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Preface

In the seventeen years since the first Behaviour of OfFshore Structures
conference took place in Trondheim, offshore engineering has been in the
forefront of many diverse technological developments. WMe these
advances have been specifically directed at the discovery and production of
offshore oil and gas, the resulting technologies have also benefited other
maritime and land based industries.

The BOSS conferences have been concerned with the design, construction
and installation of structures used for the development of offshore oil and
gas fields. BOSS '94 continues this tradition with technical sessions
presenting more than 100 state-of-the-art technical papers in the following
areas:

GEOTECHNICS
HYDRODYNAMICS & CABLE DYNAMICS
STRUCTURES

Invited papers are also presented in plenary sessions where industry leaders
address the key topics facing the future of the offshore iridustry. The major
theme for BOSS '94 is Deep JYater Prodrtcti on and Research Strategies
for the NinetieL

BOSS '94 was organized by the Massachusetts Institute of Technology Sea
Grant College Program. The effort and support of many individuals
contributed to the success of the conference. I gratefully acknowledge
financial support from ABS Americas, Exxon Production Research
Company, the Massachusetts Institute of Technology's Department of Civil
Engineering, Department of Ocean Engineering and Sea Grant College
Program, McDermott International Inc. and the National Science
Foundation. I thank Marge Chryssostomidis, Barbara Dullea Connolly and
Helen-Marie Quinn for organizational support in compiling the proceedings
and for logistical planning and coordination of the conference.



The Organizing Committee had a dif5cult task in selecting the papers to be
presented. Nearly 200 abstracts of outstanding quality were received, but
lack of time and space made it impossible to include them all. I would like
to thank International Committee members Professor T. Moan, Norwegian
Institute of Technology, Professor M, H, Patel, University of London and
Professor J,H, Vugts, Delft University of Technology for their efforts in the
selection process for BOSS 94 papers. National Committee Members Dr.
M.S. Hoo Fatt, Professor M. S. Triantafyliou and Professor A. J. Whittle
fmm the httassachusetts Institute of Technology deserve special recognition
for their contributions during the paper selection process, in editing the
proceedings and in organizing the conference sessions. Most importantly,
thanks and congratulations to all of the conference presenters and session
chairpersons for their outstanding contributions to the future of the
ofFshore industry.

Chryssostomos Chryssostomidis
Chairman, Organizing Committee
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Keynote Address to the 1994 BOSS Conference

Offshore Engineering Association

An Initiative to Facilitate Imp!elnentation of New Techtlology

Mark N. Silbert

Manager, Olfshore Division
Exxon I'roduction Research Co.

Thank you I am indeed honored and pleased to have this opportunity to address what has
become one of the most prestigious regular gatherings of technologists in our industry.

As I was planning my trip to MIT for this conference, I found myself reminiscing about
my own college life. I especially remembered job interviewing, looking for one that would
pay enough so I could repay my father the money I borrowed to get through school
Among the many opportunities, and they were prolific in those days of unlimited protnise,
the large oil companies offered a prospect of steady and continuous growth I signed up
with Exxon and, indeed, through the '70's and early '80's, the technical challenges, big new
projects, and budgets to support thein seemed almost boundless. As the price of oil passed
$35/barrel, some econotnists were forecasting a continuing climb in oil prices. As most of
us remember too well, however, by 1983 the climb in oil prices had ended. The dramatic
oil price decline in the ensuing years caused a major contraction in our industry that may
still not be complete

It took us a little while to get over the shock of oil prices as low as $9/barrel. Eventually,
we learned that we could still produce oil and gas offshore. But to achieve acceptable
economic return in the face of soft product prices, we had to be inore effective in our
business That effectiveness must also extend to how we develop and implement new
technology

In the following remarks, I will recount how our industry managed to survive the
transition period, how our industry looks today, touch on a few of the key technology
challenges, and then propose an initiative to facilitate implementation of the new
technology that is so vital to our business success in the current, challenging business
environment,

Let's go back to the '70's. A typical oil price forecast from that titne showed the price of a
barrel of oil reaching $100 by sotnetime in the middle '80's Such optimism brought heavy
investment throughout the offshore oil industry, including many giant oil production
projects. The biggest were the massive platforms in the Norwegian and UK sectors of thc
North Sea. Other very large projects were undertaken in Australia and the US Gulf of



Mexico. Most of these project involved new technologies on a scalenever before
attempted - huge concrete structures, very heavy offshore lifts, water depths up to 1300
feet.

In addition to the rising price of oil during this period, high interest rates influenced how
projects were managed. The high cost of money created an incentive to minimize the time
between financial commitment to a new project, and production startup. As a result of
climbing oil prices, and high interest rates, many new projects were undertaken without
careful and complete planning and with less than full understanding of the technology
hurdles involved. There was a sense that even if project costs rose, higher oil prices would
assure profitability. Not surprisingly, most big North Sea projects experienced substantial
cost overruns and schedule delays.

Despite the problems, the general attitude of our industry was that technology was the
only limitation to proceeding with major new offshore developments in severe
environments like the North Sea and the Arctic, and in deep water. This meant that the
major o.l companies having the best technology would have the advantage in acquiririg
and exploiting the prime investment opportunities. Many of the majors expanded their
research programs in these and related fields. Exxon, and its competitors, supported
substantial research efforts on TLPs, compliant towers, and subsea systems for deep
water, nn caissons and artificial islands for the Arctic, and on numerous other offshore
concept; for frontier areas. Major oil companies were suddenly building up staffs in
previou.;ly unrepresented areas such as naval architecture and marine engineering,
oceanography, hydrodynamics, and ice mechanics.

By the mid-'80's, oil prices were plummeting. The party was over. It was becoming
increasingly clear that in an industry used to big price cycles, this downturn had the
potential to be long and deep. All spending came under close scrutiny and most
discretionary expenditures were taking big hits. Exploratory driHing and lease acquisitions
were slashed. The few major projects undertaken before the oil price collapse kept parts of
the offshore industry going.

Oil conipany RkD did not escape the cost cutting. Some companies reacted immediately.
Others waited, perhaps hoping for an upturn, Eventually, everyone decided to pare
research spending.

Simultaneously, however, the nature of the available development prospects was
changing. The inventory of economically robust plays in mature areas was running nut.
The ne ~ opportunities fell into two categories, both considerably more challenging. There
were either large reserves in immature areas with harsh design conditions and
infra. structure challenges, like the huge fields in the former Soviet Union, in the ice-
infested waters off east coast Canada, and the very deep waters of the Gulf of Mexico. Or,
there were economically marginal fields in mature areas, like the nuinerous, small
reservnirs in the North Sea. In either case, new and innovative technology was needed to
turn th m into viable business prospects.

So far. I think we have seen both successes and failures in meeting these challenges.
Although at a substantially slower pace than years ago, there has been a fair nu~ber of
new projects undertaken. For example, Saga and Esso's Snorre TLP came on stream last



y ar in the Norwegian North Sea and Conoco's Heidrun, concrete TLP is nearing
completion of construction. In the deep water of the Gulf of Mexico, Shell's Auger TLP
was installed last Fall, and their MARS TLP is ready for construction. The Hibernia
platform being designed for the Canadian east coast will face what may be the most
difTicult combination of water depth and ice conditions ever encountered by a production
platform.

Meanwhile, numerous small fields are being developed, or considered, in the North Sea,
Gulf of Mexico, and offshore South America, Australia, south-east Asia, and Africa. Just
to give an idea of how many there are, - the January issue of "Offshore Engineer" lists 47
LK North Sea "upcoming field developments" that have reserves of less than 100 miHion
barrels, Many are in the range of 5 to 10 million barrels.

Finally, an additional challenge has been to enhance our industry's performance with
regard to safety and environmental protection, Accidents during past years have made it
c',ear that we needed to upgrade our efforts in this area. Our response, and that of the
governments and regulators where we do business, have been broad and pervasive,
impacting almost every aspect of our offshore activity,

L'pon reflection, the story of our industry over the last ten or twelve years is rather
extraordinary. Oil prices have dropped by more than half in actual dollars. R&D and
engineering staffs have been dramatically reduced. Our traditional areas have inatured.
What remains of them are predominantly smaller or more challenging opportunities. While
new areas with large potential have opened up, they are fraught with daunting political and
infrastructure challenges. And, we are devoting more resources to sat ety and
environmental protection. Despite all of that, we are seeing a resurgence of activity. How
did it happen?

I would propose that we have done it by learning to better manage our projects, and in
particular, by better managing the technology we use. We now plan our projects better,
spending more effort evaluating alternative development schemes, looking for the inost
cost-effective application of technology. And we do all of this well before committing to a
p. oject, We test the project plan by assuming the sorts of negative perturbations that we
know can impact us. As a result, it is more common these days to hear that major projects
have come in on-time and on-budget.

Another lesson we learned is that each of us can no longer afford, nor is there significant
incentive to develop needed technology on our own. Instead, by cooperating, or
leveraging our resources, we have been able to continue advancing our abilities. Indeed, in
rrany instances cooperative efforts produce better technology than we could get
individually, and also result in broader industry acceptance. In my own company, Exxon
Production Research, we joined only seven joint industry projects in the '60's. That
number grew to 349 in the '80's.

Finally, the managers of our companies are rightly insisting that we focus on the
development of technologies that enhance our ability to make money with a flat oil price
forecast. This means that most of the incentive for our limited R&B resources is cost
reduction. One of the ways we have been getting more out of our R&D resources is by



finding useful technology in related industries. A few examples are computing and
information nlanagernent, finite-element analysis, synthetic materials, welding and
inspection.

So far $ have been speaking in rather general terms about the incentives for technology
advances. l suspect many of you are wondering how these broad objectives relate to your
particular field. Let me address a number of specific technology issues and problems that I
believe have, or could impact our ability to cost-effectively develop offshore prospects. By
the way, J notice that a number of these issues are addressed among the fine papers to be
delivered in this conference,

ln hydrodynamics, our industry is just coming to grips with the importance of several,
highly nonlinear phenomena. One of them has received considerable attention recently.
Even those of you not working in hydrodynamics may have heard about "ringing"
response of TLPs and deepwater, large-diameter towers This transicirt response
apparently occurs in steep waves when a third-order hydrodynaniic wave freilucncy
coincides with a structural natural frequency. Ringing may lead to a substantial increase in
peak design loads. We see this phenomenon in wave tanks, and in full scale, but we do not
yet have the analytical tools to reliably predict it.

There are two other hydrodynamic phenomena for which we allow design margins to
cover the inaccuracy of our predictions. We don't do very well in predicting hydrodynamic
damping, especially as it affects steady-state springing response, and slow driA motions of
compliant structures. We also must try for better understanding of the forces that aAect
the dynamic stability of semisubrnersibles and ships

ln geotechnics, l believe that we must identify and reduce unnecessary conservatisrn in our
foundation designs, and be more aggressive in pursuing novel approaches that have
potential for cost reduction. This requires thai we achieve better understanding of
fundamental soil/structure interaction mechanisms

Let me give you a few examples where there appears to be room for reduction in design
conservatism.

The continuing reliance on driven piles t'or situations v here more cost-effective
concepts are available.

Conflicting and costly assumptions used in designing piles and in sizing hammers for
driving them, especially in dense sand.

Fxcessive conservatism in design of foundations subjected to upliA loading.

There are several other areas of geotechnics where advances could have significant payoff
»r example, we should be able to do better at

extending the meager, pile load test data base to larger piles and a wider range of soil
conditions



identifying and avoiding shallow hazards with! rnproved geophysical methotts. as weii
as reinote property determination.

more reliable and accurate characterization of topography/baththyrnetry for siting
tetnplates, platforms, and pipe!ines.

developing novel foundatio~ concepts for all water depths A good, recent example
are the individual suction caissons being used on the Europipe riser platform and the
S!eipner West treating platform.

refining remote installation methods that we need for deep water,

Finally, and perhaps must important in the long run, we need

better basic understanding of foundation behavior, both during installation and in
service. This will allow our designs to be more cost effective, as we!l as avoid major
problems, such as industry has experienced in underdesign of foundations for
calcareous sand regions.

Now let me turn to structural analysis Many of the biggest challenges in structures are
associated with understanding and managing risk. There are also opportunities tor
substantia! economies in structural maintenance costs

Fracture inechanics continues to offer great potential in predicting and avoiding structural
failure. We continue, however, to be slow in implementing the data into a readily usable
design basis.

Although we have employed the ultimate strength criterion in assessing designs and
existing structures for some time, we have not adequate!y facilitated automated ultimate
strength calculations for use by designers

In our drive to find econoniical ways to develop small offshore fields, we are reusing, or
extending the lives of steel-piled-jacket platforms, drilling jackups and semisubmersibles,
and tankers, for low-cost production systeins. Yet we are really only beginning to develop
practice for assessing fitness-for-purpose for structures that, tor one reason or another, do
not meet normal design standards

A related matter is how we assure the ongoing adequacy of our instal!ed structures during
their lifetime service We need guidelines for thc preparation of lifetime inspection and
repair plans. And by the way, more comprehensive offshore inspection would be possible
if the available in-situ inspection techniques were more cost-effective.

I have saved for the end of my list what I consider to be a major challenge - inaking the
best hydrodynamic, geotechnical, and structural analysis tools readily usable by the
designer. Despite vast increases in computing pov er, most designers are faced with a
hodgepodge of analysis packages, problems of model and data transfer, and of software
and hardware compatibility



go much for my brief list of technology challenges. It's surely not comprehensive. FII bet
each of you could add an issue or two as well.

But let me now summarize the situation in our industry, as I see it. There is no shortage of
offshore oil and gas development opportunities in the world, But we will be able to make
them economically viable only with the best possible technology. However, severely
constrained resources means that we have to find more effective ways of developing that
technology and of facilitating its use for design,

Display Inipiententation Constraints jigrtrc.

This figure portrays how I see the issue. I believe that we in our industry clearly
understand the incentive for having better ways of doing our business. I urtherniore, we
have many sources of new technology, including many of you wlio work on conceiving
and developing it However, to really impact our business, that technology must get into
practice, that is, it must be implemented in user-friendly software for design and analysis,
in reliable and proven hardware, materials, and in fabrication and construction practices
And finally, we must have well-founded industry codes and practices that establish the
necessary reliability and confidence in the new technology,

My view is that the major choke point is in getting the new technology implemented and
into use. Implementation includes refinement and optimization, validation,
commercialization, training and education of users, and, of course, maintenance and
upgrade. All of these are expensive activities that oflen do not get supported a&er new
technology has been developed The reasons are ones I have already touched on - limited
staff and resources, as well as the recognition that very few proprietary offshore
technologies produce a substantial competitive advantage for operating companies

By fragmentation I ain referring to the situation where each company has technology
strengths based on the niakeup of its stafI; and its own particular areas of technology
emphasis. But no one company covers all the needed technology areas. Limited
cooperation has inhibited the integration of these capabilities

There is an analog to this in the university research arena The reward system there
focuses on publication of research findings There is oAen little or no recognition for
implementation and use of the fruits of the research. The result is that much of the good
work never rearhes the hands of the designer

I believe that we can find better ways to cooperatively promote technology development
and iinplementation. With that purpose, I am proposing that we establish an informal
organization of offshore technology users that I will call the Offshore Engineering
Association, the OEA lt would be patterned aAer the Drilling Engineering Association
that has been operating successfully for a number of'years

The piincipal objective of the OEA would be to provide a forum for offshore technology
users to hear summary presentations of proposed joint-industry projects, JIPs, with the
emphasis on the iinplementation of new technology. OEA members would meet



periodically, perhaps monthly or bimonthly, and would hear summary presentations by
contractors, suppliers, university researchers, etc., for JIPs. Any member of the OEA
could sponsor, that is, invite a presenter and the coordinating rnetnber of OEA would
schedule the presentations. AAer the presentations, OEA members would express their
interest to the individual presenters and further details could be provided directly to those
members. OEA would not itself directly organize or sponsor any of these JIPs.

Another role of the OEA could be to maintain a list of technology irnplernentation needs.
This information would be provided to researchers, contractors, and consultants as a guide
in focusing their proposals to industry.

To see if such an initiative is of interest to our industry, in the near future, Exxon
Production Research will contact technology users about the likelihood of their
participation. If there is sufficient interest, we will offer to facilitate formation and
formalization of the OEA, and its operation for the first year or two. If anyone here is
interested, I would be happy to hear from you, or you could contact someone you know in
the Offshore Division at EPR I hope to hear from many technology users about this idea.

Thank you for your attention and best of luck with the remainder of the BOSS conference
I feel certain from the list of presentations that this year's conference will be as successful
and valuable as the previous ones have been.
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RELIABILITY ISSUES AND FUTURE CHALLENGES
IN GEOTECHNICAL ENGINEERING FOR OFFSHORE STRUCTURES

SUZANNE LACASSE and FARROKH NADIM

Norwegian Geotechnical Institute,
P.O, Box 3930 Ullevhl Hageby, N-0806 Oslo, Norway

ABSTRACT

The paper describes the role of reliability analysis in the geotechnical design of offshore structures,
and attempts to put in perspective the interrelationship and dependence of the geotechnical aspects
to related fields of offshore engineering. Predictions of foundation behaviour and soil-structure
interaction cannot be made with certainty due to the spatial variation of soil properties, limited site
exploration, liinited calculation inodels, uncertainties in soil parameters and uncertainties in loads.
It is increasingly important to adopt rational and "documentable" design approaches that inform about
and account for the uncertainties in the analysis parameters, Reliability analysis enables one to map
and evaluate the uncertainties. With the reliability tools available today, it is possible to establish,
without too tnuch difficulty, a probabilistic model for ari existing deterministic solution. Probabilistic
analyses are a useful addition to, and not a replacement of, deterministic analyses, That one finds
it difficult to quantify the uncertainties is not a reason to omit defining therm or establishing their
significance on the quantities predicted. Future challenges and expected trends within offshore
geotechnics are also highlighted.

KEYWORDS

Reliability, uncertainty in soil parameters, model uncertainty, requalif!cation, gravity structures, piled
structures, jack-up structures, suction anchors, bucket foundations, research needs.

INTRODUCTION

The organisers of the seventh BOSS Conference  '94! requested the Norwegian Geotechnical Institute
 NGI! to address reliability issues for foundations of offshore structures and to identify challenges
within geotechnical engineering that the industry has to face in the future.

This plenutn presentation has three parts: �! interrelationship with and dependence of geotechnics
on related fields of expertise in offshore platform design, �! review of role of geotechnical reliability
analysis, including purpose, applications and development needs for tnore widespread use and �! a
prognosis of key future geotechnical challenges, While the paper is not at a specialist technical level,
it attempts to give an overview of key aspects of geotechnical engineering of offshore structures,



GEOTECHNICS AND OFFSHORE PLATFORM DESlGN

The plenary sessions refated tp geotechnics at the earlier BOSS conferences presented various topics,
s~~f the-art reviews  Heeg, 1976; 1982; A.M. Muir Wood, 1979!, to more specific

discussipns pf static and cyclic stress-strain behaviour for piles  Verruijt, 1985!, subsidence at
Ekofisk  ~ 1988!, perspective of the past 20 years of offshore practice in the North Sea  Tjelta,
1992b! and insight in the geotechnical design and engineering for the 90's  Toolan, 1992!. These
usefu} contributions reviewed the building blocks for today's geotechnical offshore practice.

One pf the missions pf the present paper, in addition to describing geotechnical reliability issues, is
tp point out the need for bridging the gap between geotechnical engineering and other related fields
of xpertise. Reducing this gap is necessary if one is to achieve more cost-effective and safe offshore
structures. Reliability analysis may be one of the tools that enables us to do so.

The geotechnical aspects of offshore structures play an important role as they often set the premises
for ensuring the integrity and safe operation of the structure. However it is difficult to maintain a
fruitful dialpgue ainong environment, hydrodynamics, structures and geotechnics specialists. One
reason is lack of time, but there is more to it than siinply overworked engineers. During design, the
geotechnical jargon and practice often present obscure, much discussed solutions. The geotechnical
engineer often does not make himself understood by colleagues who do not have the background to
appreciate geotechnical finesses. How many of us can claim that our reporting is complete and
accessible to others than the ones who ordered the work?

Geotechnical engineers have the disadvantage that the stress-strain-strength characteristics of soil
depends on the magnitude and nature of the imposed loads. It is therefore especially important to
describe clearly the situation for which loads are required and how, for example, safety factor  or
load and material coefficient! is defined.

The uncertainties in the loads, storm characteristics and load effects used as input to the geotechnical
analyses can predominate the probability of non-performance of a concept. To quantify these effects,
NGI. with the support of oil companies and regulatory agencies, initiated in 1990 a study on the
effects of uncertainties in loads. A team of specialists was formed to bring in the expertise from the
environment, hydrodynamics, structures and geotechnics. The work included �! a study of the loads
required for geotechnical analyses, �! a survey of expert opinions and practice, and �! an evaluation
of the uncertainties in the environment by Statoil, uncertainties in hydrodynamic analyses by Shell
Research BV, and uncertainties in structural analysis of jack-up structures by Veritec A/S. The
uncertainties in the load effects were then included in bearing capacity analyses of a piled jacket and
a jack-up structure.

ui for eotechnical Anal sis. Depending on the geotechnical problem, different
components and conditions of the environment are relevant, as listed in Table 1.

in the North Sea eea environment: jack-up, pil«jacket, and gravity base structures. The survey ask«
advice on 4 to ics: 1 methPics:  >! method of arialysis to obtain mudline forces, �! uncertainties in prediction
of extreme rnudline forcesline forces, �! uncertainties in long term distribution of mudline forces
uncertainties associated with
indicated good a reernent twe

ociated with gravity loads. Six experienced organisations replied. T"«ey g re
g g~rnent between the organisations consulted- A global coefficient of variation»

the extreme mudline wave fone a e forces due to the environment between 15 and 3
a best estimate for ravi ack-ug 'ty, jack-up, and jacket structures, could be exited.

10



used the results of recent research tended to estimate lower uncertainties than the respondents basing
their estimates on present practice. The uncertainties in the gravity loads were in all cases small,

Such dialogue among different specialists in the design of offshore structures should be encouraged
for enhanced understanding and communication and for safer and more cost-effective designs, Vugts
and Edwards �992! correctly pointed out that methods for constructing probabilistic models for the
resistance of foundation systems from limited and uncertain soil data are crucial for structural
reliability assessment since foundations strongly influence the reliability of the structures.

Table 1. Environmental loads required for different geotechnical problems *

Relevant load effectGeotechnical

analysis
Structure

Soil type and size of footing determine whether
short term or long term loads are more critical;
cotnbined static and cyclic loads are important;
distribution of loads among footings is ~ceded.

Bearing capacity
Hydraulic stability
Soil reactions
Soil stiffness
Dispiacements

Jack-up

Only worst characteristic storm is needed;
distribution of loads among piles is needed;
ratio between static and cyclic loads is important.

Axial pile capacity
Lateral pile capacity

Piled

In most cases, long term effects  design storm or
lifetime! need to be considered;
combined static and cyclic loads are important.

Bearing capacity
Hydraulic stability
Soil reactions
Soil stiffness

Displacetnents

Gravity

~ Earthquake analysis was not included in the review

GEOTECHNICAL RELIABILITY ANALYSIS

Other areas of civil engineering, such as structural and hydrodynamics analyses, lie ahead of
geotechnical practice in the area of reliability. Geotechnical engineers have learned to use the
advances and experience of structural reliability. As solutions become more straightforward. the use

The applicability of reliability concepts and probabilistic models in geotechnical engineering is today
etnerging after a long development period and familiarization studies triggered at first by research
in the universities. The role played by the offshore industry in promoting development and use of
reliability methods have been very important. Geotechnical engineers first regarded probability
theory with scepticism. Probabilists and geotechnical engineers did not converse in compatible
languages. Since, a slow conversion has been observed; mathematical solunons to complex
approximation and iteration problems now exist; the significance of different reliability aspects are
well established in other fields; advances of research in reliabihty engineering and the advent of
powerful personal computers have brought the exploitation of the available tools within everyone' s
reach; and the language barrier between probabilists and geotechnical engineers is gradually
disappearing.



of probabilistic me thods is closer to an application of a mathemattcal tool rather than
development,

predictjons of foundation behaviour are uncertain because of spatial variation of soil properties,
limited site exploration and observations, limited calculation models, uncertainties in the parameters
obtained by various testing methods and not the least, uncertainties in the loads.
F 1 resents the results of the reliability analysis of the most loaded pile in an offshore jacketigure presen s einstalled in 1976 and reanalysed in 1989 after a new soil investigation and new calculations of the
envimnmental and gravity loads had been completed. The newer deterministic analysis gave a low
safety factor  FS!, a situation for major concern. According to the API RP2A guidelines, the
required factor of safety under extreme loads is 1.50. Ho~ever the added information reduced the
uncertainty in both soil and load parameters. The pile with a safety factor of 1.40 is nominally safer
than the case where the safety factor is 1.79, The newer analyses show that the pile, although with
a lower safety factor, had higher safety margin than perceived at the time of design. The lower
uncertainty in the parameters in the newer analysis caused a reduction in the probability of failure
 P,! by a factor of 2.

The factor of safety is therefore not a sufficient indicator of safety margin because the uncertainties
in the analysis parameters affect probability of failure, but these uncertainties do not intervene in the
detemiinistic calculation of safety fartor. Figure 1 illustrates that it is "better to be probably right
than to be exactly wrong"  Personal communication, Robert Olesen, Det Norske Veritas Research
A/S, June 1993!,

4 pile jacket "C"

C 0 CO
C IS
'U

Z!
C5
O
6

Design �978!  extreme loads!:
FS = 1.79

Reanalysis �989! after new site
investigation and reanalysis of
toads:

FS = 1.40

Yet jacket w/ FS = 1.40 is
nominally safer than jacket wt FS =
1.79

10 20 30 40

Factor of safety, FS

Note: Density functions not to scale

»g- l. Factor of safety and probability of failure of pile in a jacket
12
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Reliability analysis enables one, and forces him, to map, discuss and evaluate the uncertainties that
enter into the formulation and solution of a geotechnical problem, In all cases, probabilistic analyses
are a useful addition to, and not a replacement of, deterministic analyses. Even if it is difficult to
quantify the uncertainties inherent in each variable, there are no reasons to omit defining thetn or
establishing their significance on the results obtained. On the contrary, the greater the uncertainties,
the greater the need for reliability analyses.

As for deterministic calculations, the essential cotnponents of reliability estimates in geotechnics are
 I! a clear understanding of the physical aspects of the geotechnical behaviour to model and �! the
experience and engineering judgement that enter into all decisions at any level, whether for parameter
selection, choice of most realistic analysis model, or decision-making on the viability of a concept.

A licati n to Offshore Geotechnical En ineerin

Probabilistic analyses exist for the following geotechnical calculations for offshore structures:

Piled structures
Axial pile capacity  single pile and system of piles!
Soil resistance to pile driving
I~terai pile capacity

Shallow foundations  jack-up, anchor and gravity structures!
Bearing capacity  single and several failure modes!

~ Settlement  total settlement and settlement versus time!
~ Penetration resistance of skirts, dowels and spud cans
~ Equivalent soil spring stiffness for soil-structure interaction analysis

Earthquake response
~ Site response under earthquake loading~ Effects of spatial variation of earthquake motion on response of a gravity platform and

response of a "system" of intercormected platforms

Figure 2 coinpares deterministic and prohabilistic analysis: reliability analyses do not need to be more
complex than deterministic analyses: the input paranieiers are defined over a range of probable values
rather than as punctual values; the equilibriuin function describing failure  or non-performance! is
defined by a "limit state function" which has the same fortn as the deterministic, equation. Instead
of a point estimate of factor of safety, ihe distribution of the resistance is compared with the
distribution of the load. The probability of failure is the probability that the resistance is less than
the load.

As input, the user must supply  L! the equation defimng failure as in the deterministic case, and �!
the mean and distribution function for each variable in the analysis. Except for the distribution
function of each parameter, the required input is therefore the same as for deterministic analyses.
If there exists a deterininistic model to analyze a geotechnical problem, a probabilistic analysis model
can be established using the tools described in the next section. These tools are ready-made software
that are easily linked with the software describing the deterministic geotechnical soLution. Preferably.
the same software would solve the problem first deterministically, then probabilistically. In one rapid
PC calculation. one obtains both results. Probabilistic analyses provide the following;

13



~ p bability of failure  or probability of non-performance!
e Reliability index~ Seus jt[vity of probability of failure to change in input parameters
~ Co~b tion of each parameter to overall uncertainty

DETERMINISTIC A

Load a!
Resistance

soft strength,
unit tNe'ght, ...

Factor of safely, FS

1.0 FS
0 Shear strength

PROBABILISTIC ANAI YSIS

Probab<lrty ot fa>lure, Pf
Reliability index, 8
Parameter s! which cause failure

Load s!
Resistance

soil strength,
it weight...,

1.0 FS
0 Shear strength

Fig. 2. Cotnparison of deterministic and probabilistic analysis

The reliability index is a measure of how far apart the most probable geotechnical response is from
the conditions that would cause failure  or non-performance!. There is a unique relationship between
reliability index and probability of failure when the calculations are tnade with the first- or second-
order reliability method  see next section!. Figure 3 presents an example of the contributions of
different paratneters of axial pile capacity to the overall uncertainty in the distribution of the capacity
of a pile in an offshore jacket,  ln this case, the load cotnponents were taken as deterministic.! A
single probabilistic analysis gives more insight into the significant components of a problem than
deterministic parametric analyses  where the uncertain paratneters are the parametric variables!,

Alternatively, the results of a probabilistic analysis can be shown as a function of the applied load
to determine the probability density function of the axial pile capacity, as illustrated in Fig, 4 for a
single pile. Probabilistic analyses of the pile-soil capacity establish reliability index and probability
of f»»re for relevant axial loads, The cumulative distribution function is then approxitnated by
no", lognortnal or other appropriate probability density functions, for example on probability
pap r By curve-fitting, mean and standard deviation can be obtained for the approximations. The
d»«»ut«n can be compared to, for example, the Apl RP2A guidelines, as shown on Fig, 4.

Uncertat«tes in i Parameters, The properties of a volutne of natural soil inevitably fluctuate
spat»lly and may be considered to be controlled hy a randotn process  Vanmarcke, l977; !984!.

" '~ re«random variation suggests that the reliability approach can be better suited for the
treatment of soils than other approaches,

14
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d,e stat;sties of soil paratneters, stochastic interpolation is easy to implement and useful
To obtain e s i iIo of &Q x Q, p o nbiased estunates of mean and varianc  K
]ternative]y one can estabhs histogratns to estimate mean and

due to lack of data, it is mainly experience and existing data ba~ f d ff re
ic I I io e ble one to evaluate the ex~~

y the beliefs of the designer,
will, however, single out the importance of such hypo+ese o

' 'o V o xp s ~ ~ti parameters in terms of variables d t
ample, most geotechntctans have less diff]cult d te

ramed shea st ength ra'Qo s /o of clays
g ., e skin friction  f! of a pile in clay, usually e d

f = <'s�= 'A s�/o'�!'~ s

can be transformed to

f = a-s�= P o' = 'A s/a'�,! '" a'�,

where a'�, is the in situ vertical effective stress, and has much less uncertainty attached to it than s�.
The standard deviation or coefficient of variation is of great significance in the reliability analysis
 coefficient of variation is defined as the ratio of standard deviation to mean!. In Fig. 5, standard
deviation is shown for a normal]y distributed variable: 68 % of the data should then fall within one
standard deviation about the incan, and nearly 100 % of the data shou]d fall within 3 standard
deviations about the mean. A coefficient of variation of 0.30 implies that the variable can be as
much as ]00 % lower and 100 % higher than the tnean value, It is therefore important to consider,
when evaluating the uncertainty of a variab]e, whether the variable can actually extend over the range
implied by the coefficient of variation selected.

Defining the probability distribution function may appear as a problem. However, most geological
processes are believed to fo]]ow a normal or lognormal law. One may also use bounded unifortn
distributions when all values within a range are equa]]y probable. The existing software packages
can take into account all or most of all distribution functions relevant for geotechnical analyses.

iw'" "

c"ef~ici«t of variation. A normal or lognorrnal distribution is of'ten assumed. Model uncertainty
is dil ficult to assess and should be evaluated on the basis of:

Comparisons of relevant model tests with deterministic calculations
Expert opinions

~ Relevant case studies of prototypes
Information frotn the literature

To make a reliage estimate of mode] uncertainty, ail relevant m~>~~
included in the«P«babi]istic models, An important aspect of mode] uncertainty is the form it takes
in the e ui]ibr'oui]ibrium function. Model uncertainty is best '

~ Factor on. ctor on each random variable in the analysis
Factor on sor on spec fic ornpo ent  e.g, for piles, skin friction in each layer an

18



~ Global factor on the limit state function
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Fig. 5. Illustration of uncertainty in norma} random variable

With tnodern computers and techniques, number of variables is no longer a limiting factor and it is
recotnmended that tnodel uncertainty be linked to each of the variables entering into the calculation.And yes, considerable reflection and engineering judgement have to be used to establish the values
of model uncertainty. Including model uncertainty is nevertheless more rational than ignoring the
uncertainties that come from the calculation model or the way of recovering soil samples,
'The uncertainty that can arise from the choice of a calculation model based on model tests is
illustrated in Fig 6  Personal communication, R, Hobbs, Lloyd's Register of Shipping, UK, London,May 1993'J. Current axial pile capacity calculation methods have been derived predominantly from
onshore load tests on small piles. Penetration depth, pile length, pi]e diameter and ultimate load forthe largest piles in the reference database are much smaller for the test piles than for those currently
used in the North Sea. The larger test piles represent only a small portion of the reference database,
The uncertainty due to the calculatiou model can therefore be large because the reference database
of pile load tests applies to different. pile and load conditions than normally used offshore. Figure
6 also illustrates the extrapolation implied when applying the calculation models derived from onshore
tests to offshore conditions, Surely the uncertainty in this extrapolation needs to be included in the
estimation of the possibility of a failure,
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preferred method to obtain an estimate of model uncertainty is to evaluate the results of model
ts ru»pecifically to evaluate the tnechanism of failure. Table 2 gives examples of the results of

rly «ccessful model tests run to evaluate bearing capacity models. These predictions were
before the tnodel tests were run:

18

I a ~nt survey of regulatory organisations from Norway, France, USA and UK, undertaken by
n a recen sth, Norwegian &otecl 'cal Instit t, exp As were asked to estimat whether their recommendedcalcula«on method for axial pile capacity contained an inherent safety margin. ln most cases, themean of the model uncertainty estimated by the organisations consulted indicated a conservative

wtth coefficient of variation varying greatly, depending on analysis method and soil type
considered, The detailed results are part of a joint-industry research project now underway at NGlfor o'il cotnpanies and regulatory orgamsations, and the results should becotne available shortly.
pooling of over 30 international experts on pile capacity done earlier by NGI gave the consensus that
the currently most used pile design method  API RP2A method! is conservative in rnediurn dense to
very dense sand  Lacasse and Goulois, 1989!.



Table 2. Comparisons of calculated and measured bearing capacities
 Andersen et al, 1988; Dyvik et al, 1989; Andersen et al, 1989;
Andersen et al, 1992b; Dyvik et al, 1993; Andersen et al, 1993!

Ratio between calculated and
ineasured failure loads

Type of loadingStructure

0. 98-1.01Static failure, test 1Gravity
fourdation 0.99-1.15

1.16-1,17
1.06-1,23

Cyclic failure, test 2
Cyclic failure, test 3
Cyclic failure, test 4

Static failure, test 1Tension leg
platform 1,06

1.06
1.02

Cyclic failure, test 2
Cyclic failure, test 3
Cyclic failure, test 4

Several factors, which relevance and significance for a given problem should be considered, can
modify the value of model uncertainty;

Sampling disturbance, test method, scale of laboratory or in situ test, spatial averaging, anisotropy
and rate of loading affect the undrained shear strength of clay; reconstitution of test specimen,
change in density, test method and scale of laboratory test affect the friction angle of sand.
For calculation of axial pile capacity, itnportant factors include: skin friction assumptiori  sand orclay!, limiting values for skin friction and end bearing, subdivision in soil layers, pile installation
and residual stresses, reconsolidation, rate of loading, plug condition, scour, stiffness of pile andpile length, cyclic loading, single pile versus pile group and extrapolation from reference database
to prototype.

For calculation of bearing capacity of a shallow foundation  jack-up, anchor or gravity structure!,
iinportant factors include: plane strain versus three-dimensional model, detection of critical slip
surface, modelling of static and cyclic load history, strain-softening or progressive failure, testingprocedures in reference tests, scale effect, rate of shear, stress corditions and redistribution of
stresses, anisotropy, stiffness of structure, model of soil profile and drainage assumptions.

Overview f Probabilistic Tools

To do reliability analysis of coinponents  e,g. one pile, one slip surface! or of systems  e,g. three
spud-cans of jack-up stmcture, several slip surfaces!, one needs an approximation routine. One can
purchase either analysis routines that are used as subroutines in the geotechnical fortnulation  e.g
those developed at Stanford University and University of Miinchen! or a complete software package
where one can code the limit state function [e.g. the general purpose computer code PROBE  Det
Norske Veritas Research A/S, 1993!]. Different techniques exit to approximate the distribution of
all possible geotechnical responses under any random load situation  see Madsen et al, 1986 tor
details!:



F RM irs -Order Reliabili Method: probably the best practical tnethod today, it approximates
the 1;mit state function by a first-order function. The tnethod works well over a wide range of
probabilities and is simple to implement when one has an explicit !imit state forinulation. FORM
accounts for the p rob abil ity d istribution of uncertain variables w ith essential ly any d istribution.

nd-Orde Reliabi Method: as FORM, but the !imit state function is approximated
by a second-order function. The results of the SORM analyses have for all geotechnical probleins
mode!!ed so far given probabilities of failure very close to the values obtained with FOlQ4.

rove wi sam lin arou ' n int: improved second-order approximation, with
a search around the solution for an even tnore critical point. The results of the SORM improved
analyses have also been found to be close to the results obtained with FORM.

s s m anal si ' computer package for the analysis of the probability of failure of a
system  several piles, several slip surfaces!.

t- r Sec nd ent a roxi on: approximates mean and variance but cannot
account for the probability distribution of the uncertain variables. The approach is used for
complex formulations where the performance cannot be expressed explicitly, for example for the
probabilistic analysis of finite element mode!s,

arl ulati n: repeated simulation of solution with random!y selected values of uncertain
variab!es. The method applies to a	 probleins but can require a large number of simu!ations.
Latin hypercube sampling can optimize the Monte-Car!o simulation technique with an "organized"
sampling method. The method has been used for example to model earthquake site response and
the cyclic shear strength of soil under random storm loading histories.

*

include. updating of factor of safety or settlement prediction on basis of pore pressure and settle-
ment records; updating of pile capacity on basis of pi!e driving records and instrumentation results;
updating of bearing capacity on basis of preload test.

The existing probabilistic tools do not yet provide an effective solution for the stochastic analysis of
finite eleinent models with non-linear soil modelling. This is an important drawback for geotechnical
de formation analyses,

Results of Geotechnica! Reliabili Ana! ses

To illustrate different solutions t!tat have been used, the following paragraphs present five examples
of geotechnical reliability analyses,

W«
than mostmo st engineering structures. Accident rate averaged 2,6 % of the fleet annually between 1955
and 1980  McC!e!!and et al, 1982!, Sharpies et al  ! 989! preserited the causes of jack-up rig mishaps
over a more recent 10-year period  Fig. 7!: out of the 226 accidents, over 50 were associated with
"soils", with" wi'-" punch-trough, failure due to wave loading and scour as doininant failure causes.

The probabi! ! stic approach developed to quantify the uncertainty in the bearmg capacity
!ac k-u structup res includes due: main steps: �! a priori calculation of bearing capacity of spud can;

ana ysis o
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Fig. 7, Reliability analysis of jack-up structure  Nadim and Lacasse, 1992!
2t

�! updating of capacity of spud can from the observations made during vertical preloading; and �!
probabilistic bearing capacity analysis of spud cans under environmental loading. Figure 7 presents
the model of the jack-up structure used, the a priori capacity diagram %mean  p! and standard
deviation  rr!! and the limit state function used. The soil foundation was a hyered clay profile, with
spud can penetration of 4 meters.



f probabilistic calculations were run; load combination typical for a leeward leg, and load
ical for windward leg. A coefficient of variation of 15 % was used for eor the

comb H1Rtlon ag7
environmen

Illrlerltal l ocffrc~nt o f volation o f the be
ta oa and moment had a cQ~!ation efficient of 0 8

esyst{ m

ity of f
Th analyses showed that th uncertainties in the global loads ard load effects are

and�ery significant and contribute about 50 % of the overall uncertainty, The model uncertainty an
uQQg~fnry in, Qlc soil parameters contribute about equally the remaining 50 %.

da . Reliability ana!yses were run for of gravity platforms installed at a
stiff clay site and at a uniform soft p!astic clay site. As for a deterministic analysis, the approach
took into account the different stress conditions along the potential slip surface since the probabilistic
fortnu!ation is exactly the same as the deterministic one, The potential slip surfaces  Fig, 8! wereana!yzed individually and as a system. Spatial variability, which reduced the uncertainty in the soilproperties such as undrained shear strength of the clay, was included, The coefficient of variation
of the extreme environmental !oads was taken as 15 %, horizonta! load and moment were taken asperfectly correlated  little or no current effects!. The uncertainty in the soil parameters at the soft
clay site was very low because of the exceptional homogeneity of the deposit.

materiel coefficient, yf load metficient
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Stress conditions along potential slip surface
 Andersen et al., 1988!

Spatial variability

~tg- 8. Results of probabilistic analysis of bearing capacity of shallow foundation



The reliability analyses indicated the following:
The critical slip surface based on the highest probability of failure was different from thecritical slip surface based on the results of deterministic analyses, This is seen repeatedly fordifferent soil profiles arxl illustrates well that the uncertainty in the analysis parameters plays
an important role on the margin of safety.

~ Based on the results of analyses of gravity structures on both soft and stiff clay, modeluncertainty and moment were very significant uncertain variables. For the soft clay, this was
partly due to the homogeneity of the site.

~ First-order, second-order and improved second-order approximations gave same probability
of failure. The simpler first-order approximation is therefore sufficient.

~ Changing the probability distribution of the soil parameters from normal to lognorrnal had
only a modest effect on the computed probability of failure.

~ The system reliability analysis resulted in a probability of failure equal to that of the mostcritical failure mode. The most critical slip surfaces were essentially perfectly correlated.
gof offshore platforms that answers the following question: given that a strong earthquake with 10annual occurrence probability takes place at the Statfjord oil field, what are the chances that oil

production must be stopped completely?
The seismic reliability was evaluated by considering the possible failure modes of the platformnetwork, the correlation between the failure modes, the seismic reliability of each platform and thespatial variation of the earthquake peak ground acceleration, A typical gravity platform designed onthe basis of the Norwegian Petroleum Directorate guidelines has an implied probability of failure of5 % under the 10 /year earthquake, Analyses were done with 5 % probability of failure for eachplatform taken individually. The effect of increasing the failure probability of the Statfjord Aplatform to 10 % was also considered. As listed on Fig. 9, the reliability of the system wa.s muchgreater than the reliabi}ity of each platform. Accounting for the spatial variation of the earthquake
loading parameters reduced the probability of failure by a factor of about 5.
im ortance of unc rtainties in loads on 'ack-u and iled structures. The effects of the uncertaintiesin storm loads and soil parameters on the reliability of a jack-up structure on dense sand were studiedby Nadirn et al �993!, The study included the development of a stochastic wave climate model, timedomain simulations of jack-up response, and a probabilistic description of the soil properties, For100-rn water depth and wave climate similar to that at Kkofisk in the North Sea, a coefficient ofvariation was calculated as 12% on the annual maximum vertical load, and 26% on the annualrnaxirnurn horizontal load. The reliability calculations of the spud can foundation under the annualmaximum loads showed that the uncertainties in the loads and the uncertainties in the soil shear
strength paratneters contributed about equally to the total uncertainty in the foundation performance,
For a piled jacket placed in the Statfjord environment with 47 m long piles, global coefficients ofvariation of 10 and 15% on the extreme 100-vear axial load were used, The lower value of 10%
corresponded to an estimate based on recent research results  Personal communication, P. Tromans.
Shell Research BV, Netherlands, May 1992!. The reliability analyses showed that the uncertaintyin the 100-year storm causes 25 to 50% of the total coefficient of variation in the axial pile load
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bearing, depending on whether the uncertainty of 10 or 15 % was used This ~nsitjvjt of d
results to a relatively modest change in the uncertainty jn the axia! load is ~>ia oa is very important, a

highlights the need to better define the uncertainties in the loads,

tunisation of site investi ation. The uncertainty in a geotechnical calculation is oAen related to the
uncertain presence of an "anomaly", for exainple bou!ders, soft clay pockets or even drainage layer,
Probability approaches can be used to establish the cost-effectiveness of additjona! site investigation
to detect such "anoma! jes", Figure 10 presents an example where the procedure developed by Tang
 ]987! was used. In this application, having no drainage layer present at a depth of 55 m was
determinant on the resulting lifetime settlement, A sett!ement of less than 50 cm would incan a
reduction in costs by N millions. If the probability of no drainage layer at a depth of 55 m was !ess
than 2 %, the settlement would not exceed 50 cm. With drainage layer detectability for each boring
of 50 % or 80% and distribution of drainage layer extent as shown on Fig. 10, one would need 3
to 6 boreholes to ensure a cost reduction of N millions.

nefi s of Re!i bi!it Methods for Practice

It is increasingly important today to adopt rational and "documentab!e" design approaches that inform
of and account for the uncertainties in the analysis parameters, particularly when "novel" design ordesign procedures are involved. On!y reliability analyses can provide the designer with insight in
the inherent risk level of a design or when comparing different solutions, The probabi! istic approach
is therefore a necess com 1 ment to the conventional deterministic approach and they provide
added knowledge to help decision-making in the presence of uncertainty.
Probabilistic solutions are not a panacea, but they provide a rational framework to include in a
consistent inanner the relevant uncertainties and to illustrate the effects of these uncertainties onfai!ure probability, In inany cases, it will enable improved concept optimization or site investigationplanning by pointing out the most important uncertainties. A design with safety factor or partialsafety coefficients does not enable such optimization. One word of caution; a probabilistic solutiondoes not improve faulty or insufficient input. If the deterministic model is weak, the probabilistic
model will also be weak.

Other benefits include:  I! ability to assess or reassess structures for extended life, �! ability for newdesigns to benefit from optimisation and reduction of inherent conservatism, and �! ability to seicost-effective criteria that can rational!y distinguish between manned structures, structures de-mannedduring adverse weather and unmanned structures  Vugts and Edwards, 1992!, Finally, but none the!e»t, reiiabi!ity provides an improved basis for discussing safety issues between geotechnics,
structures, hydrodynamics and environment specialists, regu!atory parties and management,

vel ment Needs for M re Wides read Use of Proba i!istic Anal ses
At the International Conference of Soil Mechanics and Foundations in 1985, the use of statistical andprobabilistic methods in geotechnical engineering was the subject of a vigorous debate. One evensaid that application of probability theory to soils was wrong in princip!e. Hopefully sucho'iceptjons have changed. To make reliability analyses more beneficial to geotechnical engineering,
we have the following research needs:

Make the reliability analysis methods more accessible; "mathematical" papers with little or
25



no reference o
f ~ to the practical use of the equations are difficult to implement. There is a need

f sitn le and flexible methods, and especially good examples and case SMies.
~ ~>f�~l uncertainty with systematic mapping of good case studies and inodel tests.
~ Contribute to code development by establishing the implicit probability of failure t«

"conventionally accepted" designs.

~ Establish target fa'lure probability: in geotechnics, there is no standard allowable fail~probabili y. On ~ cot pile observed recurrence rate from natural events '[left dhg~ mFig ! 1! or estate probabihe of failure b sed on engineering judgement or 'b.liefs"  right
side of Fig. 11!, These give indications of accepted failure probability,
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Rasmussen �9'79! suggested four requirements for setting evaluation criteria such as target
failure probabdity:

~ the criteria tnust be defined on a logical and unders~ble b
~ ther must b reasonable acceptable methods for demonstrating that the criteria are met

the criteria must increase reliability over that inherent in current practice
' imposing the criteria must not lead to severe economic penalties

Isc»»on of a target probability of failure cannot be tnade independently by geotechnical
engl~~. The selection of a t rget does not represent uniquely a t h ical issue, but should

the entire system Irisk to hutnan life, structural eletnents, environmental
~' erat'orLs  both extreme storm loading and pollution!, economy, etc].
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The profession does not seem quite ready to apply the systetn reliability approach to allaspects of the design. This can only be done as a concerted effort. However, even simplifiedcalculations using the tools described herein will raise the state of understanding and will help
make decisions when cotnparing different designs.

~ No one single university, consultant, research institute, operator or authority can achieve thesebenefits or answer to these needs on their own. Dialogue with relate civil engineeringspecialists to disseminate the views and results and to establish the uncertainties in different
effects, such as loads, is essential.

MAJOR GEOTECHN!CAL ACHIEVEMENTS AND FUTURE CHALLENGES
Major contributions have shaped the development of our practice, Much of the "judgement" usedin geotechnical engineering, which is necessary for geotechnical design, comes from what was
learned from earlier designs,

It is of interest to note that at the BOSS conference in 1979, concrete gravity structures were doomedin the plenary session to have a "reduced likelihood of further orders". Whereas it is true today�994! that there will be few new very large gravity structures of the types at the Statfjord, Gullfaksand Troll sites in the North Sea, an increased demand is expected for the smaller, more cost-effectiveconcrete gravity structures now under development for shallow waters and difficult soils  Reland and
Heeg, 1993!,

New fields, often marginal, require new and innovative solutions. The creativity already shown inextending the frontiers of application of established solutions is expected to protnote better, cost-effective and safe solutions: new solutions for deep water applications seem to be costwffective andare also applicable for fields in shallow water, thereby making them more cotnmercially attractive.

'or Geot hnical Achievem nts

Among the many achievements, one needs to mention:
The use of physical models  small or large-scale, field or laboratory tests, 1-g or tnulti-gcentrifuge tests! to understand behaviour atid to adjust calculation models, and the trend toaccept only predictions made before the tests are run to ensure calculations unbiased by the
test results  e.g. Andersen et al, 1989; 1993; 1994!.

The advances in the interpretation of offshore in situ tests  Lunne et al, 1989; Baligh, 1985;
Campanella and Robertson, 1988!

~ The understanding of soil behaviour during cyclic loading, including the developinent of a
framework to account for the significant parameters  Andersen and Lauritzsen,
Andersen and Hgeg, 1992!

The Load and Resistance Factor Design  LRFD! approach adopted as recommended P acti~by the American Petroleum Institute  Apl, 1993!. The approach is based on reliabilityconcepts. Safety factors are repLaced by partial coeNcients on the significant components ofthe analysis  Hamilton and Murff, 1992; Tang, 1988; Tang, 1989; Tang and Gilbert, 1992!.
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A ~ber of movements have shaped and will shape the future of offshore structure design:
Piled fotnMIations Increased awareness of �! limitations in existing calculation models and

�! need for rational approach  pelletier et al, 1993!; European
EURIPIDES research project with full scale pile load tests in sand

Gravity foundations Skirts at Troll  cnorth Sea! extending down to 36 m; suction used a'
driving force in clays or sands; design variables of gravity structures
combined to give favourable resistance in any so«conditions

Bucket foundations Caisson  bucket! foundation now being designed for jacket instead of a
piled solution, including extensive field and model tests for EUROPIPE
16/1I-E jacket in the North Sea  Tjelta, 1994!

Anchors Caisson suction anchors now being designed to replace tension piles for
tension leg platforms  Christophersen et al, 1992; Andersen et al, 1992j,
and conventional anchors,

Jack-up structures Multi disciplinary work on safety of jack-up structures  Joint Industry Jack-
Up Forum, 1993! and development of new design procedures  van Langen
and Hospers, 1993; Murff et al, 1992; Murff �994!; Jostad et al, 1994!

Future Cha1le es

This section identifies critical research and development issues for the geotechnical offshore structure
community in corning years. these aiming at cost-effective solutions that "are robust for low oil
prices"  Tjelta, 1992b!.

In his state-of-the-art Paper at the BOSS'82 conference, Heeg �982; 1984! suggested a number of
improvements and developments based on a survey of 15 geotechnical colleagues around the world
These are listed below, along with a value judgement on the progress made since tlien:

Progress �994!
since 1982

~ 92
Develop in situ testing techriiques and imProve interpretation l Good progress has been made
of test results ' =' e.g, Lunne et al, 1989!

1
Improve integration of geoIogical, geoPhysical and geotech-: Much remains to be done
nical site investigatioril 't ' vestigatiori and use probabilistic method for
investigation stratetrategy and site characterization

28

j
Improvement and development needs  Haeg, 1982; 1984!

cvaltiate seafloor slope stability and runImprove ability to eva
out distance

I desigri considerations to ensure safetyInclude geotechnica
of pipeline installation

1
l Marginal progress has been
=. made

=.- Practice is now goulg ln this
. =direction



Improveinent and development needs  Heeg, 1982; 1984!
t

Progress �994!
since 1982

Use long foundation skirts in soft soils

Plan, execute and follow-up field instrumentation and per-; Only few results have been
formance observations programs . :-published since 1982

: ;Progress has been made

Develop further the analysis and use of dynamic measure- - Much remains to be done
ments of piles during pile driving

Obtain pile load-deformation behaviour from load test on oil: :Remains to be published
conductors

Perform !oad tests on long piles to study the "length-reduc- -' Underway  recent pile confer-
tion effect" ' ences!, more work needed

Obtain measurements of pile behaviour under a platform' -,Reinains to be done
during storm conditions

Much improvement done  e,g.
van Langen and Hospers, 1992;
Murff et al, 1992; Murff, 1994;
Jostad et al, 1994!

Some progress has been made
 Murff, 1987; Poulos, 1988;
Reland and Heeg, 1993!

Develop more rigorous analysis of dynamic soil-structure
interaction for gravity structures; develop procedure to
estitnate pertnanent deformations due to cyclic loading

Improve ability to predict generation of excess pore water
pressures due to cyclic loading  clays, sands and silts!

Investigate caisson installation procedures with the use of
suction

Improve pile installation techniques, control and
maintenance for large water depths

Improve practice of geotechnical site investigation and
analysis methods for jack-up rigs

Study static and cyclic engineering properties of silts,
permafrost and calcareous deposits

; Improvements have been done
'-:  e.g. Hansteen and Heeg, 1994;
t Andersen and Heeg, 1992!
i

: *Improvements have been done
'-, - e.g. Andersen et al, 1992a;
; Andersen et al, 1994!

'-, Such installations not con-
. =:sidered a problem any more

Gullfaks C; suction anchors in
- sand  Tjelta et al, 1986; 1992;
: Tjelta, 1992a; 1994!



f th needs identified earlier are still relevant today. Based on the earlier recommendations
ht of ~ progress made, the authors now propose the future most pressing needs. These

and in hght o
are divided into four categories;

~ on-gong general issues
specific geotechnical issues
~P ~non proj~< a«equaiification of structures

~ funding of research

A challenge is also raised for the organisers of future Bo~s C nf

«present trends as listed below is highly recommended

ot inue to extend the kno ledge acquired to develop new mm
such creativity are the use of skirts and suction for anchors and bucket foundations in clays
and sands and for the spud cans of jack-up structures.

~ Continue to duplicate in both laboratory and model tests as closely as possible the problem
to an yzc to grasp all factors that affect the behaviour. As the importance of inodel testing
grows, owners should insist on "before the test" calculations to ensure "unbiased" predictions.

~ Continue to learn from experience and to document through instrumentation. One cannot
overstate the need and usefulness of instrumentation and performance monitoring for verifying
hypotheses, evaluating new conditions, and providing the background for continued safe
operation, Instrumentation results were one of the decision-making tools for continued
operation of the Frigg CDP1 platform towards the end of its operation life  ~sse et al,
1991; 1992!. Well documented recalculations of failures that have occurred  e.g, McCarron
and Broussard, 1992! are also very useful,

Information Technology; a rational, modular and documented approach for the design of
engineering software for the analysis of offshore structures is needed  Parnas et al, 1993!,
In a world of computer codes with many offers but few verifications, such approach would
enable easier debugging and verification of the code and help avoid duplication. A database
with ~ abilities and drawbacks of the better known computer codes on the market to solve
different geotechnical and other problems should be established.

otechriical Issues. The following issues are believed to be the most relevant and urgent:

D««op improved inethods to obtain geotechnical engineering parameters froin the results of
geophysical investigations

ew sites and new soils: future petroleum exploration suggest more complex soils, g
water depths and different etiviromnental conditions, with the ne d to de«lop
databases, and static and cyclic behaviour Pa~ms fo r:

~ calcareous and/or cemented sands and «ays
silts and silty sands or clays

~ soils with hydrates, gas, and less than 100 % saturation
~ other conditions related to large water depths  e.g. oozes, Pelagic clays!



~ frozen or partly frozen soil in Arctic and sub-Arctic regions, including new design
problems related to a freezing environment and iceberg scours

~ Develop deterministic and probabilistic methods for analysis of stability of submarine slopes
and run-out distance

~ For piled structures, there is a need for:

pile-load deformation behaviour from load tests relevant for offshore conditions
establishing a better manner effects of rate of loading and cycling

~ documentation of skin friction and end bearing in sands with relevant pile load tests
~ use of results of instrumentation during pile driving to assess pi!e capacity
~ status and effect of pile plugging during driving

deterministic and probabilistic models for pile/soi! failure

~ Further documentation of the analysis procedures for jack-up structures in days and sands
~ Further development of calculation procedures for anchors and bucket foundations in sands
~ Further development of procedures to calculate stresses on base and skirts, and redistribution

of these stresses during storms, for gravity, bucket foundation and anchor skirted structures

~ With respect to reliability analysis, the following geotechnical needs are seen:

reduce mode! uncertainty with good and relevant model tests
~ do series of probabilistic sensitivity analyses to identify significant aspects
~ prepare easy to follow application examples for the profession
~ obtain the probability of failure of "conventionally" accepted designs with today' s

deterministic ca!cu!ations and work towards establishmg a target probability of failure
Coo tion Pro ects and R ua!ificati n of Structures. As geotechnical engineers, we see the need
for cooperation projects between the different specialties involved in offshore structure design:

~ Dialogue among offshore specialists: at nearly a!l levels, there is a need for greater interaction
between the geotechnical engineer and other disciplines of engineering: environmental
conditions, hydrodynamics, structural analysis, operational conditions, and policy makers.
The paper has stressed the importanre of such interaction for reliability analyses and for safe
and cost-effective structures, Multidisciplinary dialogue is also essential for requalification
of structures and for the interpretation of performance observations: interpretation of soil-
structure interaction response requires know!edge front both the geotechnical and structural
engineer; reanalysis of foundation stability during a storm depends entirely on the loads
derived from wave heights,

~ Plan and accumu!ate inultidisciplinary databases of case studies with high quality experirneiita!
and observation data, For example, well documented case studies after especially harsh
events such as the hurricanes in the Gulf of Mexico, the analyses presently under the API
umbrella on reevaluation of failures during Hurricane Andrew and the North Rankine piling
experience, would be extremely useful if mu!tidiscip!inary assessments could be made.
Early p!atforms are now the first generation of structures to be subjected to requa!ification.



There is a need for improved record-keeping and storage of geotechnical related infortnation,
I s~m from th past show the frequent need for comprehensive dat for a range of purposes,
mm th least is requalification  Murff et al, 1994!,

Throughout the years, performance data have been accuinulated, but the data and their
eou hmcal content have not been fully exploited with respect to interpretation of soil
havipur and undei standing of the soil-structure response. Such information has the potential

pf providing lpng-awaited answers to many aspects of soil behaviour or soil-structure response
they effectively represent inodel tests at a very large scale, and the results can probably be

applied tp other types of structures. It is recomznended that structure operators allocate
resources tp proinote an adequate exploitation of the existing measurements. One should
estab»sh a data bank of the information and instrumentation that exist and set up a priority
for the interpretation of the results on the basis of their expected usefulness.

~ There exist a large database of platform upgrade case histories which could be exploited, but
have not been. Both the decision-making process and the upgrade solution selected could be
documented. It is higMy recommended that projects be undertaken to establish this reference
database of foundation upgrades.

Documentation of upgrade solutions is also essential: one drawback today is that seldom does
one find out whether the upgrade solution chosen really works out, since the design  most
critical! conditions are probably not experienced after the upgrade. One only knows that the
adverse conditions of concern before the upgrade is probably averted. Means of evaluating
the effectiveness of the strengthening solution adopted are needed. Hopefully in the future
there will be less need for remedial actions and upgrades as the designs should get better.

~ Contribution to writing of codes, standards and guidelines: through good interaction, all
disciplines should contribute to the development of standards based on reliability concepts,
In some ways, other branches of engineering seem to adapt with less difficulty than the
geotechnical profession to forinulations of regulatory restrictions and codes, On the other
hand, geotechnical specialists believe that their state of knowledge is gradually moving
towards less uncertainty, The details of the geotechnical procedures for foundation assessment
and the large number of parameters and relevant factors are such that it is important to keep
flexibility in the design rules and to avoid imposing too restrictive constraints,

F i f rch and Develo inent, Even with the pressure of daily problems and low oil prices,
operators, research organisations and regulatory agencies need to ensure that funding for research
and development  R & D! is available to solve tomorrow's probleins. Due to low oil prices, research
funding has become increasingly short-term and specific-oriented. Reducing R & D is not the
soluti««dwind»ng resources, and it is important to invest in long tenn research efforts. Research
and development activities should also be organised to ensure that technology transfer actually takes
place There is also a need for improved interaction between researcher, practitioner and contractor
Only in cases where research and development and advisory activities strengthen each other will the
solutions prove to be pptim

o«rence s, Each year, there are many worldwide conference offers each year
related to offshore structures: BOSS, OTC, OMAR, ISOPF, SUT, CMGC plus a number of
'P 'al~ co«rences The advantage of the BOSS conference is that it focuses on the Behaviour

lf the BOSS conference is to continue to be successful, the contributions
at the conference and the dissemination of the results should be made even more accessible to



interested parties from the industry.

SUMMARY AND CONCLUSIONS

Reliabilit Anal ses

The most important contribution of reliability concepts to offshore geotechnical engineering is
increasing the engineer's awareness of the existing uncertainties and the consequences of these,
Reliability analyses provide a consistent framework for comparing different designs or analyses and
distinguishing the contribution of each of the uncertain variables to failure probability.

Reliability analyses are especially useful in �! establishing an estimate of the safety margin and
probability of non-performance given the uncertainties  which a deterministic safety factor or partial
coefficient cannot do!, and �! documenting which parameters are most significant. This enables the
designer to define where efforts should be directed to reduce uncertainties and thereby probability
of failure. Whereas the failure probability numbers themselves are not absolute numbers, the reliabi-
lity analyses are especially useful for comparing the significance of different design aspects, and as
a tool for decision-making. Of importance though, human error, which is probably the cause for the
majority of all mishaps, is generally not accounted for in reliability analysis. The risk associated
with human error can be minimized only by improving the quality assurance  quality control systems.

The use of probability theory should improve the design codes, and hence lead to more cost-effective
structures. Probabilistic analyses should be used to verify the hnplicit failure probability of
"conventionally" accepted designs, thus "calibrating" thesafety factors/coefficients fordifferent struc-
tures and soil conditions, This would also lead to an improved definition of the target reliability,

The results of geotechnical reliability analyses should be used as a complement to the deterministic
analyses, with due respect paid to the model uncertainties. Probabilistic analyses cannot however
improve "poorly selected" data or improve knowledge in the case of insufficient data or if important
failure mechanisms have been overlooked. The probabilistic analyses will give insight in the
consequences of large uncertainties, but wrong input data wiH give wrong results, just as for
deterministic analyses.

The advance in probability theory is such that the implementation of the first-order reliability method
is very simple and requires modest computer resources. Doing reliability analyses is therefore an
increase in knowledge with little increase in costs, It is hoped that the gradual acceptance of
reliability analyses now seen in the geotechnical profession will continue and even be enhanced in
the next few years.

Future Challe

The future poses many challenges in offshore geotechnical engineering, where multidisciplinary
cooperation projects, requalificaiion of structures, and extended use of reliability analysis are only
a few of these.

Whatever the difficulties of geotechnical analysis, the need for quantitative risk and reliabihty
assessments will not disappear. Whitman �984! described, a bit facetiously, the application of
reliability analysis in geotechnical engineering: "�! Not enough is known about soil or rock and its
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tu to do an accurate evaluation of risk; �! geotechnical engineers will be criticized
5chRvloUf Is alto tono matter how y do the analysis; but �! geotechnical engineers must proceed just the same to0;ng so in a meaningful and responsible manner is a major challenge to the
make such snidres.
profession.

haiiengmg ge~~~l issues indude:
e Deve'lop cg~lations between geophysical results ard geo~hnical pamneters
~ Develop ~~, databases, and static and cyclic behaviour for new soils and new soilco~>t~o~; calcareous and/or cemented sands and clays, soils with hydrates and shaHow gas

and Arctic conditions

improve offshore pile design by investigating  I! pile load tests relevant for offshoreconditions, �! skin friction and end bearing in sands and �! the use of results of instrurnenta-
tion during pile driving to assess pile capacity

~ Further development of calculation procedures for jack-up structures tn clays ard sards, foranchors and bucket foundations in sands, and for stresses and stress redistribution during
storms on base and skirts

~ Wvelop ~lysis methods fo r stability of submarine slopes and run-out distance
s Igg~ the use of reliability methods of analysis in geotechnical calculations. Improvefollowing aspects: reduce model uncertainty with good model tests; prepare easy to followapplication examples for the profession; and obtain the probability of failure of "conventional-

ly" accepted designs with today's deterministic calculations
In closing this paper, ataention is also drawn to the following challenges for the entire offshore
commulllg;

~ Multidisciplinary databases of case smdies with high quality experunental and observation
da'ta, and improved record-keeping and storage of geotechnical related information. Structure
~rators should allocate the required resources to promote an. adequate exploitation of the
existing measurements,

~ Improve the dialogue and underling among the different engineering specialists working
on ~ design of offshore structures. The preferable way to do this is through joint-industry
~~h prograrrunes, with contributions from industry, research organisations and regulatory
OTgklllSllroAS.

~ A large database of "exploitable" upgrade case histories is available. Boo decision-m~g
p~ss and upgrade solution could be documented. Projects should be undertaken to establish
a database of upgrade references.

~ Develo codesp codes ~d guidelines using reliability analysis concepts and results, in cooperatiort
with other offsff h d rtises and with the understaflding
regulatory organisations,

Funding of research a ent: even with da>ly pressures and I w oil pn



research organisations and regulatory agencies need to ensure that funding for research and
development is available to solve tomorrow's problems. Interaction between researcher,
practitioner and contractor should be enhanced. The solutions will be optimum only when.
research and development and advisory activities strengthen each other,
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DeepStar II: Continuing Industry
Cooperation For Technology Development

J. P. WIlboIIrII, D. L. Woedford, S. A. Wheeler
Texaco Incorporated  Central Offshore Engineering!

1. INTRODUCTION

DeepStar is a Texaco-administered consortium of 17 offshore oil/gas producers  participants! and
46 supplier/vendor organizations  contributors!, The program is consistent with Texaco' s vision
for developtnent of the deepwater Gulf which is closely tied to the concept of cooperation and
evolution of a synergistic relationship with other members of the oil comnuniry In today' s
competitive business environtnent, development of tbe deepwater Gulf wi]l be difficult, if not
impossible, outside a jointly funded, cooperative effort. This partnering may take many farms;
it can include joint exploration programs  sotnething already common in the Gulf! and joint
research projects  JIP' s!, but it can also be expanded to areas in which the industry does not now
normally cooperate - joint research into regional development strategies and universal technology
needs, joint development of hardware  and hardware interfaces!, software, and other
new/innovative tools, joint ownership of central processing facilities, production sharing
operations, and other innovative concepts, The DeepStar project is a major step in the right
direction with a number of major operators considering a common development strategy for the
deepwater of the Gulf. This cooperative project also maximizes the value of the respective
operator's limited resources for developing new technology which will be needed to make
deepwater production commercially viable, The DeepStar project, now in its second year of
operation, is aimed at developing technology to facilitate commercial development of deepwater
tracts, using subsea technology, Participants in the Phase II program are shown in Figure l.

Joining together in this industry cooperative
effort, progress is being made toward the
common goal of having an economic
deepwater production strategy and the
necessary technology and equipment ready for
field use by the latter half of this decade,
The major technology goals for DeepStar
include evolving a development concept
capable of:

Production in water depths down to
6000 feet,
Accommodation of a broad range of
produced fluid properties and rates
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from various reservoir types,Subsea satellite production to host platforms up 'to 60 miles distant  platform depths 600-
800 ft!,
Installation of the subsea facilities in a staged program,
Minimum maintenance requirements for the subsea facilities,
Retnote operated vehicle installation and maintenance capability, andAll production operations remotely controlled from the host platform  or potentially, in
early field life, from the overhead drilling vessel!,

2. COOPERATIVE TECHNOLOGY DEVELOPMENT

The current business climate in the US has seen a considerable shift of emphasis in investment
capital going overseas where better rates of return are anticipated. Thus, domestic production
operations have been in a down-sizing mode for the last several years. Similar reductions are
also being made in the service industry that supports production operations. This imposes an
additional challenge on development of deepwater opportunities in that these projects cannot just
be technically viable, but they must be commercially attractive as weil. Prelintinary DeepStar
study work has indicated that world-class returns can be made on investment from deepwater
plays provided that the appropriate technology is available, the development concept is one that
links capital expenditure with increases in production, and risks are minimized.

The US domestic oil industry of the 90's has been characterized by a number of other major
trends:

The down sizing of the major operators has resulted in fewer people to implement
ongoing operations, this in turn, requires increased productivity from the remaining
personne L

~ Lower product prices resulting in an ongoing need to lower operating costs.

Limited suite of investment opportunities which has increased the iinportance of new, and
potentially significant, deepwater reserves,

Limited funding available for research which has resulted in the formation of strategic
technology partnerships or alliances.

All of these factors tend to focus the industry on the need for itnproved technology. When the
price of oil is low, the industry can only rely on new technology to increase the margin between
the cost of producing oil and its selling price. In a low oil price world, the need for technology
becomes preeminent,

cost to progress new technology through to "field proven" or "project ready" status.
however, is considered rohibitive orp ibitive for any one company to undertake in today's econotnic
climate. Assurnin that inan of the hg y the hardware components evolve through prototype systems
requiring field testin and rforrnag pe orrnance evaluation, a considerable lead time may also be
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necessary which could significantly impact the unplementation of new projects if the testing
program is not progressed rapidly. The desired technology will probably only evolve if it is
undertaken as a cooperative industry effort; however, it will first be necessary for the industry
to agree on which is the appropriate technology to progress. This is an area that the DeepStar
project is providing a valuable role as it allows the participants to focus on a deepwater
developtnent strategy and prioritize technology based on the agreed DeepStar concept. A
cooperative feed-back dialogue by the project participants will also help to keep vendors/
manufacturers appraised of the anticipated future deepwater equipinent/services needs of the oil
industry.

3. DEKPSTAR DEVELOPMENT STRATKGY

To reduce risk and to minimize initial capital requiretnents, the DeepStar concept employs a
staged developinent strategy, It also focuses on a system approach versus random component.
designs. The three inajor stages of the development approach are as fo]lows:

Stage l - Exploration/Delineation Drilling

Development stage 1 consists of prospect appraisal during a field's exploration and delineation
to confirm the type and extent of a field's reserves and determine initial production traits  such
as, probable fluid characteristics, flow rates, pressures, and composition!. Assuming dri/l-stern
tests are encouraging, a decision may be made to complete these exploration/delineation wefls
with equipment suitable for longer term testing using three to five wells as producers during
development stage 2.

Stage 2 - Evaluation/Early Production

Development stage 2, or the evaluation/early production stage, will conftrtn the basic operability
of the production system with relatively low capital commitment. At the same time, the
produced oil and gas will both furnish revenue to help defray stage 2 costs, and also provide still
tnore  longer-term! reservoir information to augment the stage 1 drill-stern tests. During this
stage, the operator would produce the three to five delineation wells to determine if field
performance is sufficient to warrant full field development. If, during stages 1 or 2, a conclusion
is reached that the field is not worth developing, then an abandonment decision may be made,
Under the circumstances, the objective is to minimize fmancial loss, assuming production revenue
is insufficient to provide a net profit.

Stage 3 - Full Field Development

Stage 3 development depends on the reservoir size and type. For reservoirs requiring only 10
to 15 producing wells, a small development concept is appropriate, For 30 to 40 wells, a large
development effort would be pursued. Data and experience gained in earlier stages would be
employed in decision-making regarding the optimum stage 3 development approach.
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Long Onset Subsea Tie-Back +~>ents

One of the critical assurnptiorls for this study was that the field would be offset a significant
distance �5 to 60 miles! from a shallow water host platform, The system schematic for such
a subsea tie-back development is shown in Figure 2. Under the DeepStar concept, initial

deepwater subsea production operations will
attempt to use existing platforms as host
processing facilities. As confidence in the
deepwater prospect is established, a staged
expansion of the subsea facilities would be
initiated as described above Such an
expansion would most likely require the
cons ruction of a new dedicated processing
center. Once established, this center would
be capable of handling production from a
number of other deepwater prospects within a
60 mile radius  Figure 3!.

Subsequent developments io the area will be
achievable at a reduced cost  estimated at 75
to 80 per cent of original cost per barrel!
compared to the ftrst project, which
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established the processing center. The existence of new deepwater infrastructure will facilitate
the commercial development of small fields �0MMBOE or less! which would normally not be
considered economically attractive on their own, An opportunity exists here for the industry
again to cooperate and establish joint processing centers that could service an entire region
 Figure 4!. A joint industry processing center approach could still prove attractive even if the

development concept adopted by several of the venture operators did not involve subsea
production wells.

4. DEEPSTAR PHASE 1 TECHNOLOGY STUDIES

The DeepStar team documented and evaluated the capability, cost and availability of basic
components and subsystems that would potentially be required for a remote subsea development,
through a series of foundation studies, which included:

Multiphase subsea pumps and subsea separators
Multiphase and single-phase pipeline systems
Control systems and urnbilicals
Chemical injection systems
Templates and manifolds
ROV systems
Diverlessiguidelineless rnodularization requirements, and
MODU production support operations and safety.
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of s c!fl!c investigation into these areas provided recommendations as to the best
tne resu ts o spety family of coinponents for use in deepwater subsea systems to meet an acn al f ld
types or arni o cdevelopinent within the next two to five years.
5. DEEPSTAR PHASE 2 WORK PROGRAM
The work program for 1993-94 of the DeepStar project is broken into 10 major technology area~:regulatory issues; rnultiPhase flow and equipment; subsea controls issues; production risers.MODU and mooring; flowlines and urnbilicals; reservoir Performance and engineering.
manifolds/trees and connection systems; Produced fluids; and drilling and completion issuespork in each focus area is overseen by a chairman and a technical committee consisting of
representatives from each of the participating companies  Pigttre 5!, The following engineer ingorganizations have been contracted by the project to perform a number of specialized technology
scoping studies:

Intec Engineer ing  program
technical advisor!
Aker Omega
Paragon Engineering
H 0 Mohr Engineering
Loes & Associates
Oceaneering Prod. Systems
Stress Engineering
Sonsub

MCS International
Project Associates Inc.
Sea Troll Engineering
Brown & Root Seaflo
DNV Technica

one of the unique aspects of DeepStar is that participants are sharing prior technical research in
an effort to "leap-frog" technology development in these key focus areas and to do so at
minimum cost. The following is a very brief synopsis of progress to-date in each of the
technology development areas:

gegufrrrory issues - A number of' regulatory related barriers exist for development of the
deepwater Gulf of Mexico, Representatives of the DeepStar Participant comps ies»ve been
meeting on a monthly basis with the Minerals Management Service  MMS! to discuss technology
issues and current regulations in an effort to identify areas where exis"g reg lations are not m
step with technology capabilities, Areas of discussion have included Production monitoring an
testing, underwater safety valves, systetn shut-down requests, susPension of Production and
subsea !nstallation, maintena ce and repair. Extended well test operations have also been the
subject of discussions based on a special report the Program issued on this topic,
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NuNphase Flow ck Equipment - Texaco has released to DeepStar participants the results of
an in-house transportation options study that focused on the pressure boosting and transport of
multiphase fluids over long distances  up to 60 miles! in extreme water depths �000 - 6000 ft!.
This work formed the basis for further joint study work by the DeepStar group on issues related
to multiphase transport and the options open to the industry to add energy to multiphase fluid
systems, Many of the major technical hurdles associated with deepwater production revolve
around the challenges that arise from production in the cold environment associated with
deepwater. Examples include produced fluids probletns such as hydrates and paraffins, and the
phase behavior of the fluids being transported.

Initial study work focused on the Gulf of Mexico and showed that:

~ Reservoir depletion through natural flow is possible for a period of titne, depending on
reservoir and fluid properties. The period of time is likely to be in excess of that
required for the initial reservoir evaluation/early production stage of a DeepStar type
developinent.

~ An economical method of controlling hydrates will be essential for any extended reach
development producing significant quantities of water.

~ Hydrates tnay be controlled either by prevention of hydrate crystal formation or by
controlling agglomeration of the hydrate crystals once formed. The method of hydrate
control will be either by chemical, thermal or mechanical means, and the method used
will have a major impact on the type of multiphase flow system that can be used, and vice
versa. This arena of work promises to be one of the key areas of focus in ongoing
DeepStar activities.

The multiphase flow issues that impact deepwater system configuration and operation are being
documented in the Phase II program in the form of logic decision flow diagrams to help focus
and guide the conceptualization of future developments.

This committee is being supported by contributor representatives from Bardex, Paragon
Engineering, Southwest Research Institute, Battelle and Leistritz.

Coztfrol System issues - The purpose of this cortunittee is to evolve the architecture and
direction of control equipment development for the next generation of deepwater control systems.
Areas investigated in the Phase II program included basic control system architecture, downhole
and production sensors, electric and hydraulic connectors and qualification testing of a number
of these connectors, utnbilical improvements, and interface of control systems with subsea
pumps, separators and meters. This group has met on several occasiotis with representatives «
the various vendors and contractors that are acting as contributors to the DeepStar work. A
scope of work has been issued to interested parties identifying areas of concerns, technology
requiring further development, and basic questions the operator community has concerning
system capabilities for deepwater deployment.
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This committee is being supported by contributor representatives from FSSL, GEC, Hydril,
Ocean Design, Marston Bentley, Pirelli, Tronic, Multiflex and Koomey.

Deepwater Production Risers � This committee is attempting to focus the industry's deepwater
riser development efforts on a small number of promising production riser concepts. These
include flexible, rigid/buoyant, steel catenary, composite, and hybrid approaches. The program
for 1993-94 has been to compare arid perform a screening analysis of possible options. ln the
1994-95 work program the surviviag concepts will be developed and modelled in greater detail,
with a possible progression to wave tank testing or hardware development. To assist in their
analysis work, the committee has a clearly defined design basis complete with environmental
conditions for a variety of potetttial deployment sites in the Gulf of Mexico.

This committee is being supported by contributor representatives from Coflexip, Wellstream,
Cooper, and Hydril.

MODU k Mooring � One of the key aspects of DeepStar will be the ability of existing drilling
vessels to simultaneously drill, moor, and accommodate limited production functions in deep
water. Study efforts by this committee are targeted at addressing issues such as these, in addition
to exploring innovative mooring system designs that could drainatically lower the cost of
deepwater mooring systems.

The first part of the effort concentrated on evaluating the ability of existing drilling seini-
subtnersibles to moor and drill iri water depths between 3000ft and 6000ft. Given that this is
economically feasible, the next step was to add minitnal process facilities for extended well
testing/early production and finally use the vessel to produce the field long term, Mooring design
criteria for both extended well testing and long term production are more onerous than for
drilling alone and inay require the modification or replacement the existing inooring system. The
additional deck load due to the modified mooring system, deepwater drilling equipment and
consumables, production risers, and the process system can easily exceed the buoyancy capacity
of existing drilling vessels. The vessels, therefore, may require structural upgrades as well, to
increase their buoyancy and deck load capacity,

The second part of the coinmittee's study concentrated on cost reduction measures, These
included alternative mooring designs such as taut leg systems or DP-assisted mooring, synthetic
mooring lines, process system weight reduction, and the effect of downtime due to disconnecting
and retrieving the drilling riser,

This work effort is being supported by several contributors. Reading k Bates, Sonat, and Sedco-
Forex are evaluating vessel and drilling capabilities and determining upgrade requirements to
acconunodate increased water depth, deck load and space requirements, Baker-Hughes is
evaluating process systetn alternatives and Imodco is evaluating FPSO and tnooring system
options.

Flovtines & Umbilicgls This committee is charged with identification and development of
innovative, low cost methods of flowline/pipeline installation and repair as well as developtnent
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of alternative uinbilical concepts for ultra deepwater. The committee is currently at work on a
number of topical concerns. These include two alternatives for pipeline repair in water depths
to 6000 ft, new  low cost! J-lay techniques and tooling, pigging studies for deepwater systems,
and fabrication/testing of umbilicals manufactured from alternative carbon steel and titaniuin
materials. The committee also established a database and map of the existing infrastructure and
associated capacity availability that could potentially be used to support new deepwater
developments in the GOM,

This work effort is being supported by contributors including OPI, Heererna, Sonsub, Multiflex,
Pirefli Cable, Stena Offshore, Marston Bentley, and Oceaneering

Reservoir Perfonnance & Engineering - This conunittee's activities are focused on
identification and documentation of characteristics of deepwater reservoirs in the Gulf of Mexico.
Characteristics of deepwater reservoirs, including their size, productivity, and fluid make-up, will
have a direct bearing on the economic viability of deepwater development, The participants in
DeepStar are pooling data collected to-date on deepwater reservoirs in an effort to uriderstand
better what design parameters should be used in planning deepwater developments.

ManifoMs, Trees & Corrnechons - The focus of this committee includes all aspects of subsea
facilities or hardware. This includes preferred facility arrangements  such as teinplate vs.
manifolds with clustered wells or satellite wells!, interface coimections, instaHation
considerations, standardization of equipment and interfaces, manifold configurations, tree layout,
intervention, maintenance, and repair. The committee is also attempting to evolve and adopt
standard designs for workover or completion equipment, trees, and manifolds.

Efforts within this committee are being assisted by the following contributors: Heerema,
Cooper, Hydril, National Oilwell, FMC, ABB Vetco, Wellstrearn, and Coflexip.

Produced Fluid Problems - Second only to reservoir questions, produced fluids problems are
seen as the major barrier to economically viable production froin the deepwater Gulf. Of
primary concern to the participants is paraffin production and deposition, followed closely by
hydrate formation and asphaltene production. The participants are evaluating data on these fluids
problems in an attempt to identify where to focus expenditure of joint funds. Alternative methods
for handling produced fluids problems in the production system, including thermal, chemical, and
mechanical treatments, are being evaluated. As is the case with the reservoir committee, the
produced fluids committee is collecting data on the different produced fluids problems that have
been encountered in the deepwater Gulf. This data will be used to focus the cornrnittee's
activities on those aspects of the problem that will most favorably effect the potential for future
development, One of these areas is the need to develop standardized produced fluid test
procedures and the potential need for new tools to obtain improved  or more representative!
samples from exploration wells. The conunittee has issued a letter of inquiry to a number of
manufacturers in the downhole tool industry with the intention of developing a standard tool for
use in taking downhole fluid samples.

The committee has focused on remediation alternatives for produced fluid problems due to the
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bility of the industry to adequately model or predict these problems. A comparative
analysis is curren y iI ' currently being undertaken to identify the effectiveness and consistency of a number
of new modelling techniques.

g Compledon Issues - The single largest expenditure for deepwater developinents willg Oltl
be well drilling and completion costs. This activity alone accounts for approxitnately 40 and 70
per cent of the capital cost of deepwater developments. When viewed in the light of total
development costs, this could exceed $700 million for a large development. Cost control and
reduction is critical to the effort to make the deepwater Gulf commercially viable, The
participants are focused on identifying those actions that can be taken to reduce drilling,
completion, and intervention costs.

Current committee activities are centered on generating an efficient deepwater well drillingi'casing
design and a corresponding completion design. Load impacts on the drilling vessel have b n
identified and alternatives for reducing vessel loading are being explored. Completion component
reliability is being assessed in an effort to minimize well workover requirements and improve
safety.

Participants are being assisted in this area by the following contributors: Reading k. Bates,
Sonat, Sedco-Forex, Profco, CTC International, Baker Hughes, Halliburton, Hunting Oilfield,
Hydril, OSCA, and Bardex.

6. CONCLUSION

There are many ways for the oil industry to cooperate in a manner that benefits all, Texaco
believes that it will indeed take a cooperative effort to facilitate the cotntnercial realization of the
deepwater of the Gulf. What is required is a coinmon vision on the best way to proceed. We
are enthusiastic that DeepStar may provide that common vision as well as the vehicle that inoves
the industry forward into the new deepwater frontier. DeepStar is redefining the way that major
operators, suppliers, and government agencies can work together to promote development in
technically challenging environments such as the deepwater Gulf. The program has now been
operational for over two years. As can be seen from this report, many technology issues critical
to the progress of deepwater development are being addressed and innovative development
concepts and approaches are being evolved,
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PETROBRAS TECHNOLOGICAL INNOVATION PROGRAM ON
DEEPWATER KXPLOlTATION SYSTEMS - PROCAP - 2NIO

M.I.ASSAYAG, M A. PETKOVIC and O.J.S. RIBEIRO

PETROBRAS R k D Center and Production Departinent, Cidade Universitaria,
Quadra 7, Ilha do FundKo, Rio de Janeiro, RI, 21949-900, BRASIL

ABSTRACT

Petrobras, the Brazilian State owned oil Company, celebrated its fortieth anniversary as one
of the leading cotnpanies in the world's oil patch. In December 1992, Petroleum Intelligence
Weekly tagged Petrobras as the world's fastest - growing oil company over the past few
years This expansion is directly linked to the Company's cutting edge in deepwater
exploration and production technology.
Petrobras has been making important oil strikes in waters deeper than 400 meters in the past
few years. This exploratory success is not only mainly reflected by the Albacora   1984 ! and
Marlim   1985 ! giant fields but also the discoveries of other deepwater fields in the Carnpos
Basin

The reserves in those fields, located in waters of 400 to 1000 meters   classified as deep! and
those in depths over 1000 meters   classified as ultra-deep !. account for 64/o of total
reserves in Brazil. The importance of deepwater technology is also stressed by the fact that
over 60'/o of the potential oil discoveries   future new discoveries ! will be in deep and ultra�
deep waters. These figures demonstrate that the production of its deepwater fields is a vital
issue for Brazil.
In order to face technological cha]lenge of producing oil in deep waters, Petrobras
established a special program named PROCAP, aiming at maximizing the technological
capability of the Company on deepwater oil exploitation between 1986 and l 991
The excellent results obtained by that program encouraged Petrobras to create a new one
called PROCAP - 2000   Technological Innovation Program on Deepwater Exploitation
Systems !, far more daring than the previous one, that intends to change the current way of
producing in such water depths.
This paper presents the driving forces to go beyond 1000 meters water depth, a review of the
first PROCAP and its main results achieved, besides a detailed description of the PROCAI'-



2000, including the goals the strategies and the systemic projects considered essential to
boost the developrnettt of deep and ultra � deepwater oil and gas production in Brazil.

KEYWORDS

Deepwater; Exploitation; Technology; Strategies; Brazil

INTRODUCTION

Campos Basin, the main petroleum province in Brazil, is located offshore Rio de Janeiro
State on the southeast region of the country. Its area covers 110 sq. kin. ranging from 50 m
to 3,400 tneters water depth   figure 1 !.

The first producticm system installed in this basin began its production in 1977. Today,
seventeen years later, the overall production system comprising 14 fixed platforms and 13
floating systems distributed among 33 oil fields which account for the production of 421,000
bpd   which stand for 63 % of the domestic production ! and 7,9 million daily cubic meters
of gas   which represent 40 % of Brazilian gas production !. The accutnulated production has
far overcome the one billion barrels of oil milestone. This production is handled and
exported to shore through over 2500 km of oil and gas pipeline networks.

Petrobris's experience of 16 years using floating production systems   FPS !, shown on table
1, has allowed the evolution of this production system originally conceived as a temporary
solution for anticipating production of offshore fields to become a highly recotnmended
option to the production of marginal and deepwater fields. The main deepwater projects
employing this well proven technology to be implemented in the next years by Petrobras, are
summarizixl on table 2.

With respect to Subsea Trees, which consist of a group of valves settled on the sea floor
aiming at controlling the flow rate of the well, Petrobras has up to now 192 installed and 42
planned to be installed between 94 l 95 that will correspond to an overall of 234 Subsea
Trees This figures represent about 30% of the total subsea completion all over the world
 table 3 !.

Figure 2 shows the successive water depth world records that have been established by
petrobris in subsea completion since 1979, culminating with the MRL - 04 well, which is
the current world record located at the remarkable water depth of 1027 meters.

THE IMPORTANCE of DEEPWATER PRODUCTION to BRAZIL

At the end of 1993, the total volume of both exploitable and non-exploitable crude oil
reserves in Brazil carne up to 7.04 billion barrels and about 285 billion cubic tneters of
natural gas From that total, the oil reserves located onshore represent 14. ] %; the ones
located in shal love waters, below 400 in, account for 22. 5 % and the ones in deep water,
between 400 and 1000 m, for 43.8 %. The oil reserves situated in depths over 1000



meters, classified as ultra-deep waters, represent 19,6 %, but in this case, it is now
necessary to develop technology to produce in such water depths. Summarizing, the oil
reserves located in both deep and ultra-deep waters stand for about 64 % of the Brazilian
exploitable and non-exploitable total reserves while the natural gas reserves placed in
these water depths account for 26 % of the total. The importance of deepwater
technology can be also emphasized by the fact that according to Petrobras Exploration
staff over 60 % of the potential oil and gas discoveries, that is, new fields where
favorable characteristics indicate the existence of hydrocarbons, will be in deep and ultra
deepwaters,. These figures reveal that Brazil's future regarding oil production is strongly
related to offshore fields located over 400 rn water depths.

During 1993, Petrobris achieved an accumulated oil production of 244 million barrels,
corresponding an average daily production of 668,000 barrels. This productioii is not
enough to meet the Brazilian market demand which is nowadays of 1,2 million bpd.
From the total produced, 28,4 % came from onshore fields, 54,8 % belonged to shallow
waters and 16,8 % was produced in deep waters.

Figure 3 shows the oil production potential forecast up to year 2003. As one can see, it is
a must for Petrobras to work out its deepwater fields in order to increase its domestic oil
production in the next 10 years. Otherwise, this increase would not only be unfeasible but
also the oil production would actually drop from the current 710,000 bpd to about
600,000 bpd. In 2003, the estimates indicate that Brasil's oil production will be able to
reach 1,526,000 bpd and also that about 60 % from this production will come from deep
waters, So, Petrobras would jump from today's 17% up to 61 % by the year 2003.

From those figures expected for the near future, one can easily conclude that Petrobras is
on the way to substantially increase its offshore activities by the end of the century The
amount of the reserves to be exploited during this period is two times as big as the
amount of the reserves already developed.

THE FIRST PROCAP

The economic significance of the deep water reserves determined the creation, in l986,
of Petrobras Technological Development Program on Deep Water Production Systems-
PROCAP . The main objective of this program was to improve the Nation's
technological expertise in oil and natural gas production in waters as deep as 1000
meters, aiming at the Albacora and Marlim field developments.

The program also aimed at .
~ Consolidating Petrobras operational experience, mainly in fioating production svstems
  FPS !,to achieve cost reduction and reliability improvements.
~ Extending shallow waters offshore technology to deeper waters
~ Developing new alternatives to improve deep water oil exploitation.



The PROCAP was carried out in 6 years, from 1986 to 1991, and undertook 109
interdisciplinary projects. A summarv of the projects is shown as folio~ .

� Mooring Systems   8 projects !
~ Desi~ criteria, mathematical models, software, fatigue behavior, development of

component for mooring lin.es   metallic and non - metallic !;
� Semi - Submersible Hulls   1 project !

~ Quality control of hull construction,
� Production Facilities   4 projects !

~ Equipment weight and s.ize reduction, electrical system stabihty,
� Risers   7 projects !

' Design criteria, mathematical models, software, large scale monitoring,
development of rigid or flexible riser elements, to be used in drilling, production and
completion operations,
� Wet Christmas Trees   2 projects !

~ Development of WCT for water depths up to l 000 m;
� Manifold J Template   9 projects !

~ Design criteria, mathematical models, software and development of manifold I
template components,
� Subsea Pipelines   7 projects !

~ Pipeline repair using ROV, laying methods, hydrates formation problems,
multiphase flow, heavy oil flow;
� Well and Reservoir   10 projects !

~ Directional drilling, formation damages, gas lift in deep water, kicks control,
downhole subsea safety valves reliability, control of sand production;
� Structures   9 projects !

~ Design criteria, mathematical models, software, thick plate weMing, vibration
monitoring, cathodic protection, costs reduction program for offshore structures,
� Process Ships   3 projects !

' Design criteria, mathematical models. multipurpose swivel for dynamic
positioning ships in production activities,
� Remote Operated Vehicles   6 projects !

~ Development of special tools for ROVs;
Multidisciplinary Projects   ZS projects !

~ Ocean-meteorologica> data, soil structures, oil properties, semi-submersible design
and large scale monitoring, hiperbaric center, anticorrosive protection hydroacoustic
signal transmission, hyperbaric welding;
� Innovative Systems   1 ~ projects !

Subsea multiphase pu«P«g, semi-submersible with dry completion compliant
towers. tension leg platforms, subsea separation systems

Table 4 showsthe selected systems studied in the first PRDCAP. Pet obrm dedicated
about 80 "o of total human available resources to the alternatives based on technological
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extension, that is, those that had already been used in shallow waters but still needed
further developinents of some components or subsysteins in order to be applied in deep
waters. These systems consist basically of either semi - submersible platforms or ships
equipped with a process plant and a set of subsea equipment. The wells are drilled,
completed and have the subsea trees installed . The produced fluids are sent directly to the
platform or through subsea production rnanifolds by means of flexible lines. This flow is
separated in the process plant and the oil is pumped either to the tanker that is anchored
in a monobuoy or to another platform located in shallow waters. The produced gas is
normal!y compressed to shore.

The Floating production systems   FPS ! based on semi - submersible for water depths up
to 1000 meters have Petrobras's preference for the following reasons:

~ To provide a reduced time for both construction and installation,
~ To allow proven technology systems utilization such as semi - submersible platforms,
Subsea trees, flexible risers and flowlines among others;
~ To make possible drainage grid with flexibly spaced wells from the use of subsea
manifolds;
~ To enable an available drilling unit conversion at low cost;
~ To provide both high flexibility and production units re-utilization opportunities,
~ To enable the unit's removal from the site at the end of the field's exploitation;
e To provide low sensitiveness to water depth variations

Some favorable aspects of those systeins for the use in Brazil are:
~ Existent environmental conditions,
~ "Smaller air - gap" structures for operational conditions;
~ Structure behavior under fatigue,
~ Both proven operational safety and reliability.

In order to make feasible the production up to 1000 meters water depth in Campos Basin
using that technology, the first PROCAP studied in details the following intportant
points:
~ Semi - submersible weight reduction   production facilities and hull ! - specific design
and drilling to production conversion;
~ Platform positioning and mooring systems;
~ Subsea coinpletion and subsea connection systems   pull in !;
~ Subsea production equipment such as subsea trees, wet and atmospheric rnanifolds,
template � manifolds;
~ Rigid and flexible risers and flowlines;
~ Monitoring and remote control systems;
~ Installation, maintenance, retrieval and inspection of subsea eqtiipment.

In addition to the developed projects related to technology extension, the first PROCAP
dedicated about 20 'ro of its total human resources to the study of Innovative Systems
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These systems are the ones Petrobras has not used so far, but they were considered
attractive alternatives for our deep water oil fields.

In the innovation technology projects, the following alternatives were studied:
~ Compliant Towers;
~ Tension Leg Platforms   TLP!;
~ Semi � Submersible with dry completion;
~ Subsea separation systems;
~ Subsea multiphase pumping systems

The Brazilian technological community - universities, engineering consultants,
industries, science and technology centers - carne up with important contributions to
these projects, The international coininunity also played a key role through Joint Industry
Projects, service contracts, technology transference programs, cooperative agreements,
consultancy and in - service training   figure 4 !.

During the who]e program, ended by December 1991, PROCAP expenditures came up to
US%70 million. A total of 400 Petrobras's experts and over 1000 staff members from
other institutions were involved, representing around 200,000 man / hours per year.
As a major result, full technological capability through the Aoating production system
based on seini � submersible at water depths up to 1000 ineters was acquired. Main deep
water accomplishments obtained by the program in relation to production systems are
listed on Table 5.

Figure 5 presents the result of preliminary analyses regarding the application range of
Stationary Production Units for Campos Sasin conditions, as a function of the number of
wells and water depth.

Petrobras won international recognition for its work in deepwater oil production
technology, when was honored by the OfFshore Technology Conference   OTC ! with the
1992 Distinguished Achievement Award for Companies, Organizations and Institutions.
The first PROCAP represented a major contribution to this technology development and
played an important role in helping Petrobras to get that award

PROCAP - 2NIO

Petrobras started by the end of 1992, a new program called PROCAP - 2000-
Technological Innovation Program on Deepwater Exploitation Systems - which has been
implemented to give continuity to the efforts of the first program to improve Brazilian
technological skills in deep waters The new prograin has got the following goals

~ Focusing efforts on technologically innovative projects as well as in advanced
developinent projects where Petrobras has not fully mastered available international
technology yet. The ultimate aim is to reduce investment and operational costs related
deepwater production systems operating between 300 and 1000 meters, and to enhance



final recovery of oil and gas, besides extending the useful life of wells located in waters
over 300 meters deep
~ Development of ofTshore drilling and production technologies, enabling Petrobras to
produce oil and gas from fields situated i n ultra - deepwater   1000 - 2NN meters ! .

PROCAP - 2000 STRATEGIES

The strategies chosen for PROCAP - 2000 reflect not only the today's level of oil prices�
expected to hold steady or climb only slightly in the near future - but also Brazil's current
situation, particularly as a developing country, The program endeavors to optitnize
reliance on know � how and resources available locally and abroad, and reduce the costs
of the development of deepwater technology. This strategy stresses:

a! Links with the Brazilian Technological Community   Sharing M'orts !
The participation of the Brazilian technological and industrial communities is of
paramount importance, That is the reason why Petrobras has struggled to rnaxiniize the
participation of the local universities and technological institutes, engineering consultants
and high tech industries, in addition to the National Government, in order to concentrate
the efforts towards the desirable achievements.

b! Links with the International Technological Cornniunity   Complementation !
Petrobras must intensify its contacts with the international technological community - oil
companies, universities and technological institutes, engineering consultants and foreign
suppliers � in order to have access to technologies not available in Brazil. Another
important issue is to monitor technological feats worldwide. The ways found to pursue
this goal are through Joint Industry Projects  JIP's!, Cooperation Agreements, Service
Contracts, Consultancy and Mutual Visits

c! Focus on Essential Technologies   Selectivity !
Efforts going towards improving technological know - how should be concentrated on
the objectives considered essential ta the program

d! Links with Governmental Funding Agencies   Financial Resources !
PROCAP - 2000 is considered as a boosting program by the Goveittment. Therefore, it
may get external funding for both Petrobras and the participant companies

PROCAP � 2000 PORTFOLIO

After a 200 Petrobras and local universities technical brainstorm, 11 systemic projects
were chosen to be developed throughout 4 years by PROCAP - 2000, from 1992 to
1996   table 6 !, These projects represent the essential technologies for Petrobras to come
up to the goals of that program. Once more, the aim is to get a steep reduction on
production costs, increasing productivity at deep water fields while enabling oil
production in water depth over 1000 meters. In order to assure significant and effective
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results in these projects, the final products should be presented as prototypes, field tests,
small scale models or basic design
A brief overview of each one of those I I projects are presented as follow:

STABILITY IN HGlUZONTAL AND HIGHLY DEVIATED WELLS

The Albacora and Marlim non - consolidated sandstone reservoirs increase the risk of wellbore

instability u hen the drilling and production of horizontal wells are considcrcd. This is so due to
the contribution of the overburden acting in the vertical direction.

The knowledge of the formation mechanical properties, the stress state and the development of a
constitutive model associated to a failure criteria will allow us to foresee the well stability during
the drilling phase and also the production period. It will be possible to anticipate the need for a
gravel pack or a liner or casing or even the well feasibility, bringing about considerable cost
reduction on thc exploitation of offshore gas or oil fields.

This project aims at the development of a tri4imensional wellbore stabilih simulator taking into
account the effects of the multiphase flow of fluids in the reservoir rock and the non-physical
linearity of formations. Field tests as micro-fracs and oriented cores will bc performed to validate
the simulator results. Another objective is to identify how the borehole stability is affected by the
mechanical properties of the tock and the in situ stress state.

This project will be conducted in two steps. The first one will consist of the development of a bi-
dimensional wellbore stability simulator using plane strain deformation state. The mxond ~
will start aiIcr the validation of the first one and will consist of the dcvelopinent of the tri-
diinensional wel I stability simulator. which is the fmai product of' the research project.

DRILLING HiGHLY DFVIATED WELLS IN UNCONSOLIDATED SANDSTONES AND
UNSTABLE SHALES

In order to minimize the costs of development of the deep water oil fields, several inclined and
horizontal wcl ls are planed to be drilled. When the rocks are geological li recent, serious
pmbieins are faced during the drilling of some shaies and unconsolidated sandstones, inainly in
thc inclined v elis

The aim of this project is to find the real causes of the three main problems encountered:
- Niechanical stabilih .

- Cutting removal;
- Well design.

TIie meehanicaI stabilih of the formation v, ill be investigated by using rock mechanics
laboratory tests to characterize the shalcs and veriFy the main aspects that cause instability, This
study will indicate thc best geometry  direction and inclination ! for the wells.

To ensure effective removal of the cuttings, even at risk of stability problems, some procedures
will be studied and some tests iiiII bc performed in a surface simulator. These tests will dc6ne



the best approach for the numerical simulator of cuttings removal to be used during the design of
the weHs.

The last step of thc project is the development of a novel Drilling Integrated System for Design
and Follow, UP of the wells. This system will run at workstations and all geological and drilling
data wi11 be available to be used by the several simulators working in an integrated manner. The
system will allow the engineer to use all the simulators and also to obtain all the necessary data
from different coruputer hosts.

Once the design is completed, the system will check all the options and verify conditions. This
system will also allow for an effective follow-up during all drilling operations, The system will
reduce a great amount of time usually wasted while drilling through the increase of the quality of
the design and by allowing the engineers to spend less time making the most appropriate
decisions during the operations.

KICK AND BLOWOUT CONTROL IN DEEP WATER WELLS

As the oil industry advances into deep water exploration the risks of having a blowout increase
due to di%culties related to kick detection and control procedures under this condition. The main
objectives of this project are the development of new systems. devices and the definitioa of
adequate well control procedures to minimize the possibility of blov'outs.

'Ihc first task is the defmitiou of kick s~xnarios. Afterwards, a. kick simulator is used to evaluate
and define control procedures. This approach allows the calculation of more, realistic kick
tolerance margins, safer well operations and cost effectiveness.

Improvement of BOP's operation reliability during an emergency disconnection w;ill be analyzed
since those safety margins cannot be applied irt waters deeper than 1000m.

The development of a system to control the BOP operations is another purpose of this project As
the oil industry heads towards deeper waters, the BOP operation becomes more diflicult. This
condition is critical due to the emergency disconnection, when a complex set of procedures must
be executed in a short period of time.

With respect to blowouts, the goal of this project is the development of a contingency plan
Capping and relief weH drilling may bc considered as concurrent alternatives to control a subsea
blow ing wells.

The contingency plan must still cover topics such as personal evacuation. oil spiH coiitainment.
and salvage of the reservoir, rig, and well. In the event of a blowout, a quick and ef%cient
response is essential for the preservation of life, property and environment. As a part of strategy.
resources and infrastructure must be devised and supported in order to assure an immediate
reaction.
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ELECTRlCAL SUBMERSIBLE PUMPS IN SVBSEA WELLS  ESPS!

The Electrical Submersible Pump method offers huge possibilities due to both the increase in
flowiates and the final oil recovery, as we! I as by providing more llexi bi lity to the subsea lavout,
since the product'on platform can be located further away from the well, in shallower waters.

The challenge in this project is to adapt the technology used in onshore wells and in offshore
phrtfonn completions to subsea enviromnent. Much has still to be done, mainly regarding
reliability «pumping units and subsea power transmission.

This project should encompass the following activities:
I - Scenario Study - evaluation of the stateaf-the-art in ESP technology, check of deepwater

fieM parameters, such as oil c~ristics, production utes and expected costs.
2 - Pumping System - evaluation of components, to detect which items still need development

for subsea applications.
3 - E ergy Transmission - evaluation of components. with the same objective.
4 - Installation Procedures - procedures now followed to be checked for sub-sea suitability.

Alternative methods like cable and coil tubing deployment will be studied.
5 - Subsea Equipment - Conceptual designs for Wellhead/Tubing-Hanger/Subsea Tree to be

devised.

6-Artificial LiR- arti6cial liII methods other than ESP to be evaluated; such as thc
Hydraulically Driven Submersible Pump and the Jet Pump.

A pilot installation of an ESP in a subsea well of Campos Basin is expected for rnid !994 on the
IUS - 22 I well in 90 rn water depth. This installation will be the first one of this kind in the
world,

SVBSEA SEPARATION SYSTEMS  SSS!

The Subsea Separation System  SSS! is a new concept in the offshore exploitation scenery and
has received special attention from the oil operators, who consider it attractive for applications in
deep water fields, besides marginal fields in shal los water

Higher production rates and final oil recovery, reduction of required number of platforms and
potential reduction of operational and investment costs aie the main benefits that the SSS use
will bring to the oil industry.

The basic configuration of thc SS S includes a vessel or a tube for liquid sepaiatiott and a pump or
another device to furnish energy to the liquid. The pressure of the separator w;ill be enough to
transport the gas to the host platform. Four main technological alternatives wi]l be ~~ out
namely

l - Electrical Submersible Pumping  ESP! in a dummy well. Several helix separation steps
and a multistage centrifugal pump installed in dummy production well define the main
featu res.



2- Displacement by gas. The pressurized gas is injected into separator vessels or dummy
we! Is to send liquid to the host platform

3 - Conventional  Drop-OR!. This classificabon means the separator vesseL the pump and the
other system elements similar in configuration to the conventional ones used at surface
will be 'dropped off'"to the sea floor.

4 -Gas-Lift in dummy well - The differential density between a liquid and a gaseified liquid
column provides, in a deep dummy well, a net pressure enough to transport the production.

The main project steps are:
- conceptual design of the four technological routes. This step is now being made in order to

find out how cost-effective each route is and to enable the best SSS alternative to be picked
out for each scenario.

- development of components and subsystems. Both electric and electronic components, motor.
pump, valves, mechanical and electric connectors,...

- design, fabrication and field tests of a complete subsea prototype.

To date, the four technological lines here described are being as much as equally pursued,
because each onc seems to solve specific groups of problems.

SUBSEA MULTIPHASE PUMPING SYSTEM

This innovative system is considered economically advantageous in deep water exploitadoa
where the installation and operation of standard production platforms is either too expensive or
technically impracticable. Economical benefits increase as water depth increases

Aimed initially at production depths of up to 1000 meters, with a future extension to 2000
ineters, the subsea station will be designed to withstand operating conditions at the three giant
fields off the Rio de Janeiro coast: Albacora. Marlim and Barracuda. These conditions diNer
significantly from those of the North Sea and the Gulf of Mexico; heavier and more viscous
fluids, relatively higher gas void fraction, and increased boosting requirements.

'&e first phase of the ptoj~ involves onshore performance and endurance testing of existing
multiphase pumps under operating conditions as close as possible to those specified above, using
~ oil from the giant fields. The second phase wifl bc the topside or onshore application of
pumps to boost production and increase automation. The third and final phase will address the
design, construction, installation, and testing of a complete subsea pumping station to be
deployed in the Campos Basin.

An onshore testing site is under construction at the Atalsia Production I:aciliti in the State of
Sergipe, northeast of Brazil, and is scheduled to be completed by June 1994. The design
capacities for the closed loop liquid system are 10,000 bopd and 5.000 bnpd. with gas fraction as
high as 95/o, thc gas system is open, with gas brought to the facility from a compressor station
1~ nearby. Both intake pressure from up to 15 bar and discharge pressure from up to 4> bar
complete the design operating range. This facility will also be used for testing multiphase meter
and other devices applied to the multiphase floe, pnxluction. Investigation of floe phenomena,
using fluids and operating conditions closest to those encountered in real applications. is another
capabilitv of this facilitv.
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A twin-screw multiphase pump has been already purchased for the first tests at the Atalaia site.
In parallel to determination of its performance curves and the six month endurance tests, it will
carry out the engineering design of the mariuization phase for this type of pump. Subsca
electrical system, including transformers frequency converter motor, connectors and switches,
control and data transmission system. and the use of subsea multiphase meter. are integral parts
of the development plans. A rotodynamic pump is also being considered and is expected to
follow the screw pump path.

FLOW ASSURANCE IN DEEP WATER CONDITIONS

The environmerttal conditions in which crude oil flows during onshore production may give risc
to changes in the physical properties of the crude as well as on the flow dynamics. Consequently,
some problems may be present during the multiphase pipeline flow: a! Oil-water emulsions
 formed as long as water is present iu the produced fluids! at low tetnperatures may increase
viscosity to high Ggures, with reological behavior other than that shown by nou-emulsified oil. b!
Organic deposits are formed in lines and production equipment due to paraflinic compounds of
high molecular weight present in the oil, these compounds precipitate at low temperatures, thus
blocking the tines and equipmcnt, and also reducing flow rates.

In this scenario. the follow ing developments can be foreseen.
Validation of the both coinmcrcial and in house existing models with field data:

~ Dcvcloprncnt of new models, if necessary.

Production losses due to organic deposition in the flow lines of the wells located far from thc
production platform. are to be avoided by studying the deposition phenomena and feasible
operational techniques.

Thus the project should deal w ith the following issues:
~ To develop techniques to identify parafIin deposits iii pipelines
~ To study and deflne the influence of both flow rates and GOR in deposition:
~ To test techniques based on chemical inhibition thermo-chemical  SGN-SUPER!, mechanical

 PIGS! and thermal  electrical generation of heat and pipe insulation! principles to prevent
correct or avoid these phenomena;

~ To develop innovative techniques to avoid parafljn deposition. Study on generation and
dissipation of waves under certain frequencies is also to bc undertaken.

Thc project includes the proper design of all facilities iieeded to apply the corrective or
preventive techniques developed. as well as the design of suitable underwater equipment required
to their implementation

The main benefit would be the availability of numerical tools to predict the operational problems
during pipeli~e flow ing and to avoid the pullout of paragon-blocked pipelincs aAcr a shut douii.



REDUCTION OF RIG DOWNIlME DUE TO BOP HANDlING

The goal of this project is to improve BOP reliability, increasing the safes during the operations.
preserving the environment conditions and reducing BOP don>time costs

Aaerefore, it is intended to gather BOP Rehability Data with all standard failure information in
order to provide a regular report with reliability data analysis. procedure and maintenance
recommendations, critical points, orientations, etc...Also, it is our intention to evaluate the most
recent technology available for a modem BOP Control System, providing a more reliable BOP.

The plan is to obtain a rig regular rcport to orient the field main action on BOP, so a
comprehensive BOP reliability analysis can be carried out. The actual BOP hilure data ~iII be
standardized to feed a computer expert system. Laboratory tests on BOP components v ill bring
additional information to the study,

Since the available technology on BOP Control System has been developed for quite a long tiine
the real chance to have a more reliable BOP Multiplexed Control Svstem are considered,

The kill and choke line union failures is one of the most important problems pointed out on BOP
failure data. The Failures inay be correlated with equipment project, operational and maintenance
procedures, materials, etc...

'Ihe immediate actions are to analyze the operational procedure, the manufacture guidelines and
also to implement a field monitoring policy, After these preliminary phases, a definitive plan will
be iinplementcd to improve the reliabilih the kill and choke line couplings

STATIONARY PRODUCTION UNITS WITH DRY COMPLETION

The main goals of this project are the development of the Grid Tensioning interface up to the
point of operational usage and the investigation of new concepts of platforms using tension legs
as mooring elements.

The project is divided in tvvo parts. the first consists of a preliminary design considering the
conversion of a semi-submersible drilling platform into a d~ completion unit, whose a grid
tensioning system will bc tested. The system to be developed is composed of a grid structure.
where the christmas trees ~ ill be installed and a se1 of tensioners supporting this structure. The
tensioners will hold the risers and also keep the grid and risers motionless ~vith respect to seabed.
The purpose is to carry out a study' of the si stem, focusing on technical questions that mai arise
in order to make this technology available

The same basic concept of dry completion, but with ncv; configurations. v;ill be considered in the
second part. Feasibility of these platforms will be investigated bearing in mind that they are not
as developed stage as the first onc.

One of the configurations is the TLP with Reduced Water Plane Area. which is an extension of
the conventional TLP concept. aiming at rninirnizing cnvirorunental actions upon the structure
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The tension and fatigue damage of the tendons is reduced by replacing thc columns by a truss
structure, and therefore reducing initial costs.

Another configuration is the Riser Tensioned Platform, with the main feature of replacing the
tendons by the risers as mooring elements of the platform. The riser would tension the unit
avoiding big displacement between the unit and the snbsea trees on the deck. It can be feasible in
mild envin>nmental conditions, such as the ones found along the Brazilian coast.

STATIONARY PRODUCTION UNITS WITH SUBSEA COMPLETION

The main objective of the project is the analysis of' the well proven floating production
technology, together with subsea completion concept, in order to make it suitable to be used in
the range of 1000 and 2000 meters water depths. The main concern to achieve this are the
following three major stages, namely: platform positioning systems, optimization of existing
semi-submersible platform and production ship.

ln the first stage, present experience is in the use of conventional cable / chain combinations of
mooring systems in water depths up to 1200 meters. The use of the technology where depths up
to 2000 meters are involved will call for further studies such as: materials, &esh mooring ideas
and perhaps considering the use of thruster-aided mooring systems.

Prnper definition of system configuration implies a more precise cost analysis regarding the fact
of being ready for the use of non~ventional materials such as polyesters. Degradation and
fatigue tests of cable vrires are required as much as testing fircilitics need to be built. The
acquisition of prototvpes is also intended, to be used in some field tests. In such tests, many
sensored parameters will provide useful information concerning the residual strength and
dynamic behavior of the system.

Stage hvo will considered the development of a conceptual design for a semi-submersible
production platform. The purpose is to devise a design for a given site, including some deck and
inside hull lavmut changes, and use of non~ventional equipment. Hull size optimization will
involve plant lay-out, stahilitv, motions, structural and fabrication / installation analysis. Special
attention is to be paid to the flow lines and umbil icals connection svstem.

Stage three, will deal with the conceptual design of one alternative for a semi-submersible
production platform in deep waters, using a production ship linked to turret system. Thc
ship/turret alternative studv will consider an existing ship which will have to be picked out to
Lmdergo the required modifications. Special attention is to be paid to the turret system in order to
maximize the number of production risers.

ACQUISITION AND TREATMENT OF GEOTECHNICAL, GEOPHYSICAL. G EOLOGICAI.
AND ENVIRONMENTAL DATA

The main purpose of this project is to come up with environinental loads. substrate geotechnical
behavior, active geological processes and detailed morphology of the sea floor along Brazilian
Continental Slope at the Campos Basin, to be understood from the engineering standpoint.
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There are 5 tasks to be tackled under this project, namely;

Sea f!oor detailed morphologic evaluation of deep water production fie!ds - detailed sealer
mapping for relief, structural and geohazard identi6cauoa,
Oceanographic and meteoro! ogica! data arxluisition - development of an ecean-meteorological
buoy and instruinenta! moorings, both for depth of 2000 m and devising of a protot>Tie for
bottom current monitoring;
Geo!ogica! approach to continental Slope-Establishment of former and recent sedimentary
processes based on the data collected from other jobs under the project, in order to describe
the geologic settlement of Continental Slope and Neighbor!rood
Geotechnica! monitoring of Continenta! Slope - Study and establish the phenomena related to
mass movements  such as creeping. slides, etc...! and seismological activity on continental
Slope at Carnpos Basin, and eventual!y develop, a prototype to monitor both of them.
Determination of sea floor elastic properties by seismic methods - development of an
algorithm for the determination of soil elastic properties based on 3D seismic data.

The results of these 5 tasks will provide the parameters related to environmenra! loads and
geohazards, enabling the proper planning and design of production structures and pipe!ines to
take place in terms of safety, cost and greater saving at both designing and instal!ation stages.

PROCAP-2000 � BUDGET

The overall estimate budget is US$56 million encompassing all activities such as
technological deve!oprnents, prototypes, field tests and Petrobras's labor exists, excluding
infrastructure and support expenditures for test accomplishments, which are evaluated in
approximately US$60 million.

CONCLUSIONS

Analyzing the cost breakdown of some of the Brazilian deepwater field developments, it
can be noticed that 50 %%d of the investment costs are due to the number of wells, that is,
drilling, completion, flow!ines to FPS or subsea rnariifo!d. ln the same way, stationary
production unit stands for 30 '/o of the investment costs of such projects.

Therefore, technologies that will help to decrease the number of wells needed   through
increasing their productivity ! and their individual costs, as weil as those which will
reduce or eliminate the use of Production Units, will contribute in a very significant way
to reduce the investment costs of the deepwater field developments.

Based on that, the use of horizontal well or fitting subsea wells with Electrical
Submersible Pumps   ESP !, or a combination of both, are some of the possibilities to
reduce the number of subsea wel!s. The use of some innovative equiprrient and
techniques to save rig / vessel time is another alternative to cut down the cost of wells.

The industry is investing great amounts of money in the development of subsea
production systems, such as Subsea Separators and Subsea Multiphase Pumps That has
been done in such way because of their breakthrough characteristics, which mean the
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possibility of completely changing the face of a field development, virtually eliininating
expensive production platforms and extending the productive life of the wells by
allowing them to produce at lower weHhead pressure.

The idea behind the boosting systems  ESP's, Subsea Separation 8r, Multiphase Pumping!
is to provide additional energy to overcome the higher hydrostatic head, as a
consequence of the deeper water depth, using the reservoir energy to get the oil up to the
rnudline at a lower pressure, thus increasing not only the flowrate but also the total
recovery of the fields

Around I'7 % of the current Brazilian oil production come from wells in waters deeper
than 400 meters. Barring any major onshore or shallow - water finds, Petrobras expects
this figure to come up to 61 % by the year 2003, Despite the limited availability of
proven deepwater production technologies, the country needs to exploit these reservoirs

It is Petrobras belief that PROCAP - 2000 will pave its way to reach that target by using
either one or the coinbination of the developed technologies by the year 2GGO. Therefore,
we hope to cut down about 30 % of the total costs   capex + opex ! of those field
developments.

For that reason, Petrobras set up the first PROCAP program, and its successor PROCAP
- 2000. Both programs are considered vital tools to boost the development of deepwater
oil production in Brazil.
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