig 8.5):
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8.4 Time schedule offshore completion

The time schedule of the offshore completion formed the heart of the model. After the
establishment of a basic sequence the main design requirements were brought in:

- Ballasting and coupling strategy following the outcome of the tolerance model

- Hardening of concrete and strength development in relation with allowable motions.

The last requirement resulted in a temporary connection on top of the half units. The allowable
moment of this temporary connection was substantially lower than the allowable moments on
the free standing half units. This dip in the resistance function is illustrated in fig 8.7.

The following operational aspects were brought in:

- Number of cranes for mounting all equipment

- Number and capacity of hoppers for solid ballast

- Capacity of concrete plant

In addition the required sea states for each wave dependant activity was established. Finally the
durations of all activities were determined. The evaluated time schedule is given in fig 8.6.
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8.5 Contingency plans and Emergency measures

The main contingency was the possible increase of the backward resistance moment by
differential solid ballasting. However, as the forward resistance moment decreased in
consequence, this contingency was of limited capacity (approx. 15 %).

The allowable moment of the temporary connection needed for the hardening process of the
in-situ casted concrete was substantially smaller when compared with the allowable moment
during the fully uncoupled situation. Therefore an emergency system was developed to protect
the already cast part of the joint against damage during sea states larger than allowable.
Provisions were developed for lowering the water level in the annulus between Barrier and
Tank in combination with concrete blocks. The combined resistance function of the half units
and the joint construction is given in fig.8.7 as function of on bottom weight and time after
start concreting.
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8.7 Results

A Monte Carlo model was used to simulate 1000 offshore completion works per run. Per
simulation firstly the wave climate was established. Then the activities with associated weather
windows were put in. After that failure functions could be established per time step. For the
three components every failure was counted to determine the total probability of failure. Several
cases were investigated by the model. Sensitivity analyses were carried out for ballast strategies
and delays.

A lot of interesting data could be established as workability, total duration, as a function of
start date and expressed in probability of exceedance. Two main outcomes are given. In fig.
8.8 the probability of failure of main components is given as a function of an uncertainty factor
on soil condition for the planned tow out date. In figure 8.9 the probability of failure of the
main components is presented as a function of tow out date.
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CONCLUSIONS

It is concluded that:

10
(1]
(2]

(3]
(4]

Dynamic models of aspect systems for coordination of the development of complex
systems are very useful. When the development must be performed under time pressure
it is a necessity.

The dynamic models of aspect systems could not avoid the substantial amount of extra
work needed to finish the Ekofisk job in time. However without this coordination and the
associated visualization of critical items, it could have been considerably worse.
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