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ABSTRACT

This dissertation focuses on the development of a methodology for
assessment of the safety of existing steel jacket platforms. The primary focus
of this study has been on a methodology that can be used by regulatory bodies,
owners, and operators to assess the safety of the offshore platforms located in
the Gulf of Mexico.

The safety assessment of ageing cffshore platforms has become of
increasing importance in the recent years in the United States and worldwide
in order to ensure their safe operation and continued production of crude oil
and gas. This has created a dilemma for the government regulatory bodies,
owners, and operators in the United States, where a major number of
platforms exist. In recent years, their interest in maintaining the safety of
offshore platforms against loss of life, environmental pollution, and loss of
resources and property has increased due to the awareness of the public of the
consequences of their failure.

Regulatory bodies, such as the Minerals Management Service (MMS)
established in the United States, have a role to play to ensure that the
structures operating in the offshore waters are safe to life, environment,
property and loss of production. However, they do not have a methodology
to make such routine assessments for the more than 4,500 platforms

operating in the Gulf of Mexico.



In this study, a 4-cycle screening methodology has been developed for
making routine assessments of the safety of platforms against storm wave
loads. Simplified techniques have been developed for platform capacity
evaluation which will be of special importance for identification of
potentially critical platforms. Judgements on their safety can be made based
on a probabilistic approach, which utilizes the nominal estimates and the
uncertainties in the load, strength, and consequences of the failure of a
platform.

Although the emphasis of this research is on safety assessment of the
Gulf of Mexico platforms against the storm wave loads, the principles and
theoretical background developed will be of use for assessment of the offshore
structures in other areas and against other load sources.

The ideas developed in this study could also be utilized in the re-
qualification and rehabilitation of other civil engineering structures. In the
State of California, CALTRANS, a government body, needs a process to
evaluate the safety of more than 9,000 existing bridges. There have also been
increased concerns for safety of public buildings, and other important civil
structures.

This research is believed to be timely, and of importance to regulatory

bodies, owners, and operators of offshore platforms.
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CHAPTER 1

INTRODUCTION AND OVERVIEW

The first steel platforms were installed in 1947 in the Gulf of Mexico,
and since then they have been extensively used in the development of
offshore fields around the world. The design criteria for these platforms has
changed significantly over the past 45 years. Safety of these'piatforms depends
upon the criteria and procedures used in their design, operation, and
maintenance.

In the United States, the public responsibility for the structural and
operational safety of the offshore platforms in the federal waters falls under
the jurisdiction of the Minerals Management Service (MMS). Platform
owners and operators have the responsibility for safe operation of the
platforms and to maximize their utility. In order to facilitate maintenance of
these platforms in a safe state, guidelines have been developed by the
industry and the regulatory bodies.

The American Petroleum Institute (API), formed by the industry, first
introduced recommended practices for the offshore platforms (API-RP-2A) in
1969, to provide a consistency in their design, fabrication, and installation.
AFI has pericdically updated these recommendations, and the Egé:ézh edition
[API, 1991 | now forms the general standard for design of the Gulf of Mexico
platforms.

The present day Minerals Management Service (MMS), U.S.
Department of Interior, introduced new requirements, 3¢ CFR part 250,

which largely follow the API guidelines with some additions [MMS, 1983}



these requirements, the Outer Continental Shelf (OCS) Order No. §
introduced in 1979 was followed, which provided mandatory requirements
for maintaining the safety of platforms [USGS, 1979]. The current
requirements define the need for periodic assessment of the existing
platforms for their continued use (Clause 250.142a) [MMS, 19881:

All platforms installed in the OCS shall be inspected periodically

oy

in accordance with the provisions of API RP2A, section 7,
Surveys. However, use of an inspection interval which exceeds
5 years shall require approval by the Regional Supervisor.
Proper maintenance shall be performed to assure the structural
integrity of a platform as a workbase for oil and gas operations.

Due to significant variations in the configuration of the platforms and
the technology used to design, operate, and maintain them over the past 45
years, their structural and operational safety levels differ. The structural
integrity of these platforms against the various sources of overload or
deterioration of the structural components is most important for their
continued operation in a safe state and for their optimum utilization. In
addition, operational procedures and equipment must ensure safety against
significant loss of life, and poliution.

Some of the primary factors which have influenced the structural and
operational safety levels of offshore platforms are listed below:

1) Significant difference from vresent acceptable load criteria: A large

number of platforms installed before 1965 and still in operation, were designed
for the 25-vear return period waves, whereas most of the platforms installed
atter 1965 are likely to have been designed for criteria based on the 100-year

return period storm conditions. Hence, the load level based on the present



acceptable criteria on the earlier platforms is likely to be significantly higher
than that of their original design criteria.

2) Change (reduction) in strength level: The main reasons for change in

the strength level of the platforms are as follows:

2) Ageing of structure: The platforms which are operating bevond

their original design life of 20-25 vears are prore to reduction in their
strength level due to the ageing processes such as corrosion, crack

formation, and crack propagation (fatigue).

b} Damage of members: The strength of platforms mary be reduced due

to damage of their components from other load sources over their
in-service period (dropped objects, collisions).

¢) Modification of platforms: Modifications made to the structure and

functions of the platforms have a direct effect on their structural and

operational safety levels (e.g., added risers and operational loadings).

3) salvaged and reused platform: In some cases, old platforms have been

salvaged and reused at different locations, frequently with little or no
refurbishment. The safety level of such platforms may not be comparable to
the equivalent new platforms due to the reasons mentioned under 1 and 2.

4) Significant increase in number of operators: The number of operators

in the Gulf of Mexico have increased from 64 in 1980 to more than 120 at
present [Arnold et al, 1989]. The operational philosophy foliowed by an
operator influences the Inspection, Maintenance, Repair (IMR) program
foliowed; the personnel access and evacuation program; and the production
safety measures incorporated. Hence, the IMR philosophy followed is likely

to vary considerably, which may have a direct influence on the structural

P

integrity of a platform and the consequences if it were to fail.

L.



As discussed, a very large number of platforms exist with a significant
variation in their functions, loading, structural, and foundation
characteristics. In addition, the present condition of a platform may
significantly differ from its "as-designed” state, due to its damage or
degradation (age-effects); the operational and IMR philosophy followed; and
the modifications made. Therefore, such platforms may not necessarily meet
the structural and operational safety standards followed today.

Hence, a methodology is needed for periodic evaluation of the
suitability for service of a large number of platforms and to ensure that they
meet the minimum requirements promulgated by API, MMS, and the State
regulatory bodies, to provide a safe workbase for oil & gas operations. Such a
methodology should consider large variations in their load, strength, and
operational parameters, and the limited resource in terms of time, cost, and
manpower available with a regulatory body to undertake such a task.

In order to meet the above needs, a practical methodology for safety
assessment of the existing platforms has been developed in this study.

The following three objectives were defined for this study:

a) To develop a screening process to group platforms according to the

degree of their fitness for purpose.

b} To develop a practical and economic technique for determining the

Reserve Strength Ratic (RSR), an index of the structural safety of the

platforms, and

¢} To demonstirate the feasibility of 2 computerized knowledge based

expert system for organizing the knowledge components of this

methodolegy and assisting with its implementation.

These three objectives were focussed on drilling and production oil

and gas platforms, and operations in the Gulf of Mexico (GOM).



Further in this chapter, an overview of the development of offshore
platforms in the United States is made, which aims at describing the
importance and application of this study. The failure modes and
mechanisms against which the safety of a platform should be assessed are
then identified and confirmed with review of the actual cases of platform
failures in the Gulf of Mexico. Then, an overview of the safety assessment

methodology followed in this study is presented.

1.2 Overview of Offshore Platform Development

The majority of offshore steel platforms have been used to provide a
ﬁxed base for hydrocarbon production. Currently, there are more than 4,500
offshore platforms located in the United States. On the Outer Continental
Shelf (OCS) of the Gulf of Mexico alone, there were over 4,400 structures, with
approximately two-thirds in water depths up to 100 ft. [Dvhrkopp, 1990} The
Pacific OCS has 23 structures of various ages. In addition, there are many old
structures in the state waters of Alaska, California, Louisiana, and Texas.

The Minerals Management Service (MMS) groups the platforms
currently operating in the OCS of the Gulf of Mexico under two categories:
major and minor. MMS considers the platforms provided with 6 conductor
slots or more, or with at least 2 pieces of production equipment, as major
platforms. The other platforms are classified as smaller structures, quarters
platforms, or equipment platforms. The number of platforms, 'gz‘*{}uged
according to their age (period since installation), under these categories are
given in Table 1.1.

From Table 1.1, it is noted that 1,643 (37 %) of the total 4,400 ( vear-1,990
figure} platforms are more than 20 vears old ie., they were installed hefore

1970 and may be operating beyond their original design life.



Table-1.1: Platforms Operating in the Gulf of Mexico- Outer Continental
Shelf [Based on statistics given in Dyhrkopp, 19901

5. No. |Age Group| Year Major #1) Minor #2 Total
Installed Platforms | Platforms | Platforms
> 25 years | Before 1965 370 646 1,016 (23.1%)
2. 20-25 years | 1965 - 1970 298 329 627 {14.3%)
3. 15-19 vears | 1971- 1975 290 178 468 (10.6%;
4, 10-14 years | 1976 - 1980 418 301 719 (16.3%)
5. 1-10 vears | After 1980 1,570 (35.7%)
TOTAL 4,400

#1: Tlatforms with 6 conductor slots or more, or with at least 2 pieces of production
equipment
- #2: Smaller platforms, quarters platforms, or equipment platforms.

Note that in addition, approximately 148 platforms are installed each vear in the GOM.

An approximately equal number of platforms, 1,570 (36 %), were installed
after 1980 i.e., they have been in operation for less than 10 years. The
remaining 27 % have been in operation for the intermediate period of 10 to 19
years.

The structural configurations of these platforms range from single-well
caissons to multi-leg jacket or tower platforms. In 1987, there were 1,969
(64%) wellhead platforms, 355 (11%) tender-assisted platforms, and 756 (25%)
self-contained drilling & production platforms in the Gulf of Mexicg OCs
[Dodson, 1887). The wellhead platforms are single well caissons or multi-well
4-legged jacket platforms. The tender-assisted platforms are usually 4-legged
jackets and the self-contained platforms are mostly 8-legged jackets or tower
platforms.

Caissons consist of a large diameter cylindrical or tapered tube, installed

in water depths up to about 125 ft,, and driven into the seabed to penetrations



of approximately 20-30 times their diameter. They support minimal
equipment.

Jacket platforms are the most common tvpe and they usually consist of
4- and 8- legs (or piles) constructed of thick tubulars. A significant difference
in the structural configurations of the jackets is noted, because of the
variations in their design criteria. Such variations are likely due to water
depth; environmental and geotechnical parameters; selected construction and
installation equipment; fabrication technology of the period; operational
criteria; and design philosophy. The jacket sub-structure is transported on a
barge, lift-installed by a derrick crane or launched by sliding along its one side
at the site, upended, and placed on the seabed.

A tower platform is designed to self-float on one side from the

fabrication yard to the installation site. It is provided with very large
diameter legs on one side to provide floating capability to the structure.
Such platforms have usually found application in harsh, remote
environments such as the Cook Inlet, and the North Sea. A few of them
were installed in the Santa Barbara Channel (Southern California) due to the
availability of small size barges during that period, and also in the unstable
soil zones of the Gulf of Mexico.

The emphasis in this project is on the steel jacket plattorms located in
the Guif of Mexico. A steel jacket platform can be divided into three major
parts: deck (air-above water medium); jacket (water medium}: and foundation
piles (soil medium) as shown in Fig. 1.1. The interaction of these three parts
of a platferm with the surrounding media varies for different sites and
depends upon the structural properties and configuration of the platform, the

length and properties of the medium, the forces imposed by the medium, and
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Figure 1.1: Major Parts of a Steel Jacket Platform

the forces absorbed by the medium. A number of complex phenomenon
occur due to interaction of these media among themselves or with the

structure.

Due to distinct differences in the structural configurations and
behavior of these three parts, their failure modes and mechanisms differ. A
summary of the failure modes and mechanisms in these parts, based upon a

review of the past failures, is given in the next section.

1.3 Eailure Modes and Mechanisms

A tailure mode describes the mode in which a component member
may {ail. Some of the failure modes for a structural steel member are

identified as: rupture; buckling, shear, bending, and tearing. Failure mode is



initiated by overloading of a member above its current strength in that mode
against the various load cases and their practical combinations.

A failure state (collapse mechanism) of a platform may form due to
Iwo reasons: successive failure of members: or propagation of partial failure
due to the secondary moments induced by the vertical loads at large
displacements of the platform (P-A effect). The number of members required
to fail to form a collapse mechanism depends upon the degree of static
indeterminancy of the structure or sub-structure under consideration. A
failure state is reached when a part of the structure is unable to transfer the
loads above it to the structure or foundation below it.

| The possible failure modes and mechanisms in the three parts of a steel

jacket platform, when induced by hurricane or storm waves, are given in
Table 1.2. The directions of storm waves, which are more iikely to develop
these failure modes and mechanisms are also mentioned.

The likelihood of occurrence of these failure modes and mechanisms
has been based upon review of the records of the past failures of platforms,
and of the results reported in the literature for the failure analyses of a

Table 1.2: Possible Failure Modes and Mechanisms

Bay Type Type of Mode or Mechanism Storm Wave
Direction
Deck Bay | Yielding of all deck legs Diagonal
Failure of deck leg-pile connection Diagonal

Jacket Bay(s} Buckling or yielding of all diagonal braces Orthogonal
and jacket legs in the vertical frames
between two adjacent horizontal levels

joint failure in addition to buckling and/or Orthogonal
vielding of one or more braces

Foundation] Yielding of all piles Diagonal
Bay Pullout / plunging failure of piles Diagonal

[



number of platforms. A summary of the failure modes, which occurred in
the Gulf of Mexico platforms, is given in Table 1.3 and is presented according
to the platform type and water depth [Bea and Audibert, 1980; Cooper, 1967,
Dyhrkopp, 1987; Lee, 1981: McClelland & Cox, 1978, Sterling and Strohbeck,
1375]. The following observations are made from a detailed review of the past
failures in the Gulf of Mexico due fo hurricanes or hurricane-induced loads:
1 A total of 38 platforms collapsed or were severely damaged due to
hurricane or hurricane-induced lcads. These platforms were located in water
depths from 30" to 327 The actual failure modes are known for only 24
platforms out of the total 38 cases.

2) In most of the cases, the failure occurred due to overload from one or
more of the following sources:

* Wave hit the deck: When the cellar (lower) deck elevation was too

low, either due to use of 25-year wave design criteria or due to incorrect

computations of the wave crest.

* Wave induced soil-movement occurred at the location: It resulted

in additional loads on the platform from soil movement.

* Increase in wave load: When the latforms were designed for 25-
P g

year return period criteria instead of current 100-vear wave criteria. In
some cases, the thickness of marine growth on the members was
higher than considered in the original design. All of the platforms
except the four which were located in the mudslide zone were sieéigns{fs:ﬁ
tor the 25-vear wave criteria,

* Increase in lateral loads: The platform was simultaneously impacted
P ) f

by the storm wave and supply ship.



Table 1.3: Failure of Platforms in the Gulf of Mexico due to Hurricanes {1947-1%90)

PLATFORM TYPE NO. OF WATER DEPTH FAILURE MODE
PLATFORMS FL)

2-pile caisson brace 2 102 Brace-caisson connection due to:
variable welding; and wave into deck.

Tripod well protector ) X125 Pile vielding

4-leg well protector & 60-92 Pile pullout; Braces puliout(100-vry;
Joint failure; Pile vielding;
Mudslide {(1-100vr-60' w.d.)

4-leg tender 4 30-192 Pile yielding

4-leg header i X Corrosion and cracks in braces

&-leg tender 2 60

&leg self contained I o2

8-leg tender 7 50-213 Previously damaged; Braces fatlure;
Deck leg shear; joint failure:
Vertical collapse

8-leg self-contained 5 172-327 Braces failure; Pile vielding;
Mudslide(3no. 280%-327"100-yr)

8-Leg central facility 3 51-95 Storm and barge simultaneous;
Corrosion; Holes in braces;
Sroken/missing members:

iHee solfeonminad : 87

TOTAL 35 3033




3) In some cases, the soil strength adjacent to the pile foundation was

nsutficient to transfer the loads. Soil strength was reduced in one case due to
jetting of the soil plug during installation.
4) In one case, the platform was damaged earlier due to ship collision and
was unrepaired when the storm hit. The other damaged states noted for th
platforms were as follows:

* Excessive Corrosion of the structural members

“ Holes in the braces or legs

* Missing members in the jacket
5) The following six failure modes and mechanisms are reported for the
24 platform cases for which the type of failures are known:

* Yielding or bending of piles = ceeemeees 9 platforms

[Four of these platforms were designed for the 100-year wave design

criteria, but were located in the mudslide zone.}

* Tension-pullout of piles ~ ceeeeees -~ 2 platforms
* Yielding of deck-jacket connection = ~r-seeeeme 2 platforms
* Yielding or buckling of braces =~ meeeeee- = 3 platforms
* Splitting of brace: Joint failure  ceemeemnee 3 platforms
* Settlement of jacket 00 el I platform

From this review, it is noted that overloading of a platform »and its
components couid occur when: the load criteria recommended by the latest
APl edition is higher than the design load criteria; the wave hit the deck due
to increase in the current wave design criteria or due to settlement of the
jacket ; the wave-induced soil movement loads were not considered in
design; the marine growth is excessive; the water depth changed due (o the
installation errors; and the supply vessels collided the platform

simuitaneously with the storm.



On the other hand, the capability of the components of a platform to
transfer loads may reduce due to: damaged members not repaired ; defects
exist in the welds; and insufficient strength of the major connections. In

addition, the soil strength may be insufficient to transfer foundation foadings.

L4 An Overview of the Safety Assessmer:t Methodology

Satety assessment methodology should determine the structural strength
of existing platforms against the Ioad sources identified in Section 1.3, which
may initiate failure of one or more of the structure components. The failure
modes and mechanisms against which the strength of structure components
and system should be checked were identified in the previous section.

In addition, it should determine the consequences upon failure of a
platform to the environment, human life, property, and resource losses. These
consequences should remain within acceptable limits, in case of insufficient
strength of a platform against predicted loads over its remaining life.

In case these two criterion (adequate capacity and acceptable conseq-
uences) are met for a platform, then it can be classified as suitable for continued
service in its existing state. An overview of the methodology, which is based
on the evaluation of these two criterion, is presented in this section.

To evaluate the suitability for service of a platform, its current
condition, the loads imposed and induced in the structure, the strength and
capacity characteristics of the structure, and the potential consequences, if the
platform fails to perform satisfactorily, are the four most important
evaluation criteria. The characterization of the current condition of a
platform could be improved with the implementation of an improved
Inspection, Maintenance, Repair (IMR) program. The loading on and the

strength of a platform are combined and expressed through Reserve Strength



Ratio {(RSR = Ultimate Capacity/Minimum Reference Level Force). The RSR
is an index that represents the overload capacity of the platform against the
present requirements for design loading. The potential consequences upon
failure of a platform would depend upon its physical characteristics, its
functions, and the operational and safety philesophy followed.

Because of a large number of platforms, which are operating at an
advanced age and which need a periodic re-assessment, rapid means are
needed to enable evaluation of their safety and serviceability in continued
service. In order to meet this criteria, a four cycle safety assessment
methodology has been developed (Fig. 1.2).

At each of the four-cycles, essentially the capacity and consequence
levels are evaluated and a decision on suitability of a platform in continued
service is made by a comprehensive assessment of its capacity and
consequence levels. Based on such an evaluation, the platforms are
categorized as "Fit For Purpose (FFP)," "Marginal," and "Unfit For Purpose
(UFP)." By such a 4-cycle process (Fig. 1.2), a detailed evaluation of the reserve
strength and consequence levels is required for only a few platforms. Thus,
this methodology is likely to be cost-effective and would form a more
consistent basis for the safety evaluation of platforms.

Upon classification of a platform as marginal or unfit for purpose
(UFP) at each of the 4-cycles, the next step in the process is to make a decision
on the feasibility of the IMR program proposed for a candidate g;ﬁiaﬁférm (Fig.
1.2). The IMR program plays a key role in maintaining the safety of a
platform in continued operation. A platform classified as Marginal or UFP at
any cycle will need revision of its IMR program and evaluation of ifs
feasibility. If the revised IMR program for a platform is found to be adequate,

1

then its safety in upgraded state would be evaluated at the same cycie or at the
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next screening cycle. If the revised IMR program is found insufficient, then
the platform may be considered for decommissioning., The platforms which
are categorized as FFP will not need any further evaluation and will be thus
approved for continued operations with a requirement to periodically
implement the IMR program.

No similar comprehensive screening methodology for the safety
assessment of offshore platforms is available in the public-domain. However,
some operators follow different methodologies to make a decision on the
need for survey and retrofitting of platforms. Their methods stress on
optimization of the time interval for implementation of the IMR program in
order to reduce its cost. Some of the important works in this direction have
been reported by Beaz and Smith (1987), Bea et al (1988), Marskail (1979), LIEG
(1990). The methodology proposed by UEG considers the failure consequence
of a component in making a decision on the IMR interval cycle, and is based
on a subjective method to prescribe importance to the members. These
methodologies are based on use of the conventional linear structural analysis
and in some cases on the detailed non-linear analysis techniques. However,
attempts have been made in the past to develop screening processes for the
safety assessment of buildings against earthquake loads [Okada and Bresier,
1976; Yao, 1985; Zhang and Yao, 1986], bridges [Moses, 1987], and waterfront
facilities {Scola, 1989].

Note that a very large number of platforms exist in the Guif of Mexico,
which may need a periodic evaluation of their safety to determine whether
the current MMS guidelines are met. These platforms may be operating with
significant variations in their physical and operational characteristics, from
their as-design stage. The variations in their physical condition mav have

occurred due to ageing effect, structural damages during their operation,

Y]



inadequate design, and other sources which were described in Section 1.1,
Such variations may have impact on their loads, structural strength, and
failure consequences as were described in Sections 1.1 and 1.2, About 37 % of
these platforms are reported to have been in-service for more than 20-vears
{Table 1.1]. Due to their age and the variations which occurred during their
in-service state, it is likely that the structural strength level of many of these
platforms will be lower than that at the design stage or that required as per
the current design standards.

The maintenance of a platform in its safe and serviceable state during
its continued operations will need a periodic assessment of its safety. The
str‘{;cturai safety of a platform should be evaluated for possible failure modes
and mechanisms listed in Section 1.3. In addition, at each cycle an evaluator
will have to assess the consequence level upon failure of a platform and the
feasibility of an operator's IMR program to maintain the platform in the safe
and serviceable state. For such an assessment of a platform at screening cycles
1 to 4, its details and data as presented in the "data-sheets" (Appendix-A) may
be needed.

In the following sub-sections an overview of the process developed for

each screening cycle of this methodology is presented.

1.4.1 Screening Cycle-1:

Screening cycle-1 is the first step in the d-cycle safety assessment
methodology described in Fig. 1.2, The primary goals at screening cvcle-1 are
to achieve the following:

1) To make it feasible for a regulatory body to undertake the task of

safety assessment of a very large number of existing steel platforms.



2) To screen the platforms according to their need of an in-depth
evaluation. It should be feasible to perform screening with the
minimal platform data available with a regulator.

3) To make an optimal use of the resources of the regulators.

These would require an accurate characterization of a platform in its
‘as-is” state to make a meaningful assessment. Such a characterization would
require the details and basic data for the platform, which could be obtained
from: design and as-built drawings; basic design criteria and documents;
installation records; operation records; and the peri-odic Inspection,
Maintenance, and Repair (IMR) records. In some cases, in order to establish
the current state of a platform, a condition survey may be needed.

The basic approach followed at screening cycle-1 is given in Fig. 1.3, At
this screening cycle, the platforms are evaluated based on the need for an in-
depth investigation of their safety in continued use. This SCreening process
has been developed considering that its periodic application on a very large
number of platforms would be needed, and that the regulators have limited
resources. Therefore, screening cycle-1 is based on the identification and
qualitative assessment of the factors that would be evaluated by an
experienced offshore engineer. The process is organized so that it can be
applied by a competent engineer in a methodical manner. It is expected that
about 50 % of the existing GOM platforms would qualify as fit for purpose
(FET) at the end of screening cycle-1.

Screening  cycle-1 comprises of two phases, as shown in Fig. 1.3, In
Phase-A (Cycle-1A) of evaluation, the emphasis is to determine the major
factors which individually may have a significant effect on the structural

integrity and safety of a platform, so as to require further investigation.
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In this phase, the degree of influence of the major attributes on the capacity
and consequence levels of a platform is evaluated. Then, an evaluation is
done to select those platforms, which have incurred a significant negative
influence on their capacity and consequence levels due to one single major
attribute. Such platforms are screened out for a quantitative evaluation at
screening cvele-2.

In Phase-B (Cycle-1B), an evaluation of the cumulative efiect of
variations in the major factors is made to identify the platforms whose
capacity and consequence levels would have significant negative influence.
Such platforms are screened out for further investigation at the next cvcle.

| The important steps in the process at screening cycle-1 are discussed
below (refer Fig. 1.3):

1) Gathering necessary data for a candidate platform. The platform

data is generally obtained from its records, inspection reports, and other

documents supplied by an operator. In some cases site visits and
surveys would be needed.

2) Identification of the major attributes. The major attributes, which

influence load, strength, and consequences of a platform are identified.

3) Evaluation of the effect of these attributes, on an individual basis,

on the capacity and consequence levels of a candidate ;piafferm

{screening cycle-1A).

4) Evaluation of the effect of these attributes, on a cumulative basis, on

the capacity and consequence levels of a candidate platform (screening

cycie~1Bl.

Based on the relative values of RSR and consequences for a platform, a
decision is made on its suitability for continued service. The platforms which

fall in the "UFP" category are further evaluated at screening cvcle-2. The

N



platforms which fall in the "Marginal” category are evaluated for the
feasibility of their IMR program to maintain or improve their safety level and
the necessary measures are evaluated, and they are further evaluated at

screening cycle-2.

142 Screening Cycle-2:

Screening cycle-2 is the second step in the 4-cycle screening process
shown in Fig. 1.2, At this screening cycle, the objective is to make a coarse
(simplified) quantitative estimate of the suitability for service of a platform
which is intact, or has suffered only minor damages, or is an upgraded
piatfc:rm based on the screening cycle-1 assessment. The process is based on
the application of a coarse (simplified) quantitative method to determine the
capacity, consequence, and fitness-for-purpose of the platforms. It is expected
that another 25 % of GOM platforms would qualify for service at the end of
cycle-2 (total = 75 %),

The emphasis is to evaluate if the platform has sufficient reserve
structural and foundation capacity, when compared against the reference
level forces. At this screening cycle, the capacity is expressed by a quantitative
index, RSR, which is determined by a simplified technique. Such a technique
has been developed by utilizing the knowledge gained from review of the
past failures of platforms and a review of the research results published for
the systemn reliability and ULS capacity evaluations. |

For RSR evaluation at this screening cycle, the possible failure modes
of a platform are selected and the lateral loads required to initiate these modes
are determined. The accuracy of the results depend upon the selection of

realistic failure modes for a platform. The possible failure modes and



mechanisms in the three portions (deck, jacket, pile foundation) of a platform
were listed in Table 1.2.

The aim at this screening cycle is to get an approximate “lower bound”
estimate of RSR, which will represent the “weak lnk” or "weak zone" in the
structure. Then the RSR and consequence levels for the platforms are
compared in a capacity-consequence diagram and a decision is made on their
suitability for service. The piatforms which fall in the "Marginal"” category
are further evaluated at screening cycle-3. The platforms in the "UFP” zone
are evaluated for suitability of the various upgrading techniques and a

decision is made on the feasibility of the revised IMR program (see Fig. 1.2).

1.4.3 Screening Cycle-3

Screening cycle-3 is implemented on the platforms which were
screened out at screening cycle-2 due to their having marginal safety level
against the reference level loads, and the platforms whose safety level was
found to improve with the updated IMR program. At this ¢ycle, a more
accurate estimate of the strength of a platform is made by the conventional
linear-elastic computer based analysis. The process followed at this cycle is
based on an evaluation process that would normaily be employed in the
verification of a new platform. It is expected that another 10 -15 % of GOM
platforms would qualify for service at the end of screening cycle-3.

RSR estimate is based on the extrapolation of results from linear
structural analyses. Note that by following a more refined computer-based
analysis, the modelling uncertainties would be reduced from those at
screening cycle-2. At this level the non-linearities are not clearly considered,
except that provided by the soil springs. A better estimate of RSR is made by
extrapolation of the results and by accounting of the strength beyond the

i



failure of the first member. However, bias in the results obtained by this
analysis would remain.

Note that if other combinations of the force parameters are chosen,
then the wave force and moment should be at least equal to the reference
level,

The integrity of intact members and joints are checked as per AP[-RP-
2A guidelines with the factors-of-safety or resistance factors [AP[-RP-2A4,
LRED] set at unity. Interaction ratios of unity for a component would indicate
that it was loaded with a load level corresponding to its best estimate ultimate
strength. The yield strength of steel is normally upgraded to account for the
;iifference between the mean and nominal yield strengths, and the loading
strain rate effects.

Upon evaluation of R5R by the linear structural analysis and the
consequence level, a decision is made on the overall safety (FFP) of a platform
by a comprehensive assessment of the capacity and consequence levels. For
the platforms categorized as "Marginal” or "UFP," their IMR program is
revised and its effectiveness is evaluated. If major upgrading of the platform
structure is required, then the platform will be evaluated further at screening

cycle-4. If minor upgrading is needed, then its capacity will be re-evaluated at

screening cycle-3.

144 Sgeening Cycled

At screening cycle-4, the platforms whose safety levels at screening
cycle-3 were determined as "Marginal” or "UFP" and which were upgraded
with major changes, are further evaluated on the basis of the ultimate

capacity of the structural system. Such a non-linear analysis is obviousiy



time-consuming and costly. The number of platforms which would require
evaluation at screening cycle-4 would be a few critically important platforms.

At this screening cycle, the system strength of a platform is emphasized
rather than its component strength. The system strength is useful to
determine the possibility of progressive collapse in a platform against a load
level. The ultimate capacity of a platform is evaluated based on non-linear
analyses, which consider redundancy in the structural configuration and the
post-ultimate capacities of the members.

At the simplest, the analysis can be done by performing member-
replacement "static push-over analysis,” by monotonically increasing the
lateral load on the platform and determining the response of the members.
Such analyses are difficult, time consuming, and expensive.

The platforms classified as FFP by such evaluation are recommended as
safe, provided the proposed or revised IMR program is implemented,
whereas those classified as UFP would be recommended as unsafe and may
need decommissioning to avoid negative consequences. A revised IMR
program would be needed for the marginal cases. If major modifications are
needed in upgrading of a platform, then the modified platform would need
re-evaluation at screening cycle-4. Otherwise the platform would be

recommended safe upon implementation of the updated IMR program.

1.5 Overview of the Report

Chapter 2 presents details of the important parameters and the
considerations made in establishment of the “as-is” state of a platform and in
evaluation of the load and strength levels of its components, which are the

basic input quantities in the safety assessment process. The parameters and



the methods used in evaluation of the load and strength, and the
uncertainties associated with their estimates are identified and discussed.

Chapter 3 includes details of the procedures developed for load and
strength evaluations at the four screening cycles. The emphasis is to identify
the processes which account for the differences in the results at the various
screening cycles. A quantitative estimate of bias in the models is made.

Chapters 4 presents details of the various considerations made in the
qualitative and quantitative evaluations of the consequence level.

Chapter 5 presents the basic details of the comprehensive assessment

procedure for evaluation of the fitness-for-purpose of a platform.
The variation of the FFP criteria with the various parameters is presented
through sensitivity studies. The most important considerations in upgrading
of the platforms are identified through such study. The procedure for
evaluation of the IMR program are discussed in Chapter 6.

This methodology is applied on three example platforms: one 4-legged,
and two 8-legged, and the results are presented in Chapter 7.

The basic steps in the development of a computerized knowledge-based
expert system are discussed in Chapter 8. The knowledge trees are developed
as a first step in formation of the knowledge base at the screening cycle-1 .
The methodology is summarized and future work is identified in Chapter 9.

The detailed computations for evaluation of RSR at the screening

&

ycie-2 for Platform-A and Platform-B are given in Appendix-E and

)

Appendix-F respectively.
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CHAPTER 2
PRIMARY ELEMENTS FOR EVALUATION OF SAFETY

The safety assessment methodology outlined in Chapter 1 (Fig. 1.2) is
based on the evaluation of four criteria for a candidate platform:

1) Capacity {or Reserve Strength);

2)  Consequences upon its failure to human, environment, property,

and resources;

3} Fitmess-for-purpose (risk evaluation vs. risk acceptability); and

4}  Proposed impeciign-maintenance~repaif {IMR) program for

maintaining it in a safe state,

In order to evaluate the above four criteria, the best estimates of the
current physical and operational states, the loads acting and load effects, and
the strength of a platform are necessary. Estimates of these depend upon a
number of individual parameters, the methods, and the numerical models
used. The parameters vary based on actual condition of a component and its
location. In normal practice the best estimate values of the parameters are
selected and simplifications are made in the methods for evaluation of these
quantities. Therefore, the estimates of capacity and consequences for a
platform will have associated uncertainties, and the risk or safety estimate
will be "notional” instead of “actuarial

The structural safety of a platform is related to the safe state of its
components in the three zones: deck, jacket, and foundation piles, which in
turn depends upon the magnitudes of load (or load effectsy and strength, and
the physical condition of its components. Their magnitudes vary with time

and have associated uncertainties and biases, The difference in the present



condition of a platform from its as-designed and as-fabricated stages
influences its load and strength levels. These could be characterized as
random variables, with a best estimate (central tendency) and uncertainties
(dispersion) in their estimates. |

Estimates of the load and strength parameters, the uncertainties
introduced, and propagation of the uncertainties through the process could be
evaluated and combined in a meaningful way, through application of
probability theory, to obtain the safety index or probability of failure for a
component. The safety index provides a measure of the number of standard
deviations the mean safety margin falls in the safe zone. |

In general, very high uncertainties are associated with the loads acting
on a platform, and lower uncertainties are associated with its strength. But,
for a platform with damaged and deteriorated components, the strength
uncertainty is likely to be high due to the errors in prediction of the damaged
state and residual strength of the components,

In this chapter, first a formulation of the safety index is presented.
Then the parameters and models used in condition assessment and in
evaluation of the load and strength are identified and the associated
uncertainties introduced in their evaluations are focused. This work utilizes

the state-of-the-art information available in the literature.

2.1 Safetv Parameters

In the deterministic sense, a component is identified as "safe” against a
particular failure mode, when its resistance (R) is greater than the load effects
(S) acting on it. The best estimates of R and S would have associated
uncertainties, due to randomrness of the parameters used to describe the load

and strength and the errors introduced by the simplified models used in their

|



estimation. Thus, probabilistic methods are used to make a decision on the
safe state of a component, by considering the uncertainties associated with the
mean (best) estimates of the load effect and strength. The safe state of a
component could be described by a safety margin, M, and the associated
uncertainties in its estimate.

Mean safety margin, M =R-5 L2

Uncertainty level, Oy = [(og)? + (og)]12 (2.2

Fig. 2.1 illustrates the fundamental reliability formulation based on
probability distributions of load and resistance and the safety margins. The
risk depends on the degree of overlap of the load and strength probability
density curves. The estimates of load effects (S) and strength (R) of the
components are based on multiplication processes, and their estimates will be
positive. Therefore, by virtue of the central limit theorem, their (R & S)
distributions would be log-normal i.e., the logarithms of their median values
would follow normal distribution (represented by mean values). The median
(or 30th percentile) values, Ry and S, would correspond to the best estimates
of their true values and would have associated uncertainties.

The uncertainties in the parameters may be characterized in three
forms: randomness (aleatory, natural, or inherent); prediction or modelling
uncertainties (epistemic, unnatural, or cognition); and human errors in the
parameters. The uncertainties due to inherent randomness in a physical
process are called as type-I uncertainties in this study. Type-l uncertainties are
not reducible with time or additional data, e.g., randomness in the
magnitudes of wave height and vield strength.

Prediction or modelling errors are called as type-II uncertainties in this
study and these are introduced due to simulation of the actual behavior of or

the loads on a platform by simplified empirical and numerical procedures.
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Type-Il uncertainties vary with time (due to change in platform condition),
and are reducible by improved data on the platform condition through
inspection, by load and strength evaluation by improved models, and with
improvement of technology through research and development. This
uncertainty is represented as cumulative variance for the parameters used in
the models.

Human errors are introduced from personal judgement and
preferences, errors in design, lack of knowledge, etc. The influence of human
errors on the structural safety has been considered by Melchers [1989], Pate -
Cornell and Bea [1989]. The human errors in prediction of the load effect and
strength can be reduced with improved training of the personnel, improved
documentation of the procedures, peer review, etc.

In addition, the control of human errors in operation, which may lead
to adverse effects on the load and strength of a platform and its components,
are likely to have a more significant effect on the safety of a platform. In this
study, the human errors in re-evaluation of the capacity and consequence
levels of a platform have not been considered. However, many of the human
errors introduced during the design, construction, installation, and in-service
operation phases can be accounted by the improved state of knowledge of the
platform and by the improved estimates of the load effects and its st;‘ength(

The quantitative assessiment of the major sources of uncertainties
underlying the load and strength parameters and the prediction models
constitutes a principal task in the application of the reliability framework.
The uncertainties are represented by bias and variance in the mean or median
values of the parameters. Bias is defined as the ratio of the actual (or

measured) to the predicted (or nominal) values of a parameter or a resultant

quantity.



Actual or measured value
Bias = A2
Predicted or nominal value

Bias represents an error factor in the process (methods) used for
evaluation of a quantity when compared with its actual or measured value or
that obtained from instrumentation monitoring. For the methods followed
for estimation of S and F. the biases in S and R would thus represent the
systematic or model errors in their central {mean or median) estimates,

The variance component in the uncertainty level, is obtained as the
sum of the squares of the standard deviations of the logarithms of the
strength and the load effect, and the bias component is incorporated in the
median value by multiplying bias to the nominal estimates of the load effect
and strength.

Mean safety margin, M = R - S = In (R / Si) 24

Uncertainty level, oy = [(0,x? + (0,422 L A{2.3)

The uncertainties in safety estimates for a component or the complete
structure could be considered through a reliability measure, designated as the
safety index (B). Bis a probabilistic measure of the structural safety, and is
approximately described by the mean-value first order second moment
(MVFOSM) method first proposed by Cornell [1969], as the ratio of the mean

safety margin to the uncertainty level in the assessment of the safety margin.

Mean Safety Margin In Ry / 54)

Safety index, §§ = = A28

Uncertainty Level [{GuLp)? + (GLat]i2

where, the parameters of a log-normal distribution are given as follows
[Ang and Tang, 1984]:
InR, = InR - 0.5 (0,7 inS, = InS - 05,2

¥

Gl = In{l+ (V2 (G sl = In {1+ (VY



The above formulation of safety index gives approximate results due to
non-linearity in load effects characterization. In common practice this
formulation is used. A more accurate estimate of the safety index could be
obtained by using the Hasofer-Lind transformation (Hasofer and Lind, 1974).

In general, X, = [X /{1 + Vi)1177], where X represents the mean value,
Xm the median value, and Vx the coefficient of variation (= standard
deviation / mean value) of the mean value of parameter, X. The variance
(square of standard deviation) of the log of the median value of X is given by,
In {1 +(V?]. Hence, the safety index is obtained as follows: -

In[R/S] + In[{1+ (Vb / {1+ (V2 ]2
B = ~(2.7)
(n{l+(Vg?} +1n {1+ (V)2 iz

The mean values of the load effect (S) and strength (R) should
represent the true values for z comporent or a structure. However, in
engineering estimates of the load effects and strength, various
approximations and simplifications are made, and their nominal values are
obtained. The nominal values of the load effect, S, and the strength, R, for a
component or a platform (sub-structure or complete) are determined by using
the methods described in API-RP-2A Recommended Practices and MMS
Guidelines, and by the other methods discussed in this study.

Nominal estimates Ry and Sy would differ, depending on the
parameters and methods used, and may differ from the true values of the
load and strength for a specific component or a platform. Thus, the factors
wiich were not considered and the simplifications made in estimations of R,
and Sq should be identified and their effects could be incorporated by the
biases, By and Bs. The biases associated with the nominal estimates, R, and

Sn, could be used to determine their mean value estmates:



Mean strength, R = (Bg) (R,)

Mean load effect, S = (By) (S,

In the safety index expression, the COV in R and S could bhe further
characterized as the type-I and type-II uncertainties discussed earlier. By
incorporating the biases, the nominal values, and the type-l and type-II
uncertainties, the safety index is expressed as follows:

i {Rn/Snl + In{Bg/Bs] + Inf {1+ (Vs)?] (14 (Vs 1 {1+ (Va2 1+ (Vg 12

- I (T4 (Vo ) + In {1+ (VegP ) + In {1+ (V)?) + In {1 +{(Vgp)? | 12

For the lower values of COV up to 0.3, (Ve? = [In {1 + (V)2 | Also,
the 'third term in the numerator will be very small, and can usually be
neglected for practical purposes. However, for the platforms with low RSR or
the components with low factor of safety, the third term in the numerator
should be considered in order to obtain more accurate results. By neglecting
the third term for the cases with lower variances, the above expression can be

simplified as follows:

In{Rn / Sal + In{Bg / By
B = L {2.8)
[(Ved? + (Veg)? + (Vo2 + (Va2 Ji2

In the above expression, the ratio R, / S, corresponds to the nominal
safety margin (FS), of a component or the nominal reserve strength ratio
(RSR)y of a structure, and [Bg / Be] represents the bias ratio (BR) in the
estimate of (F3), or (RSR), for a component or siructure respectively. -In the
APL-LRFD format, the factor of safety can be characterized by the ratic of load
to resistance factors. The type-I and type-II variances include the variances in
the estimates of FS or RSR, and BR. The safety index described above is
evaluated as an annual safety index or the lifetime safety index, depending

upon the annual maximum or lifetime maximum load effect considered,



Note that the nominal estimates of the load effect and strength wil]
vary as the screening process proceeds from cycle-1 to cycle-4, due to the
differences in their parameters and methods. Consequently the bias and
variance estimates will also vary for each cycle. However, ideally, in case all
the differences in the methods used in estimations of the load effects and
strength are identified and accounted in their nominal values and biases, the
products of the nominal values and biases at each of the four cycles should be
the same and represent their mean values. The bias estimates would also
have associated uncertainties due to variations in the physical characteristics
of platforms and the natural processes. The COV level would also vary for
‘;he screening cycles 1 to 4, because it is entirely dependent on the type-I and
type-II uncertainties in the parameters and methods used.

In order to obtain the safety index for a platform at a particular cycle,
the estimates of propagation of uncertainties (bias and variance) in load and
strength from parameters to model level, and from component to system
level are important. In this chapter, the uncertainties associated with the
conventional models used for evaluations of load and strength are described.

The estimates of bias and COV in the models used for evaluations of
load effect and strength can be made by the following approach:

1)  Identify the models and parameters used for evaluations of the

load and strength for the different failure modes and mechanisms,

2)  Determine the variances and biases associated with the member

properties, load, and strength for the different failure modes and

mechanisms. The member properties vary with time due to ageing
effects and corrosion. Identify type-I (B,y and Ox) and type-II (Byy and

$¥§X> uncertainties.



3)  Perform a sensitivity study to identify the most important
parameters for each failure mode and mechanism. Thig would
provide a basis to select the optimal measures to reduce the
uncertainties.

Note that type-II uncertainties can be reduced by better estimation
(analytical model) of load effects and strength at the higher screening cycles,
and with the more precise information on the present state of the platform.
With the improved state of knowledge of a platform, its nominal load (load
effects) and nominal strength estimates would approach their true (mean)
values.

Sensitivity coefficients help in determination of the degree of

importance of the different parameters on the estimations of load (load
effects) and strength. By sensitivity analyses, the parameter sensitivity factors
and the importance factors could be determined. The parameter sensitivity
coefficients help in identification of the basic variables whose uncertainty
contributes significantly to the overall uncertainty of the load effects or
strength. Therefore, the measures can be undertaken to reduce the
uncertainties of such parameters to improve estimates of load effects and
strength. The importance factors determine the relative importance of the
uncertainties of each variable used in the limit state of function (failure
function). The sensitivity coefficients could be utilized to evaluate the COV
of the load effects or strength. |

The COV of the load effects and strength could be evaluated in the
tollowing way:

1) Identify the models and parameters used for the load and strength

evaluations for the different failure modes and mechanisms.



2.2

2)  Evaluate the sensitivity of RSR to change in the magnitude of
each major attribute (AA ), while considering the mean value
estimates for all the other attributes (). The sensitivity coefficients
thus depend upon the mean values of the parameters in the formula.
Sensitivity, S, = (ARSR / AAY) for x = 1.to.N attributes.
3)  Evaluate the contributions of each attribute (x) on the overall COV.
= S {6, / RSR ]
= 5,1, / RSR JCOV,
4} Evaluate the COV of load effects or strength by considering the
contributions of their n attributes.
TOVger? = XIS, /RSR }COV I L A29

In general, it can be written in the following way:

(COVegmua)® = Z [{AFormula/AA P (i, /boprmuial” COV, ] (2,10

Condition of a Platform

The current state of a platform is established by review of: design

documents and installation reports; periodic inspection, maintenance, and

repair (IMR) reports; and site visits, interviews, and inspections. The

emphasis is placed on establishing the differences between ‘as-design’' and

current’ states of a platform. The physical and operational characteristics,

which influence the estimation of load, load effects, strength, and

consaquences are im?i}fi?zﬁi to comparg.

Physical State: During the operating life of a platform, modifications in

the topside facilities are normal and in some cases structural modifications

are done to the deck and jacket. For some platforms, it may be difficult to

predict their "as-is" physical characteristics due to the lack of design,

installation, and inspection record

Ly



The load level on a platform may have a significant influence due to
the differences between the “as-design” and “as-is” states of a platform,
particularly for its orientation, deck elevation, water depth, number of well
conductors and risers, and the type and extent of marine growth. The
strength of a component (or a platform) is influenced by the installation
errors, corrosion (overall and local) of the members, extent of damage of the
members, and by the missing members. Upon failure of a platform, the
consequences to human life, environment, property, and resources will vary
due to the modifications made in the functions of a piatforrﬁ from its as-
design stage. The consequence level of the platform would vary with the
modifications in the oil storage facilities, production facilities, and personnel
access and evacuation facilities. |

Operation Philosophy: The philosophy followed for operations of a

platform is important, because it would affect its structural strength and
consequences upon failure. The provisions of the facilities for personnel
access and evacuation, fire protection, personnel and material handling,
spillage and contamination handling, and auxiliary systems would describe
the operational philosophy. Some of these facilities are designed for
operations during the normal (operating) environmental conditions. , Note
that in the Gulf of Mexico, normally the practice is: to evacuate the personnel
from the platforms in the event of a hurricane prediction, and to shut off the
production wells and risers through emergency shut-down valves, |

In this project, the emphasis is on the safety of a platform during an
extreme loading event.

Present Condition Assessment: The current state of a platform can be

established by: review of documents, mspection of topside facilities, diver or

ROV survey of the jacket structure, and instrumentation monttoring of its



behavior. An accurate assessment of the present condition of a platform is a
difficult and timely process, due to the limitations of resources and technical
feasibility. Besides the technical limitations, the capabilities of human (diver)
or ROV to assess the correct condition of a platform in the offshore
environment is important. This introduces uncertainties in the state of
knowledge of the platform and its components, which would result in an
inaccurate assessment of load and strength.

The uncertainties associated with establishing the as-is state of a
platform can be reduced by implementation of one or more of the following:

a. Platform topside inspection

b. Diver or ROV Survey

¢. Increase in the frequency of inspection

d. Instrumentation & Monitoring of behavior of a platform

API-RP-2A Section 14 provides the guidelines for in-place platform
survey for monitoring the adequacy of the corrosion protection system and to
establish the condition of a platform. The recommended frequency of survey
for a platform is related to a number of factors: location, water depth, structural
condition and configuration, operational philosophy, importance, consequence
level, and its in-service history of the platform. Four levels of surveys are
recommended, which requires an increasing degree of sophistication and
frequency in their application. A summary is provided in Table 2.1 [API, 1997].

By following such a program, the state of knowledge of a platform and
its components is improved and the nominal estimates of load and strength
will improve. Note that the survey level required for a screening cycle would
depend upon the availability of the records for a platform, review of its past

performance, and the details required for the safety assessment at that cycle.
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The influence of variations in the basic parameters of a platform upon
the load effects, strength, and consequence levels are discussed in the

following sections and are not covered here.

2.3 Load (Demand) on a Plaiform

A platform is subjected to a number of different load sources during its
lifetime from the fabrication to the salvage phases. In this study, the
structural safety of a platform during its in-service phase is evaluated. During
this phase, a platform is subjected to a combination of individual loads with
constant and varying magnitudes, from sources such as: structural,
e;;wlymeni, operational, environmental, and accidental loads. The structural,
equipment, and operational loads on the platforms are considered as dead
and live loads in their design.

The environmental loads on a platform are due to a combination of
loads from the physical processes such as: wind, wave, current, seabed
movement, earthquake, and ice movement. In most regions of the Gulf of
Mexico, the structural size and configuration of a platform are governed by
the lateral loads from wind, wave, and current. In some areas of the Gulf of
Mexico, the platforms may be subjected to additional lateral loads due to
wave-induced soil movement, which may even exceed the magnituide of the
wave force. The platforms located in the offshore regions of California and
Alaska are subjected to earthquake loads in addition to storm wavés, and in
many cases the earthquake loads govern their design. The platforms in the
Arctic zone are also subjected to loads due to ice or iceberg.

The effect of accidental loads, which may have occurred before the
extreme environmental loads, can be considered by characterization of the

residual strength of the affected structural components.  The models
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considered for their reduced strength due to selected sources of damage and
deterioration are discussed in the next section.

In this study, the in-service safety of the Gulf of Mexico platforms is
evaluated against the environmental loads, in combination with the
structural and operational loads. The joint probability of occurrence of the
accidental loads with the environmental loads has not been considered in
this study. Note that on the contrary, some structural components of the
platforms may possess additional load carrying capability due to their design
being governed by the loads during earlier phases such as: fabrication, load
out, fransportation, launch, upending, and pile installation. Such exira load
carrying capability may be of advantage in the case of damaged state of some
components or in the case of overload.

Of the above cited load sources, in most cases in the Gulf of Mexico, the
wave loads form a major part of the lateral loads. The waves are cyclic and
occur randomly with varying wave heights and frequency. The random
waves influence the structural safety of a platform in two ways, namely
extreme load effects due to reference level waves, and fatigue load effects due
to normal operating waves. The extreme load effects influence safety of the
members and joints of the deck, jacket, and pile foundation, whereas the
repeated loading effects due to the normal waves influence safety of the welds
and joints. During a hurricane in the Gulf of Mexico, a few extreme waves of
nearly-equal magnitude occur, which besides inducing the extreme load
effects may also induce the low-cycle fatigue effects on the structure. In this
study, the fatigue load effects due to cycles of the normal and extreme waves
have not been considered.

In normal design of the platforms in the shallow and medium water

depths, the random waves are idealized by a single wave frequency and the
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maximum load effects are evaluated. The platforms in the deep-water
locations (ie, water depth 2 wave length/2) have vibration modes with a
reduced frequency (or increased period), which are closer to the wave
frequency. The static wave loads on such platforms would increase due to
their dynamic amplification from the resonance effect of the structural and
wave frequencies. In this study, the wave loads on the platforms in the
medium water depths are considered, for which the dynamic component of
the wave forces would be negligible.

The dead load associated with the design wave load case is from the self
weight of the platform structure, permanent equipment, and appurtenant
structures. Dead load also includes the hydrostatic forces, which act on the
structure below the waterline, the external pressure and buovancy, and the
weight of water enclosed in the structure. In general, a more accurate
estimate of dead load is available. However, its estimates can vary due to the
estimation errors and imperfect knowledge of the equipment and
dppurtenant structures. The uncertainties in the dead load are normally
included by a bias (Bp,) of 1.0 and COV (Vo) of 0.08 [RP2A-LRFD, 1989]. Note
that the uncertainties may be lower for the more recent platforms, on which
improved weight control techniques were applied.

Live load includes the weight of consumable supplies and fluids in the
pipes and tanks, and the short duration operational forces exerted on the
structure.  As a normal design philosophy, the platforms are desigred for
reduced operationa! loads with the design environment parameters. The
uncertainties in live loads are accounted by a bias (B;,) of 1.0 and COV (V. Jof
0.14 [RP2A-LRFD, 1989].

The COV in the gravity loads (dead and live loads) include variances in

the load intensity (material density and volume} and load effect {analysis).
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The vertical loads on a platform virtually remain constant, while the lateral
loads vary.

The magritude of extreme wave loads (100-vear return period) is
several times of the wind loads. Wind loads have been estimated to be of the
order of 13 % of the wave forces in medium water depth cases [Bea, 1989]. In
evaluation of the reference level wave loads, a combination of the parameters
given in the latest API recommended practice are used to obtain a minimum
acceptable reference level force.

In this section, the parameters and methods used in evaluation of the
wind loads, wave loads, and their load effects on a component and a platform
are described. The focus is on the assessment of nominal estimates of wave
loads and load effects, and the associated uncertainties (biases and variances)
in the mean value estimates of the loads and load effects for medium water

depth cases.

2.3.1 Wind Loads

The wind force on the deck structure and topside facilities is calculated
by the following formula. [API, 1989}:

F = 000256 (V)2 C; A (21D

where: F = wind force in 1b.; Vy = wind velocity in mph at elevation
v € = shape coefficient; and A = projected area of the deck in ft2. C. could
be assumed as 1.0 for the overall projected area of the platform (or deck), as 0.5
for the cylindrical sections, and as 1.5 for sides of the buildings and for the
beams.

The wind velocity (V) at height 'y’ is given by:

rd

f—y
P

it

V, = Vi [y / HJU/" o

43



where: Vi = wind velocity at reference height, H (= 33 ft.), which is
given as 98 mph for the Gulf of Mexico, and it is considered to act along with
the extreme waves; y = elevation in ft.; 1/n would be 1/13 for gusts.

The reference one-hour average wind speed at 33 ft elevation, which is
associated with the extreme waves, is given as 98 mph, with a variation of +
10 % for the Gulf of Mexico. Hence, mean wind velocity is 98 mph with a
COV of 0.05 [API, 1989], and it is assumed to act simultaneously and co-
directionally with the guideline of 100-year extreme waves.

The bias and COV for the maximum lifetime (25 years) wind effects are

reported as 0.78 and 37% respectively [API-LRFD, 1989].

2.3.2 Wave Loads

The wave loads and load effects on a platform are determined by the
following four-step approach (refer Fig. 2.2):

1) Selection of the wave parameters.

2) Evaluation of wave kinematics based on a suitable wave theory.

3} Establishment of the structural characteristics and evaluation of

wave loads: external member loads, and lateral shear and overturning

moment at the base (bottom of jacket or seabed). '

4) Establishment of the structural stiffness properties and eva&aéiﬁn of

wave load effects: internal member forces.

Step-1: Selection of the wave parameters

In lieu of the site-specific wave parameters established by an operator,
API-RP-2ZA provides generalized guideline parameters for the design wave in
Section 2.3.4 of the Recommended Practice [API, 79891, The design wave is

described by the parameters of wave height (H), wave period (T), wave
J 5 5 ¥
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Figure 2.2 Procedure to Evaluate the Hydrodynamic Forces

steepness (5), approach direction (8), and the total water depth including
storm tide (d). The parameters selected as per the generalized API
Recommended Practice may differ from the actual parameters for the specific
site. Therefore, the biased wave parameters will subsequently influence the
estimates of loads and load effects. These guideline parameters when applied
on a platform under a specific set of conditions and a specific combination of
other parameters should result in an acceptable reference level design force
and overturning moment.

API recommends the guideline wave heights and storm tides for the

® ¥

Gulf of Mexice region, as given in API- Fig. 2.3.1, [API, 19891 It specifies a

heights (H,..) with a nominal return period of 100-vears for the Gulf of Mexico
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locations with water depth greater than 300 ft. are given by API, varving
between 65 to 80 ft. (reference wave height of 72 ft), with the wave steepress
(5} varying between 1/11 to 1/15, and the associated storm tide of 2 to 4 ft.
{Table 2.3.4-1, API, 1983]. The wave period can be evaluated by T, =2/ g
(M, / 9)]°%, which is equivalent to T, = 1.53 VH,, for S = 1/12. Note that the
wave steepness (wave height / wave length) of 1/12 represents its value
during the hurricane.

This gives the appropriate "reference level static wave force” when
Morison’s et al equation (1950) is used with the full projected area of all
structural members and appurtenances in the wave zone, a constant drag
coefficient of 0.6, an ‘nertia coefficient of 1.5 for members six feet in diameter
or less, increasing linearly to 2.0 for members ten feet in diameter and greater,
an appropriate wave theory, a wave period based on wave steepness of 1/12,
and an appropriate allowance for marine growth.

The other guideline wave heights in the gray band shown in API- Fig.
2.3.1, [API, 1989] represent reasonable values which might be used to develop
an equivalent level of force, with different values of other force parameters.
For example, a lower wave height or consideration of directionality might be
used in combination with the larger drag coefficient or storm currents. The
magnitude of the force level by such combinations should not be lower than
that obtained by using the reference level wave height and assoctated wave
force parameters.

Note that in shaliow water depths (d/L < 0.05), the wave height would
change due to wave transformation and bottom dissipation of the wave
energy. The wave transformation includes shaoling and refraction effects.

The wave energy may dissipate due to a combination of mechanisms, such as:



N

bottom friction, percolation or soft bottom interaction, and other factors [Beg
The COV for the predicted annual maximum wave height has been
recommended by various researchers to vary between 19 to 36%. Typically, a

type-L COV of 25% is considered for the Gulf of Mexico [Moses, 1989

Step-2: Evaluation of the wave kinematics based on suitable wave theory

The wave kinematics, i.e., velocity (u) and acceleration (u) of the water
particles, wave crest elevation, and decay of wave velocity and acceleration
with depth are required to determine the loads and forces in members.

| The wave kinematics is significantly affected by the change in water
depth, because the water particles motion change from circular in the deep
water to nearly-horizontal in the shallow water. In the deep water locations,
where the water depth, d > 0.5 L (L = wave length), the wave kinernatics
become independent of the water depth. Waves in the shallow water
locations (d < 0.5 L) are affected by the seabed characteristics and thus their
profiles change. In this study, such details are not given and reference is
made to the literature [SPM, 1987 Chakrabarti, 1987; Bea et al, 1983),

A number of wave theories are available for evaluation of ihe wave
kinematics, and their suitability depends upon the water depth at the
location. The results obtained by the different theories differ, due to the
various assumptions made. The linear Alry's wave theory is the simplest to
apply due to the simplifications made and the availability of closed form
solutions.  Airy's theory is based on the assumptions of infinitesimal wave
neight (H = 0), symmetric wave profile about the mean sea level, and that th
water particles move in a closed orbit. By these assumptions, the strict

appiication of Airy's theory would mean that the water particles above the
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mean sea level would have zero velocity and acceleration. The other theories
are non-linear and consider the unsymmetry of the wave profile and the
open water particle motion, which introduce the mass transfer effects. The
results obtained by the non-linear theories are more accurate, but thev are

¥

more complex to apply compared to Alry's theory. The errors introduced by
Alry's theory could be reduced by stretching of the wave velocity and
acceleration profiles above the mean sea level.

A suitable wave theory is selected on the basis of the magnitudes of
4/T> and H/T2, where d is water depth, H is wave height, and T is wave period.
The curves developed for suitability of wave theory are given in Shore
?mﬁfecticn Manual and other literature.

The uncertainties (bias and variance) would vary with the wave theory
used in estimation of wave kinematics. It has been established that the global
loads obtained from Dean’s Streamt Function and Stoke's 5th order theories
are nearly the same [OTH, 1988]. The Stream Function wave theorv is
applicable over the entire range of d/T? values, because the kinematic
condition error is zero. Dean has prepared the graphs for the estimation of
wave loads based on the Stream Function theory, from which the results
could be obtained for different water depths. For the 100-year designt wave ir
the water depth range of 50 to 400 ft., d/T2 and H/T2 vary between 0.01-0.10 and
0.008-0.02 respectively.

3

The bias in wave kinematics obtained by these non-linear wave
theories can be considered as approximately 1.0. The bias obtained by Alrv's
theory could be determined with reference to these theories,

Alry’'s linear wave theory gives biased results due to the wvarious

assumptions made to simplify its application The bias in ‘the wave loads

obtained by the linear theory (H = 0.0) would reduce, when the wave velocity
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and acceleration profiles are stretched to the instantaneous water level.
Various different techniques are commonly used to stretch the wave
kinematics profiles, and the results vary significantly.

When the velocity profile obtained by Airy's theory is stretched to the
wave crest (surface) elevation, the bias reduces significantly, and in deep
water depth the results are close to those obtained by Stoke's 5th order theory,
Given that the results based on Dean's Stream Function theory provides an
unbiased estimate of the nominal loads, the mean values and COV for
different depth ranges can be established.

Additional bias would exist in the wave loads due to the neglect of
wave surface effects. It has been determined that the wave velocity is not zero
at the crest elevation but af {(u.)? / (2 g)} above the crest elevation and the
maximum force intensity occurs at an elevation {u.)? / (2 gt to (2{u)? / (2 g}
below the crest elevation [Torum, 1989]. Such considerations become more
important in case the wave impacts the deck or when the air gap is lower
than that recommended in the API-guidelines.

The wave crest elevation evaluated by different wave theories would
vary. The non-linear wave theories develop peaked profiles {(more realistic
wave profiles), whereas Airy's wave theory considers a linear wave profile
with equal crest height and trough depth. An accurate estimate of the wave
crest height is necessary to evaluate the air gap, and to determine the
probability of the wave hitting the deck. The wave load increases sharply

whenever the wave hits the deck.

Step-3: Establishing the structural characteristics and evaluation of wave loads

The characterization of wave loads on the individual members, and the

computations of the global wave loads (base shear and base over turning
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moment) depends upon the wave kinematics, wave crest elevation, decay
pattern of the wave kinematics with depth, and the member properties.

Wave Load on a Member:

The wave load (F) on a cylindrical member is computed as the sum of a
drag force (Fy), which is related to the kinetic energy of water, and an inertial
force (F)) which is related to the acceleration of water. This wave load per unit
length on a member is described by the empirical model given by Morison et

al [1950]:

F = Fy, + F
= [05pCyDlu lul + [x(D/4) Cy pl [du/dt] --(2.13)
where: p = w/g = density of fluid
C, = drag coefficient
Cu = inertia coefficient
D = diameter of cylindrical member including marine growth
u = component of velocity vector of water normal to the axis

of the member

du/dt = component of acceleration vector of water normal to the

axis of member.

In the above expression, the inertial term is very low for the
conventional jacket platforms provided with small diameter members, the
maximum inertia term being 90° out of phase with the maximum of drag
term. The drag force term constitutes of drag coefficient C,,, diameter D, and
wave velocity u, which are random variables. Upon substituting 'u’ by the
velocity obtained by Airy's theory, the following expression is obtained:

F=F, =K, ulul L (214)
where, K, = [05pC,D]

i = [ H/T] £ (y)
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Coshikyd/{d+06H)]
Fly) = for intermediate water depth, when
Sinh [kd]

£ly) at mean sea level is stretched to the free surface (crest elevation)

f'ly) = eky for deep water depth
k =2r/L

L = wave length

d = water depth including storm tide
Y = distance from seabed

<

f'{v} represents the decay of fluid velocity with depth and it varies with
the wave theory used. The difference in the wave profile due to the different
iheoriég is largely in the wave surface area. For the deep water locations (d >
0.5 L), £ {y} = 1.0 at the crest elevation, . In case of the intermediate water
depth locations (d = 0.25 L 1 0.5 L), f(y) varies between 1.0 to 1.1 at the crest
elevation. Drag force, F is highly sensitive to the variation in the wave
height, and is less sensitive to the variations in, C,, and D, The drag force

equation (2.14) can be written as follows:

Fy =KgKeR2 {2.15)
where, K, ={05p(C,D]
Ky =[lr/T 0y

In these expressions, the uncertainties are introduced by the C,, D, T, H,
d parameters. The mean value and variance of the wave load, F, could be
determined as follows:

F, =K, K, H?

Vel = Vi 2+ Vol o+ V2 + {2V 2 L (2.16)

In the medium to deep water depths, the base shear and overturnin.

moment obtained by Airy's theory are under-estimated bv about 13% (hias =



1.18). In the shallow water depth, the base shear and overturning moments
obtained by Airy's theory are underestimated by 16% to 27% (bias = 1.19 to

1.37) respectively [OTH, 1388].
Drag Coeffident, Cq: The drag coefficient depends upon the member

characteristics such as: diameter of member, marine growth thickness,
properties of marine growth, roughness of member, and the flow properties
such as Reynold’'s number. The roughness of a member depends upon the
type of marine growth accumulated on it. The value of Cg varies between 0.6
to 1.2 for smooth to the marine roughened cylinders [Heideman et al, 1979]. In
general, for the steel jacket platforms, Cqg is assumed between 0.6 or 0.7. The
Gulf of Mexico platforms are subjected to soft marine growth, which
accumulates at a slower rate, and the importance of marine growth is reduced
on the estimates of Cd. A correct measure of marine growth would depend
upon the survey level and location of the members.

From Rodenbusch [1986] measurements, COV in Cq is obtained as 0.10,
which is considered here as type-I uncertainty. From the Ocean Test Structure
(OTS) project of Exxon, for the rough (marine fouled) cylinders and high
Keulegan Carpenter (KC = uT/D) flow condition, a mean C4 of 1.0 and a V¢ :

of 0.25 have been obtained, whereas for a smooth cylinder and high KC flow
condition, a Cq of 0.68 and a V¢, of 0.26 have been obtained [ Heideman et al,

19791.

Normally, in design, in the evaluation of the global loads, the nominal
Cg of 0.6 is used for the marine-roughened cylinders. By considering the
results obtained in the OTS test structure measurements, a bias of 1.67
(= 1.0/0.6) would remain in the Cg value. This bias of 1.67, the type-II
modelling error, and the COV of 0.25, which were obtained in the OTS project
have been considered in this study.
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Uncertainty in the member diameter, D used in the bas.e shear equation
arises due to errors in prediction of the marine growth. The bias is considered
here as 1.0 and a COV of 0.05 to account for the variations in marine growth
estimates. Therefore, the uncertainties in the nominal estimate of Kg would
include a bias of 1.67 and a COV of 0.26.

The closed form solution of the Base shear, S, for a unit-diameter
vertical pile, which extends from the seabed to an elevation above the mean
sea level, as obtained by the Airy's theory is given as below:

St (05pC, D} K, B2 217
K, K, H?

&«;here, K, = 0125g(1 + 2kd/{Sink (2kd)}]

For the deep water locations, K would be 0.125g by the linear wave

]

H

theory, and K, = 0.222g by the Dean's Stream Function theory [Dean, 1974]
for a wave with a of steepness (H/L = 1/12). For the shallow water locations,
K. = 025g by the Airy’'s theory.

Kw as given in equation 2.17 depends on the variations in the wave
parameters and water depth. The linear theory gives lower values for Ky,
when stretching is not considered. Due to the use of Airy's theory, a higher
bias would exist in Ky, which increases with the decreasing water depth. For
a water depth in range of 250-400 ft., K,y is 0.22 by Dean’s theory and 0.13 by
Alry's theory, whereas for a water depth in the range of 25-50 ft., K,, ranges
between 0.66-0.74 by Dean's theory and 0.225 by Airy's theory. The bias in the
400 ft. water depth would be around 1.7 to about 3.2 in 25 ft. water depth.

Kw would vary with a number of other parameters such as wave
steepniess, wave directionality, and current. The variation iﬁ wave steepniess

is due to the inherent characteristics of waves and it can not be precisely

predicted. Its influence can be introduced as a type-I uncertainty, Bix = 1.0
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and Vg;(u = §.10. The effect of wave directionality could be considered as a
type-il uncertainty. The wave load in any specific direction reduces when
directionality is considered. The effect of current on the wave kinematics is
not fully established by the available measurement data. In common practice,
it is considered that its effect is accounted by neglecting the reduction of forces
due to shielding, blocking, and near-surface effects {Bea et al, 1988).

Base moment, M, is available in a closed form solution oy Alry's
theory. For a vertical pile of diameter D, My is given by the following
expression:

{(Mp), = (55),d Yy {2
where, Y, =0.5+(0.25 / n) + (0.5 / n) {{1 - Cosh (2kd)}]/[2kd Sinh(2kd)]

[

8

n =Cg/C = group velocity / wave celerity
By Airy's linear wave theory, Y, range from 0.82 to 1.0 for the deep
water depth locations and from 9.5 to 0.82 for the intermediate water depth
locations. These values are obtained when no Wheeler's stretching is
considered. By Stream Function theory, Y, varies between 0.9 to 1.1 for the
intermediate depth range near the breaking point, and between 0.9 to 1.0 for
the deep water depth.

b

Step-4: Establishing structural stiffness properties and evaluation of wave

load effects: internal member forces

The next step is to determine the environmental load effects on the
mermnbers and to estimate the uncertainties in such estimates. The load effects
may be the member forces, member displacements, joint displacement, etc.
The forces in a member are due to two major components: local loads acting

on the member and the load component transferred o it from the gl

structural behavior of the complete platform. The load component due to the
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global behavior of the structure depends upon the relative stiffness of the
member in the plane of load application in comparison to the other adiacent
members. It depends upon the structural configuration of the framing an
the idealizations made of the stiffness including that of the foundation. Note
that in the lower bays (below the wave zone} of a jacket, the global load
component would dominate and the local load component would be
insignificant due to a sharp reduction in the wave velocity protile.

The accuracy in the evaluation of load effects is directly related to the
structural model considered. In this step, a number of improvements in the
model can be done to obtain the load effects more accurately. One such
modification is to consider the stiffriess properties of the components more
accurately by considering the brace lengths face-to-face instead of center-to-

center.

2.3.3 Uncertainties in Reference Level Load

In this study, the global loads on a platform expressed as base shear and
overturning moment have been used in the safety assessment process. The
focus of this study is on the platforms located in medium to shallow water
depths. In such water depths, base shear governs and gives the maximum
load effects than compared to the base moment. Therefore, the un;:ertainties
associated with base shear are needed in a probabilistic assessment.

Base shear expression as given in equation 2.17 could be expressed in
probabilistic formulation as follows:

Sy, = Ky K, H? e (2.19)

where, K, = [05pgC,D]

Vi, = E{V{jd 2 (Vp o

3
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The uncertainties (bias, and COV) associated with the above
formulation of base shear have been studied in detail in the recent past by a
number of researchers. Some of the more important results published by
Moses (1990), Olufsen and Bea (1990), Nikoladis and Kaplan (1991} have been
reviewed to select appropriate values.

The COV of predicted annual maximum wave height (H) varies
between 19% to 36%, and typically Viy of 25% have been recommended for
the Gulif of Mexico environment and structural conditions.

Moses (1990) considered Kp and Kw together as analysis variable and
determined bias and COV of 0.93 and 25% when the life of a platform is 20
ye;zrs. Based on these the bias and COV associated with the global loads are
determined as 0.70 and 37% respectively [Moses, 1990]. These values have
been recommended in API-LRED recommended practice for the offshore
platforms [API-LRFD, 1990].

Clufsen and Bea (1990) explicitly considered the type-I {random) and
type-Il (modelling) uncertainties and considered that the modelling
uncertainties do not vary with the return period. In this way, they obtained
significantly different uncertainties for the Gulf of Mexico. They reported that
COV would vary between 0.73 to 0.98 for the Guif of Mexico conditions for
100-year wave return period.

Bea (1989), and Nikoladis and Kaplan (1991) obtained COV of 0.66 for
forces due to 20-vear return period wave and COV of 0.63 for 100-year return
period wave when the modelling uncertainties were considered perfectiy
correiated from one vear to another. They obtained COV of 0.38 and 0.31 for
20-year and 100-year return period waves, when the modelling uncertainties

were treated as independent from one vear to another.
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In this study, the values reported from latest research have been
) P
considered for the example cases. The formulation of fitness for purpose

presented in later chapters is based on COV in load effects equal to 0.75,

2.4 Strength of a Platform:

A steel jacket platform is composed of three distinct structural systems:
deck, jacket, and pile foundation (Fig. 1.1). Each of these system constitutes of
a number of components with similar or varying behavior and failure
modes. The piles, jacket frame, and the deck legs are constructed of tubulars
while the deck structure is built of WE beams and/or plate girders. The
members may exist in intact, deteriorated, damaged, or failed stare.

These systems are subjected to a combination of multiple load sources,
with load effects transferred in the form of axial icad and bending moments
in the three directions of each member. The behavior, failure modes, and
mechanisms for these three parts differ due to surrounding medium,
structural configurations, and the loading characteristics, as were described in
Section 1.3,

In this section, the factors which influence component strength of
tubular members and ultimate strength of joints are discussed. The emphasis
Is on identification of the methods used and on evaluation of the

uncertainties associated with the parameters and methods.

The typical damages which may occur during the ﬁperaiiﬁg:fﬁﬁfé of
platform are identified and the models used to evaluate their reduced
strength are reviewed.

The factors and processes which are important to determine the
strength of each system (deck, jacket, and pile foundation) or a complete

platform are described.



Wave loading is cyclic and random in nature, and thus the component

4]

strength and behavior would differ from the static load case. The differenc
in strength and behavior of components due to cyclic and random loads are

described.

2.41 Component Strength

The methods used for the evaluation of the ultimate strength of
tubular members, interconnecting joints, and welded connections are
presented in Appendix-C. These methods are used for the evaluation of
component and system strengths, and the uncertainties in the strength
estimates. The component strength of tubulars against the following failure
modes is required, in order to evaluate the strength of a bav or of the
complete platform:

1. Axial compression strength of a tubular,

2. Axial tensile strength of a tubular.

Ultimate moment capacity of a tubular.

Gt

4. Strength of damaged members.

w

Joint strength: leg-brace and vertical brace-horizontal brace joints.

6. Tensile strength of welded connection: deck-jacket connection.

The models given in Appendix-C considers the effect of axial, bendé}xg,
and hydrostatic loads acting on members. The influence of out-of-roundness
and out-of-roundness of members on their axial strength has been identified
for these models.

Tubular braces that are compact (ie, diameter to thickness ratio = 8 to

23) develop full plastic bending capacity. Such compact sections possess
sufficient rotation capacity to redistribute moments and to form a plastic

i

mechanism. The braces with ratio of diameter to thickness greater than 60 are
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non-compact and fail in plastic buckling range and possess negligible rotation
capacity.

The strength of a component is influenced by a number of other
phenomeron. The strength of a component is influenced by system effect,
t.e., due to other members in the structure. The nature of loading {static or
cyclic) influence the component strength. The various damages and
deteriorations of member which occur to the member from construction o
the current state of a platform have a direct effect in reduction of the mean
strength of the components. The primary aspects of some of these

phenomenon are reviewed and discussed in the following sub-sections.

2.4.2 Effect of Damages and Deteriorations

The damage and deterioration of a component (member or joint) have
a significant effect on behavior of components and they reduce ultimate
strength of components. The influence of some of the typical damages to
steel offshore platforms are discussed here. The influence of a damage would
differ for axial and flexural strengths of a member. Therefore, the location of
a member and the load effects on it are important in determination of effect
of damage on its strength. In general, a damaged member would be more
flexible compared to its undamaged state, which would reduce the tpo:atw_vieid
resistance of the member.

In this section, the influence of dents, corrosion, and tracks on
component strength are reviewed. These damages could occur during
fabrication to operation stages due to a number of reasons which were
identified in Section 1.3. The damages could have occurred due to other load

sources such as collision, fatigue, dropped objects, etc. The important work in



this area has been reported by Moan (1987), Moan et al (1991), Taby and Moan
(1987), UEG (1989), CIRIA-UEG (1985).

Dents; The strength of tubular members, with damages in the form of
permanent lateral deflection (buckling) and local dents have been extensively
studied. The location of dent. its size, load tvpe on component (in
compression or in tension) are some of the important factors.

The effect of dents and lateral deflection on strength of tubular braces
could be determined by the DENTA model developed by Taby and Moan
(1987), Moan and Taby (1987} and validated by laboratory tests performed for
various combinations of forces, end fixity, and sizes. The DENTA model
includes the effects of premature buckling, and growth of buckle in post-
ultimate regime. A very small bias of 0.9857 and C.O.V. of 0.0722 is reported
by this model when compared with the tests.

The post-ultimate behavior of tubulars with large diameter to
thickness ratio is significantly influenced due to presence of dents or increase
in lateral deflection.

Corrosion: Corrosion occur due to lack of adequate cathodic
protection, which occurs due to low potential, missing, or loose anodes. The
corrosion may occur throughout the jacket with general foss of thickness of
structural members or it may be localized with resulting holes in members.
The effect on strength of the components due to general corrosion effect could
be determined in similar way as for the non-corroded sections.

The influence of presence of holes on strength of tubular members
have been recently investigated by Hsu and Krieger (1990) through model tests
and analysis. They have found that the strength of a tubular member is
significantly influenced by the hole size and slenderness ratic of member, and

moderately influenced by the hole aspect ratio. The effect of hole location,
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number of holes, spacing of two holes on ultimate strength is minimal. Very
small holes do not reduce the compressive-load capacity of members.

Cracks: Cracks may occur during fabrication and progress due to in-
service cyclic wave loads. The reduction in strength of a member and
structural system becomes more important when the crack grows to abnormal
size. The time and number of cycles required to propagate a crack from
abnormal size or full penetration state to fracture state could be more
accurately determined by fracture mechanics approach.

The formation of cracks results in loss of cross section area of a
.member. The direction of formation of crack and the loads on a member are
important to determine the loss in cross section area of the member. Moan
(1987) discussed that at the stage of fracture of a member, the dynamic forces
would be induced on the structure due to sudden re-distribution of force from
the fractured members.

Sollie (1982) reported that the cracks identified in some of the joints in
the offshore platforms in the North Sea had an average crack size of 70 mm,

with a C.O.V. of 0.6.

2.4.3 Uncertainties and Biases in Strength Evaluation

The bias is a function of load type (axial/bending); reduced
slenderness ratio; geometrical imperfections (shape imperfections, out-of-
straightness deviations); boundary conditions; residual stresses; material
properties, etc.

The inherent uncertainties varies for different components and failure
modes. Thus the uncertainties associated with different failure mechanism

would differ, in accordance with the cumulative magnitude of uncertainties



and biases associated with the phvsical characteristics and strength evaluation
of the component members.

Moses (1989), Frieze (1990} have reported the biases and COV for the
Gulf of Mexico conditions, which have been considered in the development
of API-LRFD code. From their results, the following values of biases and

COV's have been extracted,

Sirength Variable Bias C.O.V,
Yield 1.10 13%
Tubular Bending 1.26 1%
‘Tubu%ar Compression 1-1.1 10-19%
Local Buckling 1.05-1.2 12%
Connections (Yura) 1.15-1.55 10-40%
Hydrostatic 1.05-1.10 10-14%
Foundation Piles 1.0 20%

The above values respresent the combined uncertainties in each case
and take account of testing uncertainties, differences between test results and
strengths as predicted using the design equation, materail variability
dimensional variations [Frieze, 1990].

The uncertainties associated with a damaged member would be hééher
than the uncertainties associated with undamaged members. The bias and
COV cbtained for a dented and cracked members were reported in the
previous section. In this study, in evaluation of the example platforms, a

£

constant COV of 0.25 has been assumed for demonstration purpose.
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2.5 Summary

The primary elements for evaluation of satety have been discussed,
The Importance of the best estimates of loads, load effects, and strength has
been emphasized. The uncertainties inherent in the Darameters describin
the estimates of loads, load effects, and strength have been discussed. The
current state of the platform and its components should be established for
making a reasonable assessment of safety of a platform and its components.

The process involved in evaluation of wave loads on a platform has
been discussed in detail. The models used for evaluation of the strength of
components of a platform in their intact and damaged states have been

discussed. The formulas involved have been presented in Ap: endix-C,
pp



CHAPTER 3

CAPACITY OF A PLATFORM

The capacity of a platform is one of the major components in safety
assessment. It depends upon the mean (nominal x bias) estimates of the load
and strength of its components, and the uncertainties (variances and biases)
in their estimates, which were discussed in detail in Chapter 2.

The conventional APL-RP-2A based working stress design, considers
that the strength of a platform would reduce upon failure of any of its
component. Therefore, the design aims at a strength level of the platform at
which under the specified reference level loads and nominal maximum
allowable stresses in the components, none of its component is overstressed.

I recent research on the system reliability and ultimate strength, the
contributions of the system effect (complete structure) to maintain the
platform in a safe state, beyond failure of a single component has been
studied. In this study, the results from these research works have been
utilized to develop the simplified techniques for capacity evaluation, which
are aimed at their utilization by the regulatory bodies and large operators,
who may need to periodically assess the safety of a large number of platforms.

In this chapter, first a quantitative characterization of the capacity of a
platform is discussed in detail. Then, the load-deflection behavior of a
platform with increasing lateral load is discussed. The qualitative and coarse
quantitative approaches developed in this study for the evaluation of capacity
are discussed. An approach is presented, which utilizes the results obtained
from the conventional linear-elastic analysis, to make an assessment of the

uitimate capacity, as characterized in this study. Finally, the non-linear



analysis techniques commonly used for the evaluation of ultimate capacity of

a platform are reviewed and discussed.

3.1 Reserve Strength Ratio (RSR)

3.1.1 Definition of Reserve Strength Ratio
The capacity of a platform is expressed with the Reserve Strength Ratio
(R5R). The RSR is defined as the ratio of ultimate load capacity of the
platform, R, divided by a reference force, S, (Fig. 3.1x
(Ultimate capacity of a platform;} Ru

RSR = - ' NERS
{Reference level lateral load} 5.

In this expression, R, represents the best estimate of the capacity of a
platform at the Ultimate Limit State (ULS). The ULS capacity, R, thus
represents the limit state of a platform beyond which any increase in load
would result in its collapse. In Fig. 3.1, Ry; represents the ultimate capacity of
a platform in its intact state and Ryp in its damaged or deteriorated state.

S, represents the reference level global lateral load (base shear) on the
platform, which should be based on the minimum acceptable 100-year return
period wave force implied or suggested by the currently accepted guidelines or
requirements for design of an equivalent new platform, such as given in
Section 2.3.4g of API-RP-2A [API, 1989]. The details of evaluation of the APL
guideline reference level wave force are given in Section 2.3 of this giédy,

Figure 3.1 shows a non-linear load-displacement (P-A) behavior of a
steel jacket platform with increase in lateral load. The non-linear behavior
becomes dominant upon failure of the structural members, due to a sharp
reduction in the lateral stiffness of the platform. Thereafter, its lateral

displacement increases rapidly with further increase in lateral load.
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Beyond a limiting lateral load level, with the formation of a partial failure
mechanism and a significant global displacement of the platform, the vertical
load carrying capacity of the platform decreases. This decrease is associated
with either failure of other members or due to the additional load component
from the secondary P-A effect (instability effect of vertical load).

In order to support the vertical loads (dead & live loads), the lateral
load leve! on the platform must remain the same (zero stiffness behavior) or
decrease (negative stiffness behavior) as shown in Fig. 3.2, Ultimately with
the formation of a full plastic mechanism, the platiorm will collapse. The
magnitude of displacement (A) from point 1 to point 2 in Fig. 3.2 depends

upon the material properties and configuration of the platform structure.

Alternate Representation of RSR

RSR can also be represented on the basis of the load level at failure of
P

the first member and the structural redundancy of a platform (refer Fig. 3.3).

Ry (Ry; orRiy) = (R) x (RE) (32)
RSR = Ro/ S = R,/ Sl RF,
= (CS)) RF, L (3.3)

R, represents the lateral load (base shear) on the platform upon failure
of its first member. R, is due to the difference in the magnitude of the
ultimate strength of a component relative to the load acting on it ie., it
corresponds to the global load level (base shear) at the first member failure.
CS,, component strength, corresponds to the ratio of global lateral load at the
failure of the first member to the reference level load. Note that this
component strength is different than a conventional factor of safety, because
here the reference level global lateral load is used. However, the magnitude

of component strength would be proportional to the factor of safetv (FOS)



implied in the working stress design (WSD) or in the load and resistance
factors included in the LRED code.

RE,, the redundancy or system factor, represents the overload capacity
of a platform beyond the load level (R)) at the first member failure,
Redundancy factor is thus the ratio of lateral load (R,) at formation of a
failure mechanism to the lateral load (R,) at failure of the first member. [t
depends upon the post-failure load carrying capacity of the failed members
and the properties and behavior of the other components of a platform. The
equation (3.3) can be rewritten as follows:

System RSR = Component Strength x Redundancy Factor (3

Where:
Lateral load at First Member Failure

Component Strength (CS,) = (3.3
Reference Level Lateral Load

Ultimate Structural Resistance

Redundancy Factor (RF,} = {36}
Lateral load at First Member Failure

Redundancy exists in a statically indeterminate structure fe, a
structure in which the alternate load paths allow it to support the same or
higher load than the load at which the first member failure occurs. Offshore
platforms are typically statically indeterminate structures and thus they are
likely to show redundant behavior by withstanding the same or higher loads
even after failure of one or more members.

Alternatively, a redundant member can be considered as 4 member
with very low utilization ratio (resultant stress interaction ratio) and whose
removal does not affect the load path in the structure or for which the loads
at first member failure remains the same. Note that some redundant

members may become active, or their utilization ratio may increase, due o

the load transfer upon failure of the first member. Liovd and Clawson {1983

-
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and Nelson [1987] classified the members of a jacket platform in different
categories according to their importance. The existence of such redundant
members may contribute to the redundancy factor (RF,) by the formation of
alternate load paths. RF,, corresponds to the minimum combination of
members (or a cut-set in the system reliability terminology) leading to the
formation of a failure mechanism.

Thus, the redundancy factor for a platform or the overload capacity of a
platform beyond its first member failure depends upon:

1} Degree of static indeterminacy of the platform structure.

2} Degree of unequal loading (member stress ratio) among members,

3} Post failure behavior (ductility) of the individual members,

4} Feasibility of structural configuration te provide alternate load

paths.

The ultimate collapse load for a platform with a low degree of static
indeterminacy may not differ much from the load at its component strength
level. If all the primary members (vertical braces, deck or jacket legs or piles),
which are likely to form a collapse mechanism are of the same size and
length, equally loaded, and all are in compression or in tension, then a failure
mechanism is likely to form upon failure of the first member.

An assessment of unequal loads in the major members is made based
on their utilization ratios (or resultant member stress ratios). The post failure
behavior of a component depends upon its slenderness and D/t ratios. The
alternate ioad paths in a platform become important for transfer of load from
the failed member(s) to other members in the platform.

RSK should be taken as an index, due to the various idealizations
made in the evaluations of load and strength for a platform, and due to the

uncertainties associated with the different parameters and methods used.
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Due to the simplifications made in the analytical methods, the computed
values may differ from the true RSR. RSR should not be viewed as a single
number, but a quantity that can vary within a range of possible values. The
mean and variance of RSR would depend on the mean values and variance
of the parameters used in the load and strength evaluations.

Noete that this RSR would represent a best estimate value (or nominal
value, RSR,) with associated uncertainties, i.e, a bias and variance around its
estimate. The bias and COV are determined based upon the parameters
identified in Chapter 2 for the evaluations of load and strength, and the
methods used in estimation of RSR,

| (RSRmeany = (Bgsyx) (RSRy ) (3.7

With  Viggp = [(Ve )2 + (Vs )2 + (Vg )2 ]1/2 {38

where, RSRpezn corresponds to the value obtainable by tests or by
sophisticated analyses, RSRy, (or nominal) depends on tha method used in its
evaluation and Bgg, represents the associated bias in KSR,. The COV (Visg)
in mean RSR includes the variances in the estimates of Ry, Stet, and Bygq.
Variance in bias, Bysg would exist due to its change with the variations in the
parameters and in the estimates of Ry, and Sier. Fig. 3.4 presents a schematic
representation of the bias (model error) in strength evaluation by simple
methods, when compared with its true estimate.

For the intermediate to shallow water depth GOM platforms
considered in this study, it is assumed that the results obtained iﬁf}f‘r.ihﬁ non-
linear static pushover analysis represent the best estimate of ultimate
strength. The estimates of the biases and variances in the nominal RSR by

the simplified methods are based on the results obtained by the non-linear

analysis.
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Note that for the platforms with the variations in their parameters and
configurations, different values of Bgsx would be evaluated. Bugy for a d-leg
platform will differ from that for an 8-leg platform.

Thus, {(RSRmean) = (Bgex} (RSRn) or

(Brsw) (CSp) (RFy) 39)
2+ (V)2 + (Vo2 + (Vi )22 (310)

it

with Ve = [(Vg,

The above description of RSR is based on the strength of a platform
against formation of the failure mechanisms, when increasing lateral loads
are imposed. In a similar way, RSRE could be described for strength of a
platform against formation of the axial failure mechanisms (such as deck leg-
jacket connection failure, pile-soil failure, pile-grout failure).

RER is required in a platform to maintain it in serviceable state in its
intact, deteriorated, damaged physical state, or upon failure of some of its

structural members (partial mechanism formation stage). For the 4-legged

platforms in the Gulf of Mexico designed by the current API guidelines, RSR



is generally above 1.5. For an 8-legged platform in the Gulf of Mexico, RSR
can be more than 2.3, On the contrary, for some of the older platforms, RSR
can be less than 1.0.

In addition to RSR, residual strength has also been used in the past to
represent the overload capacity of a damaged platform. It has also been used
to represent the ultimate load level at collapse, which a platform can resist
beyond the load level upon failure of one or more of its members. Residual
strength would exist in a platform essentially due to its structural
redundancy, which could keep it safe and serviceable in its damaged
condition. Residual strength could be defined as below:
| Ultimate Capacity of a Damaged Platform Rip

Residual Strength (RS} = = {311}
Ultimate Capacity of an [ntact Platform Ry;

RSR has been considered by researchers in deferzﬁ%im’s%ic and
probabilistic ways fo represent the ultimate capacity of a platform. Their
definitions are briefly discussed further in this section.

Lloyd & Clawson [1983] defined RSR by a Reserve Resistance Factor
(REF), the ratio of ultimate system strength to the design environmental load.
They also defined residual strength by Residual Resistance Factor (RIF), the
ratio of residual strength of a structure upon failure of a member or of a
severely damaged platform to the load level at ULS of an intact pie;tform, It
could be viewed as a value corresponding to the inverse of redundancy factor
defined in expression 3.6. When (REF x RIF » 1.0), the damaged platform
would be safe against the design environmental loads. lafani & Shuttleworth
(1990}, reformulated the definition of RSR considered by Lioyd & Clawsaon
(1983), as the ratio of lateral load at structural collapse to the design load. In
such descriptions of the residual strength of a damaged platform, its ultimate

strength in the intact state will also have to be evaluated, whereas in the
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platform, its ultimate strength in the intact state will also have to be
evaluated, whereas in the characterizations of RSR given in the expressions
3.1 to 3.6, the ultimate strength of a platform is evaluated only in its as-is state
(intact or damaged), thus avoiding a separate estimate of the residual

strength.

3.1.2  Sources of Reserve Strength
Reserve strength exists in a platform when either the magnitude of the
lateral load (base shear) at failure of the first member is more than a reference
level load (S.). or when the redundancy factor (RF) is greater than 1.0 and the
product of the lateral load at first member failure and RF is greater than S
Conventional design aims to achieve a strength for each component above
the load effects on it from the reference level load on the platform during its
in-service state. It is normally achieved when the interaction equations for
the various combinations of the axial and bending stresses from the vertical
and lateral loads, the stress due to hydrostatic pressure, and the allowable
stresses for the material are satisfied at all of the cross-sections along the
length of members [Section 3, API 1989]. In conventional design, there is no
direct consideration of the system effect, RF, whereas in the re-evaluation
phase of the aged platforms, the contributions of both the component
strength and system redundancy factor are important in order to obtain an
ccurate estimate of RSR and prevent excessive over-conservatism. in this
section, the various sources which contribute to the reserve strength of a
platform are presented.
The reserve strength associated with the component strength has been
well documented and supported by the detailed analyses and laboratory

model tests, whereas estimation of the redundancy factor, which is a system



effect, has been only recently attempted by the detailed analytical procedures
and in some cases by simple plane frame model tests {Grenda of al, 1988,
Lalani and Shuttleworth, 1990 Zayas et al, 1982]. However, due to practical
limitations, no attempt has been made to establish the redundancy factors
associated with the large number of different configurations which are used
for GOM jacket platforms. A reasonable estimate of the redundancy factor
wili normally require detailed structural analyses.

Component strength depends on the strength of members and joints,
and the loads acting on them. The strength of a member is evaluated by use
of standard formulas prescribed in API-RP-2A [API, 1989], and described in
Chapter 2 and Appendix-C. These have been well established over time and
are supported by a substantial data base from the strength tests. On the other
hand, the empirical formulas for the ultimate capacity of a joint have been
only recently established and then only for a few simple configurations.
Some of these formulas are based on interpretation of the test data, while for
those joint types with insufficient data, it has been necessary to incorporate a
very conservative approach. Therefore, the estimates of component strength
based on these formulas may contain large uncertainties.

The reference level load will have a major influence on the
component strength, CS, (the load at first member failure) and a moderate
influence on the redundancy factor, KF,. The uncertainties in C5, would
correspond to the cumulative uncertainties in evaluations of the wave loads
and member capacity. The uncertainties would vary with the failure modes
of a member. Thus, by establishing the failure modes which may occur in a
particular member, a more accurate estimate of the uncertainty level in the

ULS capacity of the platform (or its sub-structure) can be made.



The redundancy factor depends upon the structural characteristics of a
platform, i.e. structural configuration (bracing pattern), ductility of
components, and design philosophy. The uncertainties associated with the
material properties and component behavior produce variances in the
redundancy factor. Some of the sources which are likely to introduce reserve
in capacity at the component level are listed below:

* Material properties;

* Code specified stress check and strength formulas;

* Design to first yield instead of the capacity at the formation of full

plastic hinge;

* Overdesign and over-sizing of the compaonents;

* Excess capacity due to exira steel provided for safety against other

load sources;

* Simplifications made in the computations.

The material properties considered in the conventional design of a
platform would contribute to the reserve in capacity of a platform due to: the
expected (mean or test) yield strength of steel is higher than its code specified
nominal yield strength; the increase in yield strength due to the strain-rate
effect is not considered in the normal design. For the mild steel, generally an
elastic-perfectly plastic behavior is assumed, which introduces
conservativeness in the design by neglecting the contribution of strain-
hardening at large deflections.

The structural members may have been overdesigned for several
reasons, such as: to reduce the number of design iterations; to provide a
symmetry to the structural framing; to size the members for safety during the
temporary design stages such as construction, fransportation, and installation.

In some cases, the structural members may have been ordered in advance



before the detailed design stage to meet the tight project schedule. Also, an
oversized member may be provided due to the availability of limited number
of sizes. All these tend to increase the component strength and RSR.

The component strength computed by the current acceptable guidelines
may differ for the aged platforms, due to the differences in the state-of-practice
{design criteria) over time. Note that the early generation platforms were
usually designed by hand computations of the wave loads and by the
simplified structural analyses which considered the members pinned at their
ends. It is likely that the component strengths for the similar old platforms
may differ from one to the next structure. In addition, two piatforms
éesigned by the same design criteria and for similar conditions may have
similar component strength, but their redundancy factor (and RSR) may

substantially differ based on their structural configuration.

3.2 Evaluation of Reserve Strength Ratio

3.2.1 Load - Displacement Behavior

The typical load-displacement behavior of a steel jacket platform is as
shown in Fig. 3.1. Such a behavior is obtained upon compiete or partial
failure of one or more of its structural components, when it is subjected to the
increasing lateral loads. The key elements which must be addressed in the
development of the load-dispiacement diagram are: the loads acting on a
platform and its components, the strength and material characteristics o
components, the load and strength levels at component failures and at
formation of the fajlure mechanism, and the deflection (A} at which
instability (P-A) would occur.

The global load (usually base shear or overturning moment) upon

failure of the first com onent could be considered to re resent a Tlower
D



bound” estimate of the ultimate load capacity of a platform. The global load
level at formation of a failure mechanism, due to failure of severa] members,
would represent an "upper bound” estimate of the ultimate capacity. The
difference between “upper bound” and "lower bound” estimates depends
largely on the structural characteristics, which introduce structural
redundancy in a platform. The structural characteristics, which enable total
or partial re-distribution of loads from a failed member to others, provide
alternate load paths, and introduce redundancy to the system, were discussed
in Section 3.1.2.

Note that for an intact, wel] designed platform according to the latest
APL-working stress design (WSD) practice, the "lower bound” of RSR would
be higher than 1.0, due to the factor of safety introduced in fheldeségn of
components. Up to failure of the first component, the platform is likely to
behave in a near-linear elastic mode and the non-linearities would not have
a significant influence. Therefore, several simplifications can be made in the
determination of "lower bound” of ultimate capacity, which can be used as its
first estimate for the screening of a large number of platforms.

A true estimate of "upper bound" of ultimate capacity would require
explicit consideration of the structural characteristics which provide
redundancy, and of the random and cyclic nature of the wave loads. A
realistic description of the behavior of a steel platform should consider
instability, second order effects, and displacement in addition to the éifgngm
criteria.  With such considerations, the behavior becomes highly non-linear
and could be developed by use of the non-linear analysis techniques.

A simplified technique called as "static push-over analysis" is widely used.

More accurate results could be obtained by time history analysis which could



consider cyclicity of the lateral loads, but are computationaly very complex,
time consuming, and costly.

Less accurate (or biased) estimates of the ultimate strength (upper
bound) can be based on simplified techniques, which utilize expert judgement
in 2 priori selection of the possible failure modes and mechanisms. Such
methods would be useful in screening a large number of platforms, which are
not expected to have abnormal low strength. Such techniques aim at
determination of a particular pattern or combination of members, whose
combined failure would correspond to a "failure state” with the formation of
a mechanism. In this way, we are dealing only with the failure or collapse
giaté of the platform, while the intermediate stages in propagation of the
structure to its collapse state are neglected. This is similar to the plastic
analysis concepts and it aims at a significant reduction in the computations.

The three methods for evaluation of the upper bound of ULS capacity
of a structure are as follows (Fig. 3.5);

1) Rigid-plastic failure load analysis;

2} Rigid-plastic large deformation analysis;

3} Linear-elastic failure load analysis.

Rigid-plastic analysis is based on the assumption that the global
displacement of a platform will be null, even with the failure of gucz;eﬁsive
members in the formation of a mechanism. This assumption seems
unreaiistic due to the finite displacement of the complete platform or ifs sub-
siructures, upon the failure (buckling or vielding) of its successive
components. With an increase in the lateral deflection and the topside loads
acting on the legs, additional moment would be induced on the platform,
which is known as secondary moment (or P-A effect). A better estimate of the

ULS capacity is obtained by consideration of the secondary moment effect.
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Under the third alternative the lateral stiffness matrix for a platform is
determined at two or more different stages: the intact state, and upon failure
of one or more members. In this way a stepwise load-displacement behavior
is generated.

Rigid-plastic failure load analysis techniques would give a good
estimate of the ultimate capacity of the failure mechanisms formed in the
deck and foundation bays as shown in Figs. 3.6(a) and 3.6(c). A mechanism
will form upon yielding of the deck legs or piles at their upper and lower ends
or at intermediate elevations. The ultimate lateral load carrying capacity for
the deck or foundation bays is evaluated by equating the internal work done
in i;he formation of hinges {mecharism) with the external work done by the
loads acting on the bay. In this way, it is assumed that upon formation of a
hinge at a section, the loads beyond the hinge capacity are transferred to the
other sections. The details in evaluation of the rigid-plastic collapse load are
given below.

The internal work due to formation of hinges is given by:

Wi = 2[IMp]e

where, j represents the number of legs, Mpj represents the plastic

moment capacity of leg j, and 8 the horizontal deformation of the leg.

The external work due to the lateral load acting on the bay is givén by:

W PiA+ P (X/L)A
Py + P5{X/LIL8 = [PyL + P Xl 8

Hi

i

By the virtual work theorem, the external work should be equal to the
internal work for equilibrium of structure.

Thus, We = Wi; P1L + )Xl =2[2 Mp;]

For an 8-legged platform with uniform leg sections, the equation

becomes:

20
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P1L + PX] = 2[8My]
IfX = L, then [P; + P4]

This value represents the ULS capacity against the formation of rigid-

16 Mp,
16 Mp / L ..(3.12)

i

plastic mechanism in the deck bay of an 8-legged platform. In case of
formation of the mechanism in the foundation bay, an additional term is
introduced on the strength side to account for the load carrying capacity of the

surrounding soil, thus the ultimate capacity would increase.

ection: The ULS capacity obtained by the

rigid-plastic behavior will reduce with increasing deflection and consequent
additional overturning moment (P-A effect) from the vertical loads acting on
the legs. This effect of the vertical loads can be simulated by an increase in the
lateral loads by an amount equal to (P A/L), which would result in reduction
of the rigid-plastic ultimate capacity by the same magnitude. Such a reduction
in the ULS capacity will be important for the platforms with heavy topside
facilities. In this case, the equation 3.12 reduces to:

(P + P2} = 16Mp/L -PA/L (313}

A diagonal wave is likely to govern the yielding of first yield section or
the formation of hinge, which may occur in a corner leg along the wave
direction. Upon yielding of the first section in a leg, the load re-distribution
will occur through the deck girders or pile top framing. Further sections will
yield with an increase in the lateral loads, leading to ultimate formation of a
mechanism. The ULS capacity for the deck and foundation bays is Eék@%y to
remain nearly the same for all of the wave approach directions, in case their
framings provide sufficlent load transfer capability for the formation of a

ductile failure mechanism.



Linear elastic failure load analysis (upper bound): An improved

estimate of upper bound of the ULS capacity could be made by following the
sequence of failure of members and subsequently updating (reducing) the
linear-elastic stiffness of the platform. In this approach, a new physical state is
considered upon failure of a component and a load-displacement dizgram is
developed as shown in Fig. 3.7. It aims at identification of the "most likely to
fail” member at each physical state, and determination of the global load level
{base shear or overturning moment) which would cause failure of that
member in the current state.

The ultimate load capacity of the jacket part of a platform can be
determined based on this approach. As stated earlier, the load carrying
capacity of a jacket beyond failure of its first component will require an

accurate characterization of the post-failure strength (residual sirength) of the

First Member Failure Load
% {Lower Bound}

LATERAL FORCE-S

DISPLACEMENT - &

Figure 3.7; Stepwise Development of Load -Displacement Blagram



component. The stiffness of the jacket structure will change upon failure of a
component. A piece-wise linear load-displacement behavior as shown in Fig.
3.7 can be traced by modifying the stiffness of the jacket upon failure of a
component and reanalyzing the jacket to determine the load level at the
failure of next component.

Note that this method considers development of load, stiffness, and
displacement matrices for the complete platform. Hence, in this way the
sequence of failure of the components in any part of the platform can be
determined. The load-displacement behavior in Fig. 3.7 is esséntiaiiy linear-
elastic before failure (yielding or buckling) of the first component. The non-
linearity in the behavior before failure of the first component will be
primarily introduced by the soil-structure interaction (modelled by the soil
springs). Such a behavior can be developed in the following way:

a) Before failure of the first componeni: In an undamaged and

undeteriorated jacket structure, a compression brace is likely to fail
first, if it is provided. From Fig. 3.7, we obtain the following:

Py = Kp 4
where, P; is the global load (base shear) at failure of the first
component, Ky is the initial stiffness of platform, and Ay is the global
displacement of the platform usually considered at center of the upper

deck level.

b} Upon failure of the first component: The stiffness of a component

upon failure becomes zero (tension-brace) or negative (compression-
brace) with further increase in displacement. At the moment of failure
of the brace, stiffness of the platform reduces from K, to K; but the

lateral load is assumed to remain the same. To maintain this load



level (Py) the displacement will increase to (A;"), and the load shed by
the failed component will be carried by the other members in the bay.
Py (Ky) {ay)
(43 = Py / (K

c) Before failure of the second component: In case, the other

i

components have the capability to carry more load, the lateral load will
increase to Py, till the next component fails.
P, = (Ky) {Ay)

d) Upon failure of the second component: The sHffness of the second

component likely to fail will reduce to zero or becomes negative, and
the overall stiffness (K} of the platform will change to K;. To
maintain the same load level (P;) at the reduced stiffness, the global
deflection {A,) will increase to A,

P, = (K (Ay)

The instability effect due to secondary moment from the vertical loads
must be included, as it will reduce the load carrying capacity at this
deformation. In this way, the piece-wise linear P-A diagram 0-1-2-3 , as shown
in Fig. 37 is developed and the ultimate load capacity of a platform is
obtained. |

The accuracy in the results obtained from this approach would depend
upon the characterization of the geometric and material non-linearities for
the components. Various degrees of approximations can be made in the
characterization of post-failure capacity of the components. The post-failure
capacity of a compression-brace depends upon a number of factors, which
were discussed in Section 2.4. The global load at failure of successive

components would depend upon the post-failure capacity of components.



3.2.2 Major Attributes for Reserve Strength Ratio

The major attributes, which have a significant influence on the
capacity (RSR) level are identified and discussed in this section. These
attributes have been selected upon a review of the properties, functions,
design basis, past performance, and behavior of the platforms and their
components.

The major causes for failure of the platforms in the Gulf of Mexico due
to hurricane overload were summarized in Table 1.3. The primary reasons
for failure were: wave hit the deck; wave-induced soil movement occurred at
the location; inadequate design criteria was used: and prior damaged
members were not repaired. During the operational life of a platform, the
variations in its physical condition can influence its load and capacity levels.

The major attributes which have a significant influence on the RSR of
a platform are: Age of platform; Variation in design criteria; Deck elevation;
Platform modifications; Redundancy of platform; Bracing pattern; Platform
condition. The influence of these attributes on the capacity of the three parts
of a steel jacket platform are discussed further in this section and a summary
of the qualitative assessment is presented in Table 3.1.

Age of platform: Ageing of a platform has a significant influence on
the structural strength of the jacket part due to its deterioration in the
corrosive medium, and the difficulties in the underwater maintenance. The
ageing effect will be from corrosion of the structural components, formation
and growth of the weld cracks. The influence of ageing can be accounted by
reduction in the section properties of the affected components.

Design criteria variation: The maximum influence on capacity (RSR)

will occur by increase in the load level of a platform, due fo a significant

variation in the reference level wave {rom that considered in design. In case
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Table 3.1:

S. Ne.| Atiributes Deck Bay Jacket bay(s} Foundation Bay
1. Age of platform Very low effect Corrosion Very low effect
Medium effect, if | Cracks propagation
unpainted Fatigue
2. Design criteria If wave hits deck- | Load increases Base shear increases
variation- H High - Very High
effect
3. Deck elevation- High influence Lateral locad Base shear increases
wave hi. changes increases
4. Platform Knee braces Strength improved | Usually no
modifications Conductors number | by grouting maodifications
Appurtenances Removal of Foundation strength-
Vertical load appurtenances ening case possible
5. Structural Compact sections | Very High Compact sections
redundancy Ductility effect influence Ductility effect
é. Bracing pattern Usually not High influence Not applicable
applicable
Some decks braced
7. Platform condition- } Usually not Brace damaged Instailation
damages damaged Corrosion/age overstresses
Boat collision Underdriven piles
Dropped objects

the wave does not hit the deck, the safety of jacket and pile foundation would

be affected due to an increase in the lateral load. The influence of change in

wave height will be significant on the platform loads as given by equations

2.13 and 2.17 [Section 2.3.2].

A change in design criteria arising from wave

induced soil movement will have a significant influence on safety of the

jacket and foundation bays.

Deck elevation: The deck elevation in relation to the wave crest

elevation is important. In case the reference wave changes and the wave hits

the deck, the increase in load would be significant and the capacity of all of the

three parts of a platform would be affected.

When

the wave hils the




underside of deck, local slamming loads are imposed. In case a minimum of
5 ft. air-gap, the gap between the design wave crest elevation and the bottom
of steel elevation of the lower deck, was provided to meet the API-RP-2A
guidelines and the reference level wave is just below the deck, an increase in
wave load is likely to remain lower than 25 %.

Platform modifications: The modifications to a platform from loading,
structural strength, operational, and control aspects would have z direct
influence on its safety level. The variations in the vertical loads, due to
modifications in the topside facilities, will have a minor influence. The effect
of addition or removal of the conductors, risers will be significant on the
platform loads. Removal of appurtenances (boat landings, caissons) and part
topside facilities (cellar deck equipment, mezzanine deck) will help in
reduction of the wave loads. The variation in marine growth will have a
linear effect on the wave loads. The strength may increase due to grouting of
leg-pile annulus, grouting of braces, grouting of piles, and providing

additional braces.

Structural Redundancy & Bracing Pattern; Structural redundancy in a

platform affects the capacity of jacket and foundation. The structural
redundancy of a jacket bay depends upon: the degree of static indeterminancy;
the degree of inequality of loading in the members or the difference in their
utilization ratios; the bracing pattern; the ability of framing %5 re-distribute
the loads upon failure of a member; and the post-collapse behavior of a
compression brace. The deck and pile bays would show a robust behavior
when their sections are compact. Due to their ductile behavior, premature

rupture is not likely to occur and the members would sustain their peak

loads.



Platform Conditions: The damage to a platform in its in-service state is

likely to be more in the jacket part from sources other than wave overload
and fire. A decrease in strength may occur due to corrosion and damage of
the members, growth of weld cracks, installation errors. The jacket
components would have damage in the form of dents, holes, rupture of
braces or legs, and weld cracks. The foundation bay capacity may reduce due

to overstressing of piles during driving and due to underdriven piles.

3.2.3 Overview of RSR Evaluation

An overview of the overall methodology developed for fitness for
purpose {FFP) evaluation, at the four screening cycles, was given in Section
1.4. An evaluation of RSR is needed at each screening cycle, which would
differ due to the variations in the state of knowledge of a platform and the
methods used for evaluation of RSK at a screening cycle.

At the initial screening cycles, a very large number of platforms would
need evaluation of RSR. Therefore, the first cycles should be based on
simplified techniques, which must be easier to apply and provide results in
lesser time with minimal associated cost. A well designed platform in
accordance with the latest API guidelines, would have an RSR greater than
1.0, whereas for a damaged platform or a platform with an increase in the
reference level load, RSR could be less than 1.0. Hence, the likelihood of
reduction in the capacity of a platform at the initial cycles could be
determined by comparison of the design criteria of the platform with the
current API- guidelines.

The conventional design of the platforms is based on the linear-elastic
analysis. Such analysis techniques are well known and they take moderate

time. Therefore, the capacity of the reduced number of platforms, which
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showed likelihood of reduction in their capacity levels should be checked by
this technique.

The sophisticated non-linear analysis techniques would require expert
knowledge and would be complex to apply to a large number of platforms.
Thus, their application should be restricted to very less number of platforms.

The following approaches have been used to evaluate RSR at the four

screening cycles. These are described in detail in the foliowing sections of this

chapter:
Screening Cycle-1 : Qualitative evaluation
Screening Cycle-2 Coarse Quantitative evaluation
Screening Cycle-3 Detailed Quantitative evaluation
Screening Cycle4 Detailed Quantitative evaluation

At screening cycle-1, a two-stage qualitative evaluation of RSR is made.
The first stage is based on evaluation of the significance of the individual
effect of the major factors on the structural integrity of a platform. At the
second stage, the significance of cumulative effect of the major factors on the
structural integrity of a platform is evaluated.

At the screening cycle-2, RSR is evaluated by a simplified quantitative
analysis, which is based on the evaluations of strength of the sub-structures.
A platform is appropriately cut into sub-structures or bays and the ultimate
strengths are evaluated for each of them. A decision on the RSE of a
platform is then made based on comparison of the bay strength ;}&‘éi@ré with
the the global load pattern over the length of the platform.

At the screening cycle-3, RSR is evaluated by extrapolation of the
results obtained by a conventional linear-elastic analysis. The conventional
linear elastic analysis is based on the provision of factor of safety in the

components. Strictly based on the working stress design (WSD), a platform is
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considered to have failed when the stress ratio in a member has exceeded 1.0.
The stress interaction ratios obtained by linear-elastic analysis for the critical
members, which are likely to form a mechanism, are considered and
extrapolations are made to obtain the maximum load which the platform
could carry before formation of a2 mechanism.

At the screening cycle-4, a detailed non-linear structural analysis is
done to make a better estimate of RSR. A simplified non-linear analysis,
Known as static pushover analysis, is usually performed. This method is
based on an incremental loading technique and determines the load levels
and deflections at failure of the members in the formation of a mechanism,
The post-collapse resistance and behavior of the members is explicitly
considered in this method.

A more accurate approach at this cycle would be based on developing a
time-history of the platform loads and displacements corresponding to the
cyclic and random wave forces. This becomes very complex and time
consuming, and thus would be limited to only a few platforms, where its use
may be economically justified.

Details of these four approaches for the evaluations of RSR at the
screening cycles 1 to 4 are presented in the Sections 3.3 to 3.6. The metiwds
for the evaluations of RSR at the screening cycles 1 and 2 are covered in more
detail. For the screening cycle-3, 2 technique for extrapolation of the linear-
elastic analysis results is discussed. The various techniques {%é%?ﬁﬁéeﬁ by
others for the evaluation of RSR af the screening cycle-4 are reviewed and

discussed in Section 3.6.



3.3 ualitative Evaluation of RSR
3.3.1 Introduction:

The qualitative evaluation of RSR is aimed at its use at screening cycle-
1, where a very large number of platforms will need a periodic evaluation of
their safety level. A qualitative (subjective) method should provide a
pragmatic approach and optimally utilize the time and resources available
with a regulator. An overview of the process followed at screening cycle-1 to
classify the platforms as "FFP" (Fit for Purpose), "Marginal", and "UFP" (Unfit
for Purpose), was presented in Section 1.4.1 and in Fig. 1.3 of this study.

The following basic assumptions have been made in the development
of a method for the capacity assessment of a platform at this screening cycle:

1} The platform was well-designed in accordance with the design

criteria of the period in which it was installed.

2) The platform was designed with the utilization ratio of near about

1.0 for one or more of its components, against the acceptable load level

during its design period.

3) The difference in the expected and nominal yield strengths of steel

was not considered at the design stage. Hence, in case of A36 steel, a

reserve of approximately 1.25 would exist in material yield strength.

It means that a platform is assumed to be safe when significant ci';anges
have not occurred in the current physical, operational, and loading
characteristics of the platform from its as-design and installed sfatés. In
general, in this approach the effect of improvements that may have occurred
over time in fabrication procedures, load and strength prediction techniques,
material technology, improved structural design, control measures for

material and welding have been neglected at this qualitative assessment stage.



This screening cycle starts with the best possible characterization of the

physical and operational parameters of a platform in its intact, damaged, or
deteriorated state from design and installation documents and other means
available. This step is considered to be the most important for making a
reasonable qualitative assessment of the RSR at this cycle.
The details of a platform are established through the design documents,
drawings, operation records, and the IMR (inspection, maintenance, and
repair) records. A field visit and discussion with operating personnel about
their opinion and any unusual response of platform may be required. It will
be necessary to obtain the basic condition survey data (API Level-I survey) for
the platform to confirm its present state. In addition, the details of the IMR
program which an operator plans to implement on the platform should be
available. The example data-sheets, which list the data needed to make safety
assessiments at screening cycles 1 to 4 are presented in Appendix-A.

For some platforms, sufficient documents may not be available and
would warrant more effort at this cycle to establish the site parameters and
platform details. In such a case, the work at screening cycle-1 will provide an
effective pre-processor and will point at the deficiencies in the available data
for the platform. For such platforms with their improved state of knowledge,
a better estimate of RSR could be made at screening cycle-2.

The capacity evaluation at screening cycle-1 is done in two phases.

In Phase-A, the significance of the changes in the load and strength of a
platform on its safety, due to the variation in a single major attribute is
evaluated. The details of this phase are given in Section 3.3.2. In Phase-B, the
significance of the cumulative changes in the load and strength on the safety
of a platform, due to changes in more than one of the major attributes is

evaiuated, and is described in Section 333 The major atiributes, which



influence capacity (RSR) by varying the load and strength levels for the three
parts of a platform, were identified and discussed in Section 3.2.2,

During the initial application of the method developed in this
screening cycle, it is likely that more platforms may be screened out for the
need of evaluation of their capacity at higher screening cycles. However,
during subsequent applications (at the next periodic assessment cycle or in
between), the assessment at screening cycle-1 may be sufficient for safety
assessment of more number of platforms. The periodic assessment will
normally follow the survey of a platform. In case the hurricane track passes
near a platform, the platforms may need re-assessment of their safety
following the post-hurricane condition survey.

The processes in the two phases of this screening cycle have been
developed to provide a feasible basis for eventual preparation of a knowledge-
based expert system. An expert system in this way would make it simpler and
quicker to apply this method periodically on a very large number of
platforms. The basic considerations and the steps needed in development of

an expert system and its components are presented in Chapter 8 of this study.

3.3.2 Phase- A: Cut-Off Criteria |

An overview of the process developed in phase-A of the screening
cycle-1, which provides a cut-off criteria based on a qualitative assessmernt of
the structural capacity of a platform was presented in Fig. 1.3 (Section 1.4.1).
The process starts with an accurate characterization of the structural
components and the loads acting on the three parts of the platform: deck,
jacket, and pile foundation.

In phase-A, the emphasis is to establish the important conditions,

which whern met for a candidate platform would keep the increase in loads or



load effects, or the decrease in strength of components and the platform
within allowable limits. A platform could be classified to possess adequate
structural capacity (RSR), when the following conditions are met.

Effect of loads and load effects on the platform: The lateral loads are

not likely to increase significantly from those used in the design of a platform,
when the following four conditions are met:

i) The current API-RP-2A guideline reference wave height and forces
were used in original design of the platform;

ii) The bottom of steel elevation of the lower production equipment
deck is 5 ft. (recommended airgap in API-RP-2A as an additional safety
measure) above the crest elevation of the guideline wave;
ifi) No significant modifications made to the platform;

iv) No adverse features in the environmental and geétechnical
parameters are reported, since the installation of the platform.

Effect on strength of the components and platform: The strength of a

platform is not likely to decrease significantly, when the following four
conditions are met:
v) Good practices were followed in construction of the platform;
vi) The platform has been well operated, inspected, maintained, and
repaired, as required;
vii) There have been no significant damage or deterioration of the
primary components of the platform: |
viil} The jacket was installed as planned and the foundation piles were
driven to the design penetration.
These conditions provide a basis to determine the significance of
variations in the parameters from the current API-guidelines, which

influence the lcads, load effects, and strength levels of a platform. Due to the
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distinct configurations of the three parts (deck, jacket, and pile foundation) of
a platform, the above conditions should be verified for each of them.

Based on evaluation of these conditions in the platforms, logic
diagrams have been developed as shown in Figs. 3.8 and 3.9. The platforms
are screened in Fig. 3.8, on the basis of potential for a significant increase in
their loads and load effects. In Fig. 3.9, the platforms are screened on the basis
of the potential for a significant decrease in the strength level of its
components.

In case there is a likelihood of a significant increase in the load level
(load effect) or a significant decrease in the strength level of a platform by any
single condition, the platform exits the first screening cycle. In this way, the
platforms which are obviously critical are screened out for a further
quantitative evaluation. Otherwise screening of the platforms at phase-A
moves ahead with evaluation of the other major factors. The platforms,
which are not likely to have a significant increase in the load or a significant
decrease in the strength due to a single major condition, are evaluated in
detail by the qualitative method in phase-B of the screening cycle-1.

The Figs. 3.8 and 3.9 have been developed to evaluate a steel jacket
platform primarily for the seven conditions listed above. In this study, it has
been assumed that the significant variations in the capacity (RSR) of a
platform would occur, when the loads acting on the platform are expecieé fo
increase by more than 25 % and the strength level of its component(s) are
expected to decrease by more than 20 %. The eight conditions listed earlier are
further discussed below.

i) Recommended RP-2A wave height < the “as-design"” wave height

The on-bottom load (base shear) is likely to be lower than the "zs-

design” loads, when the reference level wave height is lower. The global
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loads on a platform are significantly influenced by the variations in the
number of conductors, flowlines, pipeline risers, casings, caissons, and boat
landings; or in the thickness of marine growth from that considered at the
design stage. Their verification may need field visits and an underwater

survey of the platform.

ii) Lower production equipment deck is above the wave crest elevation

In case the wave hits the deck of a platform, which was not designed
for wave-in-deck condition, it is a major concern for its and equipment safety.
The consequences will be more severe, when the production deck is hit by the
waves. The magnitude of wave load on the deck would depend upon the
percentage of the deck area blocked, and the type of deck plating. The type of
deck plating also determines the magnitude of slam load. In case of grated
deck, the vertical slam load would be minimal.

iii) No_significant modifications made to the jacket: Normally the

modifications to the platform are made on the deck to add new equipment
and facilities when required due to change in production characteristics of the
reservoir. The jacket modifications includes addition of conductors, risers,
casings, and caissons. In some cases, additional boat landing may be added.
The other modifications to the platform may be unintentional and during its
installation. In some cases, the piles may need modification, e.g., in case of
significant underdrive an insert pile may be used or grouting of pile with belil
footing at the Hp may be considered. '

iv) No adverse features in the environmental and geotechnical

parameters were reported at the platform location: One adverse feature, wave

induced seabed movement, has been noted in some areas of the Gulf of
Mexico. From a review and evaluation of the soil bore-logs, a decision on the

succentibility of the gite 1oy goil failure can be made. I the nlatform had not
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been designed for such loads, then the increase in lateral load is likely to be
significant.

v) Good construction practices were followed: A review of the records

for a platform will assist in determination of any unusual conditions during
construction, installation, piling, hook-up and commissioning, and drilling
phases of the platform. Good construction practice measures include
selection of through-sectiort property steel (Z-property steel) for the primary
nodes such as leg-brace, providing cans or stubs at selected joint, and reducing
stress concentration factor at nodes by providing simple or grouted joints, or
profile grinding of welds.

vi) Platform has been well operated, inspected, maintained, and

repaired: Pericdic inspection, maintenance, and repair in accordance with the
current API are required for a platform over its service life. A qualitative
assessment of the importance of the damaged, deteriorated, or missing
members is needed. If the primary members are damaged, then the capacity
level of the platform will be directly affected.

vii) There are no significant damages and deterioration of the

components of a platform: The damage and deterioration of the major

components of a platform may reduce their strength significantly, and are
likely to reduce the ultimate strength and RSR of the platform. The cgapacity
of a platform with little or no redundancy, is likely to have a more significant
influence of the damages of the components.

viii}) The iacket was installed as-planned and the foundaton piles were

driven fo the design penetration: If the jacket was installed at a different

location, or in different water depth, then loads acting and its capacity would
be influenced. If the piles were underdriven, then their axial ultimate

strength may reduce. The lateral capacity of the underdriven piles may



significantly reduce when the pile thickness at the mudline and below (where
the bending moment is maximum) is lower than that provided based on
design . If improper construction practices, such as jetting ahead of pile were

used during installation, the axial support from the soil would reduce.

3.3.3 Phase-B: Qualitative Evaluation

In phase-B of screening cycle-1, the platforms whose capacity level is
not likely to significantly reduce due to the variations in the eight conditions
listed in phase-A on an individual basis, are evaluated. The effects of the
individual conditions may be "moderate” or "low," but the combined effect of
the variations in all of these conditions may have a significantly negative
influence on the capacity level. In phase-B, the cumulative effect of the
variations in the parameters associated with the eight conditions for
assessment of the variation in the capacity level is evaluated.

A qualitative method is preéented, which aims at assessment of the
variation in the capacity (RSR) for each bay of the platform. In this approach,
the changes in the capacity, which are likely to occur due to the differences in
various physical, operational, and environmental parameters for the
platform, are evaluated. This method basically follows the characterization of
RSR, which is the ratio of the "ultimate strength of a platform" to the "API
reference level lateral load.” The effect of the variations in the major
attributes, which affect the ultimate strength of a bay are designated “?é;y the
factors, "Ri." These factors represent the likely change in the ultimate
strength due to the variation in the magnitudes of the major attributes for the
candidate platform, when compared with their values at the design stage.

In the same way, the effects of the attributes which influence the reference

level lateral load are designated by the factors, "Sj." The likely variation in
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the capacity (RSR) of a platform, when evaluated for the current reference
level load parameters, is then obtained by multiplication and division of

these factors, as expressed below:

RSR = [Ry xRy xRy xRyxRg] / [Sy x5, x5, L3148
where: R, = Material factor;

R, = Platform Condition factor;

Ry = Platform Modifications factor;

Ry = Structural Configuration factor;

Rs = As-installed Stage factor;

Sy = Design Criteria Variation factor;

S, = Deck Elevation factor;

Sy = Platform Modifications factor.

These factors are further discussed in detail in this section.

Ultimate Strength: In this phase of evaluation an estimate of the
likelihood of reduction in the lower bound of the ultimate strength of a
platform is made. The ultimate strength of a platform depends upon the
material properties, as-is condition and properties of its components
(members, joints), and configuration of the structure. The variation in lower
bound strength of a platform is directly proportional to the variations in the
component members. Hence, the current state of its components is compared
with their state considered in the original design, and the influence of
variations on the sirength level is determined. The five factors considered in
equation 3.14 to represent such changes are described further in this section.

Material Factor, By Due to the difference in the nominal and expected

values of vield stress a reserve factor of 1.25 exists. For A36 steel the nominal
value used in design is 36 ksi, whereas the expected ultimate value of this

steel is approximately 45 ksi [Moses, 1989]. Hence, in all of the platforms based



on conventional design, a material reserve factor of 1.25 would exist (R =

1.25 for A 36 steel).

Platform Condition Factor, Ry: The strength of a platform is likely to

reduce with age, when necessary measures have not been taken to maintain
its as-designed strength level. The damage of the platform bay(s), which can
occur from multiple sources, will have a direct influence on reduction in
strength of the bay. If one out of 4 bracings damaged or missing, then R2 =
0.75. This factor will always be less than 1.0, due to age related effects on the

platform.

Platform Modifications Factor, Ry: The structural modifications to a
platform, which would vary its ultimate strength are as follows: addition of
knee braces to the deck legs, grouting of the leg-pile annulus, grouting of the
braces, improvement (profiling) of welds, providing insert piles, or grouting
of the piles, etc. These measures are costly and therefore are applied in case a
platform was damaged during its installation, or a primary member was
damaged during the operational phase, or when upgrading of a platform is
needed for its extended service.

The ultimate strength of a platform will usually increase due to its
structural upgrading (R; 2 1.0). In many cases, the reports indicate that
desired improvement in strength did not occur due to lower reliability

associated with the underwater repairs.

structural Configuration Factor, Ryt The platforms are designed so that

the appropriate combinations of the maximum stresses in the members and
the nominal allowable stresses remain within safe limits. In general, the
stress interaction formulas presented in the API guidelines are used. The

stress interaction ratio obtained in this way is sometimes called as utilization

ratio,
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In an optimal design, a designer would aim to size the components
such that the utilization ratio for a large number of components is close to 1.0
for optimal use of steel. Hence, a rough approximation may be made at the
qualitative stage of evaluation that all the primary structural members in a
bay have an interaction ratio {or utilization ratio} nearly 1.0, and upon failure
of the first member the other primary load carrying members in the bay are
likely to fail leading to formation of a collapse mechanism.

In addition to this a more accurate evaluation of R, would depend
upon the vertical bracing pattern, adequate horizontal bracings, an
appropriate joint design, and the compactness of leg sections. For example, a
piatform (bay) with X-brace pattern for the vertical framings would have

higher strength than a platform (bay) with K- or diagonal-brace patterns.

If the deck legs are of non-compact size (D/t > 60), then R, is likely to be

lower than 1.0. If the vertical bracings for a jacket bay is of X-pattern, then Ry

would be more than 1.0 for that bay.

As-installed Stage Factor, Rs: A number of differences may exist in the

as-installed platform from its as-design state. These differences may occur
during its fabrication, load out, transportation, and installation phases due to
difficulties in construction, human errors, and other limitations. Such
differences, in general will tend to reduce the strength of a platform. |

For example, the piles may not be driven to the design penetration (tip
elevation), which will have a direct influence on the ultimate conipression
and tensile capacity of the piles against the orthogonal and diagonal wave
load conditions. In addition, the pile section at the mudline may be of lower
thickness than that required by the design, and it will have a direct influence

on reduction of the uitimate capacity of the foundation bay. In such cases, Rs

would be lower than 1.0.
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APY Reference Level Load: In this phase, the likelihood of increase in

the lateral loads on the platform is assessed. Such an assessment is based on
comparison of the loads used in original design of the platform,with the
lateral loads based on the reference level load criteria given in the latest API-
RP-2A guidelines. The various parameters, which determine the load level
on a platform and were considered in the original design of the platform, are
compared with the latest API-guideline parameters. The three factors, which
forms the basis to evaluate such changes in equation 3.14 are discussed

further.

Design Criteria Variation, S;: The various parameters and methods,

which are important in evaluation of the loads were discussed in detail in
Section 2.3. In that section, it was demonstrated that variation in the wave
height has the maximum effect on the wave loads, because the base shear and
overturning moment would change in proportion to square (or higher) of the
wave height. Therefore, an approximate estimate of S1 could be made by
following expression:

51 = RHAPI-Ref)I(Hariginaldesign)}a

where, o = 2.0 for drag dominated platforms

i

2.2 for platiorm with boat landings

2.5 for wave in deck condition

The elevation of the wave crest is also important in making a decision
on the likelihood of an increase in the wave loads. For example, :s“j:;:ei.sstfssm
was designed with 5 ft airgap, and the current wave criteria changed for the
platform with change in wave height by 8 ft. Le.,, approximately 5 ft. increase

in the crest elevation. In this situation the crest elevation is just below the

bottom of steel of the cellar deck girders. In case the original design wave
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height was 60 ft., the new wave height would be 68 ft. The value of S would
be 1.28 for a of 2.0.

In case the wave hits the deck, the load would significantly increase,
and the magnitude will depend upon the wave crest elevation, the type of

deck plating and the deck equipment.
In case of increase in the reference level wave height over that

considered in the design, §; would normally be higher than 1.0. However, in

case the reference level wave height was used at the design stage, with a

combination of other parameters which produced higher wave loads, then §,

would be lower than 1.0.

Deck FElevation, 32: APL-RP-2A recommends thai the elevation of

bottom of steel of the lower deck should be at least 5 ft. higher than the wave
crest elevation. As demonstrated under S1, in the event the wave crest
approach an elevation within or above this 5 ft. zone, the wave loads would
significantly increase.

In case the original design provided 5 ft. airgap and the current
reference level wave hits the deck, which was not designed for this condition,
the wave load would increase by more than 28 % for original design wave

height of 60 ft.,

Platform_ Modifications, S;:  The modifications, which may have

occurred to a platform since its installation, are important to evaluate for
their influence on variation in the loads. The lateral load on a ;éiszifsfm
would increase due to addition of risers, conductors, caissons, casings, boat
landings, and due to formation of marine growth thicker than that
considered in the design stage. The other sources of increase could be due ‘o

installation of platform in higher water depth or increased water depth due to



settlemnent of lacket. The lateral load may reduce due to removal of marine
growth, appurtenances, conductors, and risers.

The change in the vertical loads would be directly proportional to the
changes in the topside facilities. Due to modifications to the jacket and
flooding of damaged members, if any the vertical load would increase.

An attempt has been made to evaluate the differences in the loads and
strength of a platform based on the above conditions through schematic
representation given in Figs. 3.8 and 3.9. In case these parameters have not
changed from those considered in the design stage, the load and strength of
the platform would remain same as were evaluated at the design stage. In
such case, the RSR is likely to be approximately 1.25 due to the difference
between mean and nominal values for A36 steel.

In cases, significant differences exist from the as-installed stage of a
platform, a more detailed evaluation will be needed to assess the effect on the
RSR of the platform or a particular bay. At the screening cycle-1, the effect of
redundancy of platform bays can be neglected, by assuming that the load level
at the first member failure represents the lower bound of ultimate strength of
the bay.

Normally, a platform whose parameters meet the current API-
guidelines and whose strength does not reduce due to the other load effects
such as fatigue or collision, its overload capacity would be approximately
proportional to the reserve in the mean and nominal values of material vield
strength which would be approximately equal to 1.25.

Note that the API-guidelines were primarily developed for use for the
platforms in the medium water depth and with the medium consequence.
Such platforms are reported to have RSR in the range of 1.5 to 2.5 [Titus and

Banon, 1988} A platform with a RSR of 1.25, based on assessment of the
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major attributes, can be classified as a platform with medium to high capacity
level. In this study, RSR of 1.25 has been assumed to represent the boundary
of medium and high capacity levels.

At this screening cycle, a qualitative classification of capacity (RSR) has
been made. RSR based on this method would be classified as: very low, low,
medium, high, and very high. In order to make a consistent decision on the
capacity and safety levels of the platforms, the qualitative classifications have
been considered to relate to the variations in the RSR based on phase-B
qualitative evaluation based on evaluation of the the differences in the
parameters of the original design criteria and as-is API criteria.

The following ranges of variations in RSR obtained as per equation

3.14 have been assumed for this study for the classification of capacity:

Qualitative Capacity Level Assumed RSR range

Very Low | < 0.80
Low 0.80 - 1.00
Medium 1.00 - 1.25
High 1.25 - 1.50
Very High > 1.50

f

These values have been assumed as a criteria for this study only and
are also based on expert opinion, and the heuristic knowledge of the safety of
piatforms. These values may change with 2 different g!’ééé?gé?%mﬁﬁﬁ:i by a
regulator, an operator, or a user. Upon implementation of this methodology
on a large number of platforms and verification of RSR at the higher
screening cycle, one may arrive at improved classification of the ranges for

the qualitative classification of capacity (RSR).
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3.4 Coarse Quantitative Evaluation

A coarse quantitative (simplified) method has been developed to
determine the structural capacity index, Reserve Strength Ratioc (RSR), for a
platform at screening cycle-2. At this screening cycle, the objective is to make
a quantitative estimate of the suitability for service of the platforms which are
intact, or have suffered only minor damages, or are in upgraded state, or were
classified as "Marginal" or "UFP" in the first screening cycle.  Such a
technique has been developed by utilizing the knowledge gained from a
detailed review of the failure modes and failure mechanisms 6bserved [refer
Section 1.3] for the steel jacket platforms, and the results published for their
uitﬁzz;af@ capacity and system reliability evaluations.

The goal is to make an estimate of RSR based on simple hand
computations without explicit need for the use of computers. Therefore, in
such a method, the more complex aspects discussed in Section 3.2.1 for the
load-displacement behavior of the platforms should not be incorporated.
This method is limited to the determination of the "lower bound" capacity,
which corresponds to the component strength as described in equation 3.4
(Section 3.1). In the evaluation of lower bound RSR, the “weak link{s)" in the
structure is (are) identified and an approximation of the nominal RSR is
made by extrapolation or interpolation of the results.

Based on the continued interest in application of this technique on a
large number of platforms, effort may be initiated by others to develop user-
interactive software to further reduce time in its implementation. This
method is very useful, because it aims at a cost-effective technique for
periodic screening of a very large number of platforms.

The capacity of the reduced number of platforms, which have been

identified with questionable safety level at the second screening cycle, is then



evaluated by more accurate computer based evaluations at the higher
screening cycles. In addition, upon identification of the “weak links" or the
‘weak zones" in a platform by this simplified method, the inspection efforts
can be focussed on accurate characterization of the structure in such zones to
improve the accuracy in the capacity evaluation.

Beyond the lower bound strength level the system effects becomes
important and the load-displacement behavior becomes non-linear, which
were discussed in detail in Sections 3.1 and 3.2. The characteristics of a
platform, which are likely to introduce errors in estimation of strength are:
unequal loading in the different parallel frames; difference in loading with
elevation of the members; effect of the relative stiffness of mernbers in the
load distribution among the members. Such effects can not be considered
very accurately by the methods based on simplified hand computations.

The lower bound RSR results can be improved by introduction of error

(or bias) factors to account for the variations due to such effects for a kind of
platform in a water depth range. In this way, an improved estimate of the
lower bound RSR can be obtained upon identification of the errors
introduced in the simple method and consideration of the factors which
modify the strength estimate.

A logic diagram for the capacity evaluation at screening cycle-2 is
shown in Fig. 3.10. The following steps are followed to develop the lower
bound of capacity (RSR): |

1y Platform characterization: The process starts with an accurate

characterization of the platform. The size, condition, and configuration of all
the structural member of the platform are obtained and their differences from
those at the design (as-installed) stage are noted. The non-structural members

and marine growth, which are important for the determination of loads are
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also accounted. The soil parameters, which are important to determine its
strength to transfer the pile loads and the possibility of soil liquefaction are
established from the records.

A condition survey of the platform or other means identified in
Section 2.2 may be required to accurately characterize the above-mentioned
parameters. Such an effort may be more effective by surveying in detail the
weak links or weak zones identified in the first screening cycle.

2y Identify failure modes and mechanisms: The failure modes and

mechanisms for the three parts of the platform are identified, utilizing the
description given in Section 1.3. In their identification, the evaluations made
at the first screening cycle would be very useful.

3) Development of load pattern: In Section 2.3, it was mentioned that

the APl-reference level lateral load for the platform would be obtained, when
they are evaluated by the APl-reference level wave height and the other wave
force parameters, wind loads, and storm tide specified in APl. Note that, if
current is included with these conditions, the resulting wave load will exceed
the API-reference level force. The reference level lateral load is represented
by S, in Fig. 3.11. The various techniques which could be used for the
development of load pattern are described in Section 3.4.1.

4) Development of strength pattern: The lower bound strength

pattern, which corresponds to the global load level (base shear or overturning
moment} at failure of the first component is desired. In case of the deck and
foundation bays, the upper bound strength can be easily determined, whereas
for the jacket bays it becomes complex. The details of the method developed

for development of the strength pattern are given in Section 3.4.2.
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5) Determination of the lower bound capacity (RSR): The capacity

index (RSR} is obtained by comparison of the load and strength patterns, and
by manipulation of the results to obtain the load (strength) level at failure of
the most-likely-to-fail member. Fig. 3.11 demonstrate the two cases, which
may occur in the determination of RSR by using the load and strength
patterns over the jacket length.

RSR as defined in Section 3.1 is based on the capacity (RSR) level of the
entire platform and its estimate will require development of the load-
dispiacement diagram for the complete platform. The complexities in the
establishment of the load-displacement diagram would reduce by dividing
%he‘ platform into a number of sub-structures or bays. Then the ultimate
strength (lower bound) could be obtained for each of the bay and a stepped
strength pattern for the complete platform is developed. More details are
given in the further sub-sections.

The strength (component or ultimate) of a platform when represented
by a global lateral load can be considered as the base shear at which the
"reference level lateral load"” profile, when scaled up or down, matches the
"bav strength profile (lower or upper bound)” at any elevation. The
corresponding base shear value will thus represent R, which is a measure of
the component strength or the ultimate strength. The component étrength
thus obtained represents the lower bound strength of the platform and the
ultimate strength at the formation of a failure mechanism would répresent
the upper bound strength. The upper bound strength of a bay will include
contributions of both the component strength and redundancy factor for the
bay. The upper bound RSR as described by the equations 3.2 to 3.6 (Section

3.1.1) includes the redundancy effect (RFy} of the platform beyond {CS;).



[n this way, an estimate of the upper or lower bound of RSR is made
for the overall platform. The difference between upper and lower bound
depends upon the material properties, geometry, and loading characteristics
for the platform. Beyond the failure of the first component in the jacket
bay(s) complexities are introduced, which can not be correctly incorporated by
the simplified methods. The failure of the members required to form a
failure mechanism (called as cut-set in system reliability terminology) may
not necessarily happen due to failure of all the members in a single bay, and
may involve the components in more than one bay. Such a sequence of
failure of members in several bays cannot be easily accsuntéd by this
simplified approach. The upper bound estimates for deck and pile bays,
which correspond to the rigid-plastic large deformation analyses presented in
Section 3.2.1, can be correctly determined by this approach.

The lower bound estimate of RSR, based on the component strength of
each bay, can be determined more precisely by this method. However,
caution is needed in its evaluation for a platform with unsymmetrical
configuration and/or unsymmetrical loads. In such cases, biases (correction
factors) can be introduced to improve the results.

The following assumptions have been made in the development of
this simplified approach:

1. In the formation of a failure mechanism, it is assumed that all of the

components which form the mechanism in a bay would fail together.

2. The soil-structure interaction is not considered.

3. The non-linearities due to the material and the geomefric properties

are idealized on the conservative side.



34.1 Development of Load Pattern:

In this section, simplified approaches are presented for development of
the lateral load pattern needed to estimate RSR at the second screening cycle.
The lateral load patterns in the two orthogonal directions and a diagonal
direction are required to evaluate RSR against the different failure modes in
the deck, jacket, and foundation bays.

The four-step process for determination of the wave loads on the
members and a platform, and the uncertainties in the results were described
in detail in Section 2.3. The following approaches utilize the details given in
Section 2.3. The three options are described below:

1} Option A : In case, the global lateral loads (base shear and overturning
moment) for the platform are available from the design documents or are
supplied by an operator, an assessment is required to establish that they are
similar to the reference level loads obtained by the latest API-load parameters.

It could be done by comparison of the load parameters which were
considered at the design stage with the latest API-reference level parameters.
In case the parameters differ between the two criteria, the values of the base
shear and overturning moment for the design parameters will have to be

updated.

i

The differences are likely to arise primarily due to the parameters:
wave height (H), water depth, current, deck elevation, wave crest elevation,
marine growth, and drag coefficient (Cd). Among these parameters the
variations in the drag coefficient and member diameter (due to marine
growth) have a linear influence on the global wave loads. The wave height
has the maximum influence on the global wave loads. The base shear could
be updated by the following formulation, based on equation 2.15, for the

differences in the wave height criteria:
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(Base Shearires = (Base Shearldesign (Hre# Hdesign)®
where for drag dominated steel jacket platforms, the value of « is 2.0 for the
platforms without the boat landings, 2.2 for the platforms with boat landings,
or 2.5 for the platforms with wave into the deck [Lloyd, 1983].

In the same way, the overturning moment at base could be updated by
the following formulation:

{Base Momentipas = (Base Moment)design (Hye¢/ Hdgsign)u (dpes! ddesign’

2) Option-B: By using the wave kinematics and wave force profiles
developed based on the Airy's linear wave theory, for a 1-ft diameter pile
positioned at the center of structure. The load level on the complete jacket is
approximately evaluated by use of the profile for the unit wave force. Note
that in this case, all of the members in a jacket are lumped together and are
assumed to be located at the center of the jacket for load evaluation purpose,
and the spatial variation of wave kinematics is neglected.

It can be developed by hand computations or by use of simple wave

load computer software. More details of this approach are given in the
following sub-section.
3) Qption-C: By using the available software for evaluation of the wave
loads and load effects on the individual members. The software packages
which are commonly used in the design of offshore platforms can be utilized
for development of wave load profile. Some of the software commonly used
are identified here as: SACS, Strucad, SESAMEQ, and ASAS, |

The conventional procedure used at the design stage for evaluation of
the loads would be followed in this option. Therefore, the details are not
reproduced in this study. Note that by following this option, the bias and

variance in the wave loads and their parameter would remain the same as for



the conventional design, because it would give more precise estimates of the

loads and load effects.

3.4.1.1 Option-B: Wave Loads on the Platform

In this section, a simplified approach for determination of the wave
loads on a steel jacket platform is given. This approach utilizes, the wave
kinematics and wave force profiles developed based on the Alry's linear wave
theory on a unit-diameter vertical pile positioned at the center of the
platform. The unit wave load profiles are developed when the wave crest
hits the pile. The global wave loads of interest are shear force and
overturning moment at the base of jacket. In addition, lateral shear values at
each horizontal framing elevation, and the lateral shear and overturning
moment at top of the jacket are desired.

The wave loads on the complete jacket are approximately determined
by using the "unit wave force” profile. In the simplest case, all the jacket
members (legs, braces, conductors, risers, and appurtenances) can be
considered lumped together at the center of the jacket and the appropriate
‘equivalent diameters” could be determined between the different elevations.
Then, the total wave load on the jacket would be the summation of the
multiples of the unit wave loads and equivalent diameters for the different
elevations. Alternately, the loads in the different members in a bay are
evaluated and added. By this approach, the wave loads would be biased due
to neglecting of: the spatial variation of the wave kinematics; contribution of
the inertia loads; wave load effect on some of the inclined members.

It can be developed by hand computations or by use of simple wave
load computer software. In this study, the wave loads evaluation by hand

computations are given.



The diameters of the jacket components up to the mean sea level (or
below the splash zone) are increased to account for the marine growth.

The contribution of the large diameter jacket legs and well conductors
is the maximum on the total lateral loads. The vertical braces in the
orthogonal frames, risers, casings, caissons, boat landings, and cother
appurtenances have lesser contribution to the the wave loads. The
horizontal braces which are perpendicular to the wave direction and located
in the wave zone will also contribute to the loads.

The simple procedure would be to cut the jacket at different elevations,
where the shear and overturning moment values are desired. The ideal way
to cut the jacket into substructures is to consider different bays, as has been
done for the capacity evaluation. The wave loads acting on the members in a
bay are evaluated by using the unit wave force profile on a vertical pile,

Such a wave load pattern is generated for the two orthogonal wave
approach directions. An approximate estimate of the wave loads for the
diagonal wave approach is made by adding the components of the orthogonal
wave loads along the diagonal direction.

The design or sizing of most of the components of the jacket bays are
governed by the waves along the orthogonal directions of a platform. In the
jacket bays, the braces and joints are normally the most-likely-to-fail first and
they are most stressed by the orthogonal waves. The waves approaching
diagonally wiil govern the stresses in the most-likely-to-vield first sections in
the deck and foundation bays, because the lateral loads from diagonal
directions will impose maximum compressive or tensile stresses in one leg or
a pile or a joint. Besides first yielding of a leg or a pile section (the ductile

L

fatlure modes), the diagonal wave approach direction will be critical for the
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deck leg-pile connections, the jacket leg-pile connection failure, and failure

due to axial pullout of piles (the brittle failure modes).

Simplified Evaluation of Wave Loads on a Jacket Platform:

The four-step approach used in the evaluation of loads on a iacket
platform was described in detail in Section 2.3.2. In this section a simplified
approach is described, which utilizes the closed form solution given in
equation 2.10 for the wave loads on a unit diameter pile by the Linear wave
theory. The step-by-step approach is given below:

1. Selection of the Parameters: Select the reference level wave height (H),

storm tide (), and the wind speed from the latest API guidelines. A wave
steepness of 1/12 is selected, as it is representative of the hurricane conditions.
Determine the associated time period of waves. Consider the wave crest
elevation at (0.6 H + S) above the mean sea level.

Check, whether the wave hits the deck, or the air-gap is lesser than 5 ft.
as recommended by API guidelines.

2. Wave Kinematics; Evaluate the horizontal water particle velocity, u(t), at

the wave crest and the other elevations, by using the Alry's Linear wave

theory.

3. Wave Force Pattern: Evaluate the wave force pattern for a unit diameter

vertical pile by considering the drag coefficient, Cp as 0.6, and neglecting the
inertia load contribution. Closed form solutions are obtained for the base
shear and overturning moment by the Airy's theory, as given in equations
2.13 and 2.14 in Section 2.3.

The wave force magnitudes for each bay are required to develop the
overall wave load pattern. The wave force profiles for the complete jacket are

evaluated by using the unit wave force profile developed for a vertical pile.



It can be developed in several ways. One way can be to move from top
to bottom and compute the wave loads at the different elevations and at the
base by addition of the loads on the different members and the appurtenances
in the bay. The other way will be to evaluate the base shear and then
approximating the wave force profile as triangular in the wave zone. The
first approach will provide more accurate results.

4. Uncertainties: The uncertainties {bias and variance) in the estimates of

base shear and overturning moment by this simplified approach are
identified and a quantitative estimate is made. The estimates of uncertainties
are obtained by comparison of the results for an 8-legged platform by this
simplified approach with the results obtained by the computerized analysis
for the Dean's Stream Function theory. Note that for other platforms, the
bias values will differ due to variations in their physical characteristics and
water depth from those for the 8-legged platform considered in these
estimates. Therefore, these bias estimates should be used with caution. The
variance depends upon the parameters used in the process, and will remain
constant irrespective of the configuration of platforms.

The major contributions to the bias are from the basic assumptions
made in evaluation of the loads. Some of these are listed below:

a) The wave load model considered here assumes that all of the

members are lumped together and located at the center of the platform

{Jacket). The spatial variations in the forces on the individual Eegs and

other members are neglected. Therefore, this model gives

conservative estimate of the drag load.

b} The contribution of the inertia load, though insignificant, is

completely neglected. The inertia load becomes important for the

larger diameter legs.
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¢) The unit wave forces in the horizontal direction are considered in
evaluation of base shear. The other parameters used in evaluations of
wave loads are for the condition with the wave acting perpendicular o
the member. Due to this, bias will exist and conservative results will
be obtained.
d) Strictly speaking, Airy's wave theory is based on infinitesimal wave
height (H = 0), which results in significant differences. When stretched
to the crest level, which for deepwater could be taken approximately
equal to 0.6H and for shallow water approximately equal to H, the bias
in wave loads would reduce.
Wave load profile on the deck-bay will be as follows:
F1 {{Nieg Dleg) * (Neond. Deona ) + (Niiser Driser)]
where, Fy is the total wave force on a unit diameter vertical member from
under the bottom deck to the elevation at top of first horizontal framing, ie,
within the deck bay elevations; D is the diameter of a member in feet: and N
denotes the number of components of a type.
2. Wave load profile on a jacket-bay will be as follows:
F1 [(Nleg Dleg) *+ Neona. Peona) * (Nriser Driser )]+
F2 [(Nvertical braces broadside Dbrace fz’nciination )+ (Nvertical braces-end on .
abrace.)] + Rl X (Lec;uiv. horz, members Dbrace /12)]
where, Fy is the wave force on a unit diameter vertical member, between
upper two horizontal framings; Fy is the wave force on a unit diameter
vertical member from top horizontal framing level to the seabed: Fy is the
wave force on a unit diameter horizontal member at elevation of the bay; D

is the diameter of a member in feet.
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3.4.2 Development of Strength Pattern:

A steel jacket platform consists of three distinct parts: deck, jacket, and
pile foundation, which have different behavior modes due to variations in
their configurations, their media, and the loads imposed (Fig. 1.1). The self
weight of the platform, and the operational and environmental loads
imposed on it are transferred from top of the deck, through the jacket and
supporting pile foundation, to the soil medium. The platform can be
considered as a cantilever beam fixed at some distance below the sea bed In
the soil medium. Therefore, the strength pattern (variations in the strength
at different elevations) for the platform can be developed with an
independent evaluation of the strength of its different parts from the top
{deck level) to the bottom (foundation). The platform is divided in a judicial
manner into a number of sub-structures (called hereafter bays), such that its
strength determination against the various failure modes and mechanisms is
considered. Such a division of a platform into sub-structures is based on their
behavior reported in the literature for the actual failure cases and their
responses as determined from the advanced analyses.

The failure modes and mechanisms, which are possible in a steel jacket
platform were identified and discussed in detail in Section 1.3. From this
review, it is noted that the deck and foundation bays are likely to develop a
ductile failure mechanism against the lateral loads, with the vielding of all
legs or piles, and a brittle failure mode due to the failure of one leg (leg-pile
connection) or pile (pile-soil interface, pile piunging) against the axial loads.
The failure mechanisms of the jacket are likely to develop due to lateral
loads, with the buckling or yielding of the primary braces and legs in a bay.

The jacket mechanism could be ductile or brittle depending on the size, tvpe,



configuration, and loading on the braces. In addition, a brittle failure mode
can develop in a jacket bay due to the failure of a primary (leg-brace) joint.

Fig. 3.12 shows the division of a steel jacket platform into sub-
structures or bays. A bay is considered in this study as a 3-dimensional sub-
structure of the complete platform cut at different elevations. The uppermost
bay, the deck bay, comprise of the deck structure, deck legs, appurtenances,
and any bracings up to the first jacket framing level. The intermediate bays,
the jacket bay(s), comprise of jacket horizontal framing, jacket legs, vertical
braces, and other intermediate members and appurtenances. The number of
jacket bays will be equal to one less than the number of horizontal framings
in the jacket. The bottom-most bay, the foundation bay, comprise of the
lowest horizontal framing of the jacket (with or without mudmats), the piles
(main and skirt), and other elements such as conductors which extend below
the seabed and provide a secondary support.

Then the component strength or the strength of a bay at failure of its
first component is determined. This would represent a lower bound of the
bay strength. In addition, the bias and variance associated with the lower
bound of strength are determined. Note that bias and variance in the
strength would vary for different bays, due to variations in their
configurations and types of component. In case of the deck and the
foundation bays, an estimate of the upper bound of the bay strength is also
made due to their ductile portal behavior.

In the following sub-sections, the detailed procedures for estimation of
the strengths for deck, jacket, and foundation bays are presented. Note that
this procedure is a simulation of the actual behavior of the bays and it is based

solely on simple characterization of the strength of the components and hand
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Figure 3.12: Sub-structures for a Steel Jacket Platform .

computations. It does not require conventional finite element modelling

for the bay structures and does not necessarily require computer based

analvsis.

3.4.2.1 Strength of a Deck Bay
The deck legs are connected at their upper end by large size deck

girders. The primary girders are lateraily braced by the secondary girders,



which in turn are restrained against horizontal deflection by secondary beams
and floor plating or grating. The deck bay comprising of deck legs with the
upper and lower deck structural assembly behaves like a portal frame. The
deck structure will deform like a rigid body and the girders with their high
axial load-carrying capacity will provide the capability to re-distribute loads
from one leg to another.

The failure modes and mechanisms can develop in the following way
in a deck bay:

1) By formation of plastic hinges at the tép and bottom ends of each leg

of the deck under high lateral lcads;

2} By failure of one deck leg connection with top of a pile or a jacket leg

under high axial loads.

The hinges will form in the legs at the locations which are subjected to
high bending moments and have higher stress ratios (= bending stress / yield
strength of section). The yield strength of a leg section depends upon the
material used and its section modulus. In case the deck girders are knee-
braced, the upper hinges are likely to form in the legs at or below the
elevation of knee brace-leg joints. Such a mechanism developed by vielding
of the leg sections is of ductile type, and it shows ability of the éec%c bay to
sustain the ultimate load level with further increase in the bay-deflection.
Ductile behavior is observed when the leg sections are compact (D/t < 25) or
semi-compact (25 <D/t <60).

The connections of deck legs with piles or jacket legs are heavily
stressed in axial mode in case the topside loads are high or the lateral loads
are very high (wave hits the deck). In many cases, it becomes difficult to
provide adequate weld strength to the field weldad joints.  In such cases,
special measures are taken, such as increasing weld lengths by cutfing grooves
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in the connecting plates. The maximum axial stress in a leg would occur
when the wave approaches from a diagonal direction. In the past, at least two
platiorms have collapsed under hurricane loading, due to failure of deck leg -
pile top connections (refer Table 1.3). The maximum and minimum loads in
opposite legs depend upon contributions from lateral environmental loads
(over-turning moment, OTM) and vertical deck loads. Due to cyclic action of
waves, the failure of one such joint will bring the platform to a "fail-state.”
Upon failure of a leg-pile or leg-jacket connection, the load carrying capacity
of the deck bay would substantially reduce, thus exhibiting a brittle behavior.
The ultimate moment capacity of a tubular member (leg) reduces with
an increase in the magnitude of axial load on the member {leg}, as was
discussed in Section 2.4.2. The moment values in the legs will differ due to
the variations in their size and configuration, axial icads (i.e., topside load
distribution) and local wave loads (due to attached appurtenances, if any, or
locations of conductors and risers) acting on them, and contributions from
the overturning moment. In case the topside arrangement is symmetric, the
difference in axial loads will not be significant, unless the wave hits the deck.
The methods used in evaluation of lower and upper bounds of the

ultimate strength of the deck bay are presented further in this sub-section.

Lower Bound Strength of Deck Bay: The lower bound solution

corresponds to the load level at failure of the first member (yielding of the
first leg section). This load level is obtajned by assuming that all the legs are
subjected to equal magnitude lateral load and variable magnitude axial load.
The leg with the maximum axial load will be the most likely to yield first.
The moment at first yield of a section is about 0.785 of its plastic

moment capacity [refer Section 2.4]. Upon yielding of a section, the additional
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loads on it are re-distributed to the sections with lower stresses. An accurate
determination of the sequence of yielding of the members will need use of
sophisticated structural analysis.
An approximate estimate of the lower bound strength for a deck bay
can be made based on the following steps:
1) Identify the leg with the maximum axial load from the topside
facilities. Normally a wave approaching diagonally will introduce the
maximum axial load in a corner leg. In case the API reference wave
criteria varies with the direction, a different wave approach direction
may be chosen. Determine axial and lateral load components on the
leg for the reference level lateral wind and wave loads on the bay. A
range of loads may be considered.
2) Determine ultimate axial (Py) and ultimate moment {Mp, M};)
capacities for the leg section(s).
3) Evaluate the maximum allowable moment capacity of leg section
considering reduction in capacity due to the range of axial load on the
leg. The formulation discussed in Section 2.4 and given in Appendix-B
is used. (M/ Mp vs. P/Py formulation).
4) For the (P/ Py) at the reference level load, determine (M/ Mp) at the
ultimate condition. Obtain allowable moment {(Mx) in the feg with
maximum axial load. The allowable moment for all the legs will vary
between My and Evf?.
5) Determine corresponding lateral load for the bay and it will give a

lower bound estimate of deck bay strength.
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Upper Bound Strength of Deck Bay:

The methods used for evaluation of the upper bound strength for a
platform were described in detail in Section 3.2.1. An estimate of the upper
bound strength of the deck bay can be made by the mechanism approach or by
following the load-deflection diagram and considering the non-linearities
introduced with the progressive failure of sections. The mechanism
approach is followed due to simplicity in evaluation and ductile behavior of
the deck bay.

The rigid-plastic large deformation analysis gives a more accurate
upper bound estimate, by considering the instability (P-A) effect. It is
evaluated by equating the internal work done due to the formation of a
mechanism with the external work done by the loads acting on the bay, as
given in Section 3.2.1 and is reproduced below. A mechanism will form
upon yielding of all of the legs at their upper and lower ends or at

intermediate elevations where a significant change in section properties

OCqcurs.

3.4.2.2 Strength of a Jacket Bay:

In most cases, the jackets are designed with battered legs, whic:h are
laterally supported by vertical and horizontal bracing systems at different
elevations. The vertical loads are primarily carried by the jacket legs and the
lateral loads are transferred from top to bottom of the legs, primarily %}9’ the
vertical bracing system. The horizontal bracings are normaily effective in re-
distribution of loads from one brace to another upon yielding or buckling of
the vertical braces. This is true in case the vertical brace is connected at top of
a bay with the leg. Otherwise the horizontal braces transfer lateral loads to the

vertical braces connected at middle or end of the horizontal braces. The
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battered legs with interior piles provide lateral resistance with their
deformation and the moment-resisting action of the jacket legs. For a jacket
with vertical legs, their contribution in carrying lateral load would be limited
to their moment-resisting behavior.

Therefore, the strength of a jacket bay is obtained from structural
properties and configuration of the three load transfer systems:

1) Vertical brace system

2) Leg-horizontal framing system

3) Leg-brace joint

The vertical braces act as struts whose ultimate axial load capacity is
reduced by deflection due to the local lateral wave load acting on them.

The legs and horizontal framing together can be assumed to behave as
a portal frame similar to the deck bay. However, due to lower rigidity
provided by the horizontal braces, an ideal portal behavior (as considered for
the deck bay) may not occur and a mixed mode failure may occur, with the
deformation of horizontal framing in vertical direction.

In addition, the load carrying capacity of braces will be conditioned on
the ultimate strength characteristics of the leg-brace joint. As a good design
practice, the strength of a joint should be more than the ultimate axial
strength of brace. Note that many of the earlier jackets were designed without
leg cans, through-thickness steel properties at the joints, and grouted leg-pile
annulus. Therefore, with increased load level, joint failure is more likely to
occur.

First Member Failure Load Analysis (Lower Bound Estimate):

Usually, the compression brace is the first member to fail in a jacket bay
due to its lower strength. In some cases, a joint may fail earlier. The lateral

load on a bay at failure of the first member can be estimated by combining the
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load in other legs / braces at the moment of high load in the compression
brace. The proportionate lateral load on the bay, P, which will initiate failure
of its vertical compression brace is evaluated.

The steps in evaluation of the lateral load at failure of first member in
a jacket-bay are given as follows:

1. Evaluate the capacity of individual members

a) Evaluate the ultimate axial strength of major compression and
tension braces in the horizontal and vertical planes and the axial and
flexural strength of jacket legs. Consider reduction in axial strength
due to flexural stresses (lateral Icéd) in the wave zone, and due to
‘ hydrostatic pressure.

b) Compute the horizontal component of the ultimate axial load for
the vertical braces and jacket legs, Pum

2. Formulate the lateral stiffness for the bay

Formulate the lateral stiffness equation for the bay along the load
direction.

Ko = [ZEA/L Cos?® + L3EI/L3] = £ Kom
where, the first term is for the lateral stiffness provided by the vertical
braces and the second term is for the lateral stiffness provided by the
legs due to their deflection. |

The lateral stiffness of a leg, 3E1/L3, corresponds to the pinned
end condition. For the fixed end condition, the lateral stiffness
becomes 6EI/L3. The end conditions of a jacket leg fall between these
two extremes states. However, as the contribution of the legs to the

overall lateral stiffness is lower, the lower leg stiffness has been

considered in this study.
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Determine the Most Likely to Fail {(MLTF) member

The most likely to fail (MLTF) first member in a bay is determined by
comparison of the magnitudes of ULS strength of the horizontal
components of the vertical braces with the ULS strength of the
horizontal braces.
a) The load acting on a bay is described by the following formulation
developed with the lateral stiffness components of its major load
carrying elements:
P=KA =Kyd +KyA + oo, + Koy A
b} The horizontal component of the lateral load in a member (brace),
| P will be proportional to its contribution to the lateral stiffness of the
bay.
P = Kom/ Kp P
where, Ky = Kg; + Kgp +neee.n. + Kon

Kom = Lateral stiffness of member along the load direction

N = Number of members
¢) Determine Pym / Py for all the major members. The member with

the minimum ratio of [P, / P,,] will be the MLTF member in the bay.

Determine the bay load at failure of the first component

The lateral load acting on a bay, Pyay . to initiate collapse of its first
member is determined by extrapolation. The horizontal component of
the ultimate strength of the MLTF member {(Pym ) is taken along the
wad direction. This load corresponds to the stiffness contribution of
the member to the whole bay. Based on the ratio of stiffness of the
whole bay to the stiffness of this member, the Icad acting on the bay is

evaluated by the following expression:

?bag = gg}ﬁm fi Kﬁf}‘E ECQ
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This load value gives a lower bound estimate of the ULS capacity for a
jacket bay. The true value of the ULS capacity for a jacket bay can be obtained
by tracing P-A diagram beyond first member failure. For such an evaluation,
the second member likely to fail can be determined by considering the post-
buckling strength of the first compression-brace or the yield strength of
tension-brace at large deflection of frame. The second MLTF member is
determined in the same as described above in steps 2 and 4.

The lateral load-deflection behavior for each bay of the jacket is
required at screening cycle-2 for increase in the magnitude of lateral load,
while the vertical load remains constant. The ultimate strength of each bay of
%hé jacket is evaluated by neglecting interaction among the bays i.e., by
assuming that the failure of members in the formation of a mechanism is
restricted to one bay.

The capacity of a bay beyond first yield depends upon: magnitude of
deflection and load shed by the brace (if buckled); load transfer capability of
the horizontals; additional load carrying capacity of other vertical braces; the
degree of static indeterminacy; and the lateral load capacity of legs. The above
factors were together represented by "redundancy factor (Fy)” in Section 2.1.2.

If the horizontal braces connecting the jacket legs have lower strength
and are not able to transfer the load shed by the buckled or yieidedr vertical
braces, then the horizontal brace will collapse and it can initiate successive
failure of other members in the bay, to form a plastic mechanism.

if the primary horizontal braces have sufficient capacity to transfer
toad, then the bay stiffness will reduce upon buckling of a compression brace,
and thus the deflection of bay will increase. With further increase in lateral
load, the bay stiffness can be assumed to remain same up to yielding or

buckling of second section. In this way by following successive buckling or



yielding of all the braces in a bay, the load-deflection diagram for the bay could
be traced in a piecewise linear fashion. The reduction in magnitude of
stiffness from its original value depends upon the number of compression
braces. In addition, the load carrying capability of the jacket-bay also depends
upon the moment resisting behavior of jacket legs. The contribution of the
moment resisting behavior of jacket legs to the lateral load capacity is usually
very less compared to that of the vertical bracings.

In addition to, the moment resisting behavior of legs, the effect of
secondary moment (P-4 effect) on legs will also be considered. The P-A Effect,
can be represented as the geometric stiffness of the legs, and its effect is to

reduce the lateral load carrying capacity of the bay.

Upper Bound Estimate of Jacket Bay Strength:
An upper bound estimate of the ULS strength of a bay can be made by

selection of the primary members of a bay, the failure of which will lead to
formation of a collapse mechanism in the bay. However, depending on the
type of behavior of a member and the sequence of members assumed to fail,
the residual load carrying capacity of primary members is affected. Thus, it is
difficult to establish upper bound value for the jacket bays.

For example, a mechanism can be assumed to have formed in a bay,
when all the vertical braces, which are important for transfer of lateral load
from top of leg to its bottom, have failed (buckled or yielded). This would be
art upper bound solution. In such an evaluation, the uncertainties exist due
to the following:

The compression and tension members do not fail simultaneously due
to difference in failure load of compression and tension members. The

strength of a C-brace is lower than the strength of a same size tension
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member. Thus C-braces fail first and their post-failure (post-buckling) capacity
reduces with increase in deflection. Thus when a T-brace fails upon further
increase in lateral load, the load carried by the C-member reduces due to
higher node deflection. The T-brace keeps on holding load level upon its
failure (yielding). Thus, uncertainty due to the deflection and load in C-
braces, depend upon the number of C-braces reiative to the T-braces.

Thus, an upper bound estimate can be based upon the residual strength
(upon considering cyclic wave loading) of C-brace(s) and the yield strength of
T-braces. Therefore, it is important to make an accurate estimate of the
res{duai capacity of the C-brace(s), which depends on many factors. In
addition, the contribution of jacket legs in carrying lateral load should be
considered.

Note, that when there are two or more compression members, they are
all likely to fail together, when the jacket has been optimally designed, with
the major members having similar utilization ratio during the in-place
condition. Thus, they are most likely to fail in succession.

When there are T-braces, then a coarse evaluation of redundancy level
can be made by neglecting C-braces altogether (at the screening cycle-2) and
considering the stiffness of T-braces and legs. However, in such a case, the C-
brace can be assumed to carry 15-25 % of buckling load. This gives a good
estimate of the load carried by the bay upon failure of C-braces. Then this
value is extrapolated to the level that the T-brace vields. All of the T-braces
are likely to yield at nearly the same load level Upon yielding, the T-braces
would sustain the yield load, but its stiffness would become zero. Thus, the
deflection would increase by substantial amount, and show ductile behavior
{robustness} of the bay. At this time, the T-braces are carryving load

corresponding to their vield value, the legs are carrying load due to their



deflection (moment resisting behavior) and some load due to their axial
stiffness component.

The ductile behavior (robustness) would depend upon the number of
T-braces compared to C-braces in a bay. However, with a significant increase
in deflection of bay, there will be reduction in load carrying capacity due to

instability effect from the vertical load acting on the legs.

3.4.2.3 Strength of a Foundation Bay:

The foundation bay of a steel jacket platform comprises of three
different types of structural components: piles; conductors; and mudmats.
These components transfer the functional, environmental, and other loads
imposed on the platform to the surrounding soil medium. The piles are the
primary load carrying members in a foundation bay and are normally
installed through the jacket legs. The load transfer from the jacket to pile is
achieved in several ways: 1) grouting of the leg-pile annulus; 2) welding of
piles to the jacket at its-top; or 3) combination of 1 and 2. The conductors are
usually considered at the design stage for their capability to only transfer the
vertical loads acting on them (self weight and christmas tree) to the soil
medium. In addition, they can provide secondary load transfer capability
essentially due to their deflection along with with the jacket, which can be
accounted at the re-evaluation stage. The mudmats are designed fo provide
support to the jacket in its unpiled installation stage. In normal design, the
capability of mudmats to transfer loads after installation stage to the soil
medium are not considered. At the re-evaluation stage, their reserve
capability can be accounted, which will depend upon the soil-type and the

fatlure-mode.
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The typical penetration (depth below seabed) of piles for the Guif of
Mexico platforms is about 250 ft. and they are usually lesser than 94 inch
diameter. However, in some cases, pile penetrations up to 650 ft. have been
provided. Note that very small diameter piles were driven for the early
platforms. The penetration of the piles is achieved in several ways such as:
driven piles; drilled & grouted piles; and installation by jetting. The different
piles provided at the corners of a jacket template and connected to the its legs
behave in a similar way. The jacket provides rigidity to the pile system and a
ductile portal behavior is observed for the pile bay against lateral loads. The
rigidity provided by the template will be higher for the case with grouted
jacket-pile annulus.

In some platforms additional piles, known as skirt piles, are provided.
The skirt piles are installed through the sleeves attached to the jacket legs in
the bottom-most jacket bay. The annulus between the sleeve and skirt pile is
also grouted. The load transfer capability from the short skirt sleeve to the
skirt piles is enhanced by provision of mechanical aids such as weld beads,
shear keys on the piles and the interior of sleeves. Lloyd and Clawson, [1983]
determined that the RSR of a platform with the skirt piles may be 50% higher
than that for a platform with only the main piles.

The conductors are laterally supported at different horizontal framing
levels of the jacket by guides and thus they deflect with the jacket. Therefore,
their deflection at the seabed will be approximately equal to that of éhéfaike%
pile system.

The mudmats are provided at or below the seabed level to temporarily
support the unpiled jacket, during the installation stage. The mudmats are

designed to transfer load by shear and bearing and are conventionally located



near the corner legs for their effectiveness. The effectiveness of the mudmats
increase, when they are located near the jacket corner legs.

In the Gulf of Mexico, the soil medium consists primarily of clay with
intermittent layers of silt and sand. The strength and stiffness properties of
the soil layers vary with the inherent properties of the soil particles. The load
carrying capability of the soil medium may be affected by a number of other
phenomena. Some of these phenomena which influence the capacity of the
soil media are: installation procedures adapted to achieve design penetration;
effect of vibration of piles on soil. In case jetting of soil is done to achieve the
design penetration, the strength of soil may reduce.

" The foundation bay is subjected to the static (structural and topside)
and dynamic (lateral environmental) loads transferred at the pileheads from
the platform. The vertical loads on the piles are transferred to the
surrounding soil by axial shear and end bearing. The lateral loads are
transferred to the soil around the upper part of the pile. The cyclic lateral
loads will deteriorate the load transfer capability of the soil and therefore the
pile length to transfer the load and stresses in pile will increase.

The reference level wave (100 year return period storm) is likely to
deflect the foundation system substantially near the seabed, and thus will
disturb the surrounding soil due to wave cycles. The effect of cyclic load is to
reduce the load carrying capacity of soil near the seabed in shear and bearing
and thus the effectiveness of mudmats to transfer lateral loads diminishes.
This will be true for the soft soil locations. If the mudmats are effective in
transferring the loads, they will carry a part of the lateral load and some
vertical load due to overturning moment at base.

For the diagonal wave approach case, the vertical load and the

averturning moment result in very high compressive loads in one corner

137



pile and low compressive stress (or tensile stress) in opposite corner pile.
Thus, for determination of the first MLTF member, diagonal wave approach
direction is considered, similar to the deck bay.

Failure of the Foundation System:

The foundation-system is subjected to a combined action of base shear,
overturning moment, and vertical loads. In Chapter 1, eleven (11) platforms
were reported to have failed in the Gulf of Mexico due to "insufficient reserve
strength in the foundation elements” against the loads due to hurricanes.
The specific reasons for their failures were as follows:

1) Wave induced soil movement occurred at some locations resulting

in yielding and shearing of piles leading to collapse of platform.
2) Pile pullout occurred in a 4-legged well protector platform, due to

deterioration of soil strength during installation. The deterioration

occurred due to jetting of soil plug.

The stability of pile foundation depends upon the following:

1) The behavior of pile and soil under lateral movement due to ocean
waves;

2) The bearing capacity of piles against compression plunging and
tension pullout forces;

3) The possibility of scour and liquefaction of soil near the piles. The
liquefaction which may occur during pile driving is recovered in time.
Thus liquefaction potential due to earthquake shaking may be a
consideration for platforms located in earthquake prone areas. In case
cyclic storm waves are likely to cause liquefaction, it should be

considered.



A correct estimate of the stress-strain curves (p-y and t-z) for the soil
layers is the most important for evaluation of stability of foundation against
lateral and axial movement of piles. A large number of uncertainties exist in
the development of stress-strain curves for the soil. The lateral load acting on
a pile will affect only its top portion, which shows oscillation due to cyclic
wave load.

The bearing capacity of a pile depends on its diameter and its depth of
insertion into the soil. The pullout force (maximum tension load capacity) of
a pile is lower than its bearing capacity (maximum compression load
capacity). The evaluation of pullout force is more imprecise than of its
b-ea;*ing capacity, as behavior of soils under tensile loads is not well known.

The scour around piles depend upon: type of sediments; amplitude of
waves; and pile diameter. It results in reduction in effective depth of
insertion of pile which reduces its bearing capacity and stability under lateral
foads.

The p-y (lateral soil springs) and t-z (axial soil springs) curves are
developed for different soil layers. These curves represent the capability of
load transfer by the soil layers in lateral and axial directions. The soil strength
in axial and lateral directions depend upon: the nature of soil and its
consolidation level; the type and dimensions of piles, and the methods used
for installation of piles. The magnitude of load transfer, besides the inherent
properties (strength and stiffness) of surrounding soil, also depends upon the
following:

* Cyclic and dynamic loading effects: The ocean wave is ¢yclic and has

variable frequency. Thus, a hysteretic behavior of soil occurs due to
pile motion, with the waves. Due to degrading behavior of soil (due to

pore water pressure build-up), its strength and sfiffress reduces in time.



The dynamic loading is induced due to impact and repeated loading,

which occurs from storm waves (several hours) and earthquakes (few

seconds).

* Remoulding effect: Clays experience a softening due to remoulding

and built-up of excess pore water pressure. The remoulding effect is
seen in clays due to relative pile-soil motion. The ocean wave load is
cyclic, thus the pore-pressure changes in the soil near the seabed. In
sand due to separation of soil contact with the pile near the seabed due
to vibration, the excess pore pressure builds up in the soil due to
pumping of water in between the sand grains.  These two
phenomenon are limited to the zone near the seabed. Due to these two
phenomenon, the ultimate shear resistance and stiffness of soil can
reduce with time.

In case of sand layers, the occurrence of storms is not likely to
cause a significant buildup of excess pore water pressure. The build-up
of pore water pressure is limited to the zone near the pilehead. Such a
porewater pressure build-up is drained out immediately due to

permeability of sand.

The p-y curves for sand indicates, that the soil upon yielding continue

supporting the ultimate load level, with increase in deflection. However, for

clay the soil strength reduces upon reaching the ultimate strength, and with

further increase in deflection.

A large number of uncertainties exist in prediction of p-y curves for

soil. The uncertainties exist due to scarcity of full scale test results. The

development of p-y curve besides soil properties also depend upon: dynamic

loading; reloading after extreme loading; scour; group effect, etc.
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ile Yielding Failure d Lateral Load;
The load at pilehead is carried by the following two mechanisms:

1) Structural members: By yielding (hinge formation) of structural

members, energy is absorbed.

2) Soil medium: By movement of piles, the soil particles are

compressed and thus the resistance increases. Thus, the soil particles

resist load by transferring it to the surrounding particles. At a certain

load load, they also yield similarly to the different structural members.

Upon yielding, their load carrying capacity reduces.

. Under the action of base shear and vertical loads, the ultimate failure
of the piles may occur by formation of a piastic mechanism. A plastic
mechanism may form upor yielding of all the piles at two sections: at or near
the pilehead, and at distance "L" below the pilehead. The distance "L" below
pilehead corresponds to the point of zero shear. The ultimate moment
carrying capacity of piles vary due to difference in axial load acting on them,
in a similar way as for the deck legs.

The magnitude of ultimate lateral load capacity and the length "L" of
piles for the formation of plastic mechanism is dependent upon the lateral
resistance provided by upper layers of soil. The reaction of soil to movement
of pile subjected to lateral loading is characterized by stress-strain curve of the
soil. The soil modulus is dependent upon the disturbance of soii, rate of
application of loading, and the experimental conditions. The soil %ayeré near
the seabed show inelastic behavior due to large deflections of the jacket-pile
system, which reduces the load carrying capacity of soils. The effect of lateral
load is usually limited to upper zone. It also depends upon the liquefaction

potential of soil, its recovery later, and the scour near the piles. The soil
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layers at some distance below the seabed would show elastic behavior due to
lower deflections.

Note that the pile behavior is significantly influenced by the upper soil
layers. In this simplified approach two distinct failure modes as extreme cases
possible are considered. The first mode is the formation of two yield hinges
in each pile and conductor and the jacket moving as a rigid body with zero
rotation at top of the pile. The second mode is axial pullout of a single pile
with bending (rotation) of piles. A case may arise, when a yield hinge has
formed in a pile and axial pullout of an opposite pile occurs. Note that in
addition to these combined failure modes may occur, which may need
evaiuatmn by detailed analyses.

In case of underdriven piles, a pullout failure will need a serious
consideration. In case the jacket leg - pile annulus is grouted, a rigid body
movement of a jacket against dominant lateral loads is more likely, whereas,
in case of ungrouted annulus bending of piles is likely to occur and a mixed
mode may be observed.

A limit equilibrium approach is used for evaluation of the ultimate
capacity of the foundation bay. The contribution to the strength of
foundation bay is provided by piles, conductors, and soil. The contribution of
mudmats is neglected at the screening cycle-2 for simplicity sake.

However, an accurate evaluation of ultimate capacity of foundation bay
will require development of a progressive load-deflection diagram, in the
same way as for the jacket bays, considering the various non-linearities in
load, strength, and scil behavior. The deveiepmenf of load-deflection
diagram will require sophisticated analyses and thus it should be done at

higher screening cycles.



At this screening cycle, a limit equilibrium approach is used, which is
also called as dowel theory by some [DnV, 1980 fanbu, 1982]. A plastic
analysis of piles is attempted with assumption that yield hinges develop in
the piles and conductors along with a full mobilization of earth pressure
between the two hinge locations. It is considered that the lateral deformation
of piles are sufficiently large to plastify the soil completely.

The ultimate collapse state for the foundation bay is shown in Fig. 3.6.
The scour at the site should be considered and accordingly the soil curves be
modified.

The conductors will deflect relative to a point at some distance below
the seabed, where the shear load on the conductor will be zero. In case, there
is a hard soil strata, then that hard soil layer will generally provide the
support point, by its ability to absorb the conductor shear load.

The uncertainties in the foundation bay capacity will be a combination
of the uncertainties associated with a number of factors, such as: 1} soil
properties and their natural variations; 2) methods used for evaluation of
bearing capacities; 3) loads imposed and their transfer to subsoil;

4) influence of installation methods and process on soil properties.

The degree of uncertainties in soil properties will depend upon the
availability of soil investigation data and its quality for the particular location.

A discrepancy may occur between the actual loads evaluated for the
platform structure and loads acting on the piles. Some of the loads may be
directly transferred from the jacket structure fo subsoil through other
components such as jacket legs, conductors, mudmats, and the mud-level
horizontal framing. In case of deepwater jackets, with inertia and damping

effects, the loads transferred will further reduce.
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The overall resistance against the lateral load or base shear is provided

by the piles and conductors installed and supported the jacket template.

The following steps will be required for simplified evaluation of the

ultimate strength of the foundation bay:

1) Evaluate the ultimate resistance of soil, pu as per API regulations.

Insoftclays, Py = 3¢ to 9¢, for X= Oto Xr,

where, X =6D/[(YyD/c) + 05]

For X = 0to X,

Py =3c+yX+[c/02D)]X =3c+ X[y+c/02D)
For the extreme wave load condition, the pilehead

displacements would be very large. Thus the s0il resistance developed

at very large deflections (as in p-y curves) could be considered as a good

approximation. This would not need development of complete p-y

curves for a pile.
Thus, P = 072 [X/X ] Py and Py = 3¢ + X v+ ¢/ 2D}

2) Evaluate the ultimate strength of the foundation bay. The equilibrium

equation at level of hinge formation in a pile as shown in Fig. 3.6 would be:

2Mp = RyL - 05 P (L-10) (L-10) / 3 (317
Ry =05P@L-100 (3.18)
or L =2Ry/Ps+10 or L-10 =2R,/P, l

Substituting in equation (1), we get:
2 My = Ru{ZR,/ P, +10] - (1/& PslZR, /P2
(2R /PJ(1-2/6) + 10R,
Mp (2/3) Ry?/ Pg) + 5Ry
or 2Ru2+I5PSRu-3PSM;}mO

i

H

Ry = 025[-15P;+ {225 P2 + 24 P, M10:5)
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3.5 Detailed Quantitative Evaluation

3.5.1 Introduction

At the screening cycle-3, the capacity level of a platform is evaluated by
the conventional linear structural analysis. The API minimum reference
level wave load, as per Section 2.3.4 g of AP RP 24 [API, 1989, is to be used
for evaluation of the reference level loads. In this way the relative stiffness of
frames and stiffness of different components are explicitly considered.
Therefore, an accurate estimate of the member loads can be made.

The reference level wave loads are computed using the Morisons
equation, the full projected area of the structural members and appurtenances
in the wave zone, a constant drag coefficient of 0.6, and an inertia coefficient
of 1.5 for members six-feet in diameter or less, increasing Eiﬁ%?iy. to 2.0 for
membpers ten-feet in diameter and greater, the appropriate wave theory, a
wave period based on a specified steepness, and appropriate allowances for
marine growth. It is important to note that these reference Ievel forces do not
explicitly include currents. As noted in Section 2.3.4g, if other combinations
of the force parameters are choser, the wave force and moment leve! at the
seabed should be at least equal to the reference level,

In addition to the special considerations regarding the computation of

the hydrodynamic forces, care must be taken when developing S, that is based

on the site-specific storm conditions. Of particular importance are the wave

crest elevations that could have dramatic effect in increasing S, as the wave
crests reach the large proiected area of the lower decks in a platform, and

consequently in decreasing the RSR. Also, in the case of existing platforms, it

is important to note that Sy can be reduced by the removal of unnecessary
elements in the platform fe.g., unused conductors, boat landings, etc.), and

removal of marine growth,



Given the loading specification and a linear structural analysis
computer program, the loads and load effects on each member of the platform
are determined. The integrity of intact members and joints are checked as per
API-RP-2A guidelines with the factors-of-safety or resistance factors [API-RP-
ZA, LRFD] set at unity. The yield strength of steel is normally upgraded to
account for the difference between the mean and nominal yield strength and
the loading strain rate effects. The integrity of damaged, defective, and
repaired members and joints is checked with special formulations that reflect
the effects of damage, defects, or repairs on the ultimate capacity of the
members and joints. Interaction ratios of unity for a component would
indicate that it was loaded with a load level corresponding to its best estimate
ultimate strength.

To form a collapse mechanism, a number of structural elements would
have to have interaction ratios of unity. The RSR of the structure could be
estimated by taking a weighted average of the reciprocals of the interaction
ratios of the structural elements having the highest interaction ratios and

which would form a failure or collapse mechanism (e.g., all vertical diagonal

braces at a given elevation).

3.5.2 Evaluation of RSR

In this section, a simplified procedure for estimation of RSR is
presented 5@3‘ use at the screening cycle-3. The following steps are considered
in evaluation of RSR for a platform utilizing the results (member loads and
memiber strengths) obtained by a linear structural analysis:

1) Development of Analysis model: Develop a 3-dimensional model for the

platform in its "as-is" state. Some of the following may be included in

development of the structural model for performing a linear elastic analysis:



*

Soil-structure interaction;

'y

Strength reduction for damaged and deteriorated members;

#*

Improved load evaluation and distribution;

¥

Refinements such as edge-to-edge brace length instead of center-to-
center length, and joint flexibility.
The model may be simplified by representing the stiffness of deck
structure by only a few large diameter structural members connected at top of
the jacket, and by lumping the vertical loads at a single point. In addition, the

conductor guide area may be idealized by two diagonal members.

2) Identification of critical failure modes and mechanisms: Identify the
failure modes and mechanisms for the candidate platform. The results of
RSR (safety) assessment at the screening cycle-2 will be useful in identification

of the critical failure modes.

3} Perform linear structural analysis: Perform a linear elastic structural

analysis with the load parameters selected to obtain the API-reference level
environmental force. Determine the load effects and stress ratios in members

and joints.

4) Identification of overstressed components: Identify the components which

are oversiressed or the most likely to fail (MLTF). Develop a pesbifaiiure
behavior for these components, e.g., the compression braces will have
reduced strength upon buckling, whereas the tension braces will support their
ioad level at yielding. |

5) Approximate estimate of RSR: By incorporating the post-failure capacity of

the highly stressed members, an approximation of RSR can be made for the
cases with the likelihood of formation of failure mechanisms in the different
bays. In essence an approximate estimate of the ultimate strength for a bay is

made by considering the strength of components which will form a




mechanism in that bay. In this case, the reference level load corresponds to
the base shear on the platform. The minimum RSR of ali the cases would
represent RSR for the platform.

Note that this RSR should reflect the ultimate strength of a platform,
against the API-reference level force.

Ry = (RSR)min S;

Kq Ky Hwel = (RSR) [Ky Ky (H9]

Hy = RSR)YO@H, (3.19)

where, Hy reflects the wave height at which the first failure
mechanism would form in a bay in the platform. H, is the reference level
wave height. « is equal to 2.0 for the drag dominated platforms, 2.5 when
boat landings are provided, and 3.0 when wave hits the deck.

In this way, Hy would be evaluated for the formation of a mechanism
in each bay.
6) Re-run the linear elastic analysis for the platform, with the different load
cases corresponding to wave heights within the range determined in step 5, to
determine member and joint loads and stresses. In some software packages, it
is possible to save the results of the first stiffness analysis and make a re-run
for additional load cases.

7) Improved estimate of RSR: An improved estimate of RSR will correspond

to a wave height, H, which will cause overstressing of several members in 2
bay or several members have stress ratios close to 1.0. Such a scenaric will
point that a failure mechanism is propagating in that bay, with increasing
wave height (or increasing load level). From review of the results obtained
under step 6, such a bay and corresponding wave height can be determined.
Note that in this method, the non-linearities due to pile-soil

interaction are considered, through “p-y" and "t-z" curves specified for the




piles. Whereas, the non-linearities, which are introduced upon failure
(buckling or yielding) of members are not considered accurately. Hence, a
conservative estimate of RSR is made by considering the residual strengths of
such members at large deflections.

By such a linear elastic analysis at the screening cycle-3, we will get a
good estimate of the lower bound of RSR, because structural non-linearities
are normally not effective up to the failure of first member. However, we
will obtain a coarse estimate of the upper bound of RSR due to the
conservative approximation made in incorporating the post-failure capacity

of members.

36  Very Detailed Quantitative Evaluation - A Review of Current Practice

At the screening cycle-4, the platforms whose safety level at cycle-3 was
determined as 'Marginal' or UFP and were upgraded with major changes, are
further evaluated on the basis of the ultimate capacity of the structural
system. Such a non-linear analysis is obviously time-consuming and costly.
The number of platforms requiring cycle-4 evaluation would be few.

At this level, the capacity of a platform is evaluated by performing a
detailed non-linear structural analysis. Such an analysis is done by
considering a non-linear load-displacement behavior of primary members of
the platform, which reflect their plastic performance at the ultimate load
limit. The non-linear behavior of legs, piles, and conductors is modelled by
in-elastic beam-column elements. The horizontal and diagonal braces are
modelled as 'strut’ elements.

At the simplest, the analysis can be done by performing member-
replacement “static push-over analysis,” by monotonically increasing the

fateral load on the platform and determining member response. Upon



failure of a member, the member is replaced by its residual load-carrying
capacity and the analysis is repeated. The analysis is repeated until the
capacity of the platform drops with further increase in the lateral loads. This
indicates the ultimate capacity of the platform,

Deficiencies in the static push-over RSR are due to the fallacies of the
loading scenario considered in push-over analyses. Storm loadings are not a
static pattern of lateral wind, wave, and current forces that are proportionately
Increased until the platform collapses. The loadings are transient, dynamic,
and cyclic.

Additional deficiencies in the static push-over RSR are due to potential
degfaciations in the capacity of the elements that comprise the structure
during intense cyclic loading conditions. Many of the platform elements
experience rapid degradations in capacity when the repeated levels of strains
are in the plastic regime.

These deficiencies can be addressed through the use of time-history
nonlinear analyses that take explicit account of the transient nature of the
loadings, loading histories, and the potential degradations in the capacity of
the platform elements. However, such analyses are extremely difficult and
time consuming.

A number of researchers in academiz and industry have devélaped
various software and methods for evaluation of ultimate strength {(RSR} of a
platform. Some of the important analytical works and model testings
reported are reviewed here.

Marshall and Bea (1976} first evaluated the ultimate strength of
platforms by simple member strength models and studied the failure modes.
Thereafter large scale research effort was made in the U.S, to study the

behavior of offshore platforms against earthquake loading, This work was



behavior of offshore platforms against earthquake loading. This work was
undertaken at the University of California, Berkeley and the results were
published by Zayas, Popov, and Mahin (1951, 1982). In their work, one-sixth
scale model tests on a frame of an offshore platform were conducted.

More recently Exxon Production Research Company (EPRCO) evaluated
the ultimate strength behavior of offshore platforms. They performed model
tests and analytical studies for offshore platforms. Much of their work was
started due to its application in the project on upgrading of the bass Strait
platforms. Results of this work have been published by Lloyd and Clawson
(1983}, Titus and Banon (1988), Grenda et al (1988), Pike and Grenda (1987).

Norwegian works are mostly based on utilization and extension of the
simplified Idealized Structural Unit Method (ISUM), and comparing the
results with more sophisticated FENRIS software package developed by DnV,
NTH, and SINTEF team. ISUM method has been used in the research
undertaken at the Norwegian Institute of Technology (NTH) and in Japan.
The results of this research have been published by Moan et al (1985, 1986),
Sereide et al (1986), Engseth (1984), and Ueda and Rashed (1987).

ISUM method has been developed as a design oriented numerical
approach. The basic idea is to model the structure by using only one beam
element between each joint in the platform, i.e., the structure is divided into
the biggest possible structural units. Sareide (1986} extended this method to
include refinement of the formulation for large deflections. “

In the UK., a large number of projects were undertaken to study
ultimate strength of tubular joints and members. Recently, Steel
Construction Institute has undertaken joint industry project to develop a
non-linear analysis code for determining ultimate strength of platforms and

to prove it with results from large scale model testing of frames (Lalani, 1987).
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non-linear analysis code for determining ultimate strength of platforms and
to prove it with results from large scale model testing of frames (Lalani, 1987).
Various simplifications have been made in the past to determine the
ultimate strength of the platforms. Three approaches are more common for
evaluation of RSR based on non-linear analysis techniques, such as follows:
1) Detailed non-linear analysis using static pushover approach.
2} Member replacement method.

3) Enhanced member replacement method.

Static pushover analysis has been widely used by the industry to
evaluate the reserve strength of the platform. In this approach, a series of
static structural analysis are performed by monotonically increasing the
pseudo-static lateral load on the platform. The analysis is stopped when a
global instability is reached in the platform system.

Member replacement approach is an approximate method utilizing
linear-elastic static structural analysis. In this approach, the static pushover
analysis is performed, and at each successive analysis, the failed members are
replaced by end forced and moments to approximate the post-failure behavior
of the members. Therefore, in getting accurate results by this method, the
post-failure behavior of platform members should be modelled accura!tely.

Enhanced member replacement method introduced by Pike and
Grenda (1987), where the posi-buckling load-shedding behavior of relatively
siender tubular braces is introduced. In this approach, the remaining stiffness
provided by the surrounding members in the axial direction of the brace is

considered,
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3.7  Summary

Qualitative and quantitative methods for evaluation of the ultimate
strength of platforms have been presented. The quatitative and coarse
quantitative methods have been developed in this study. These methods
utilize the experience with the steel jacket offshore plattorms in the Gulf of
Mexico. These methods are based on evaluation of a platform for the likelv
failure or coliapse modes. These failure modes were based on extensive
review of failure of platforms in the Gulf of Mexico.

The qualitative methods with its two phases would find extensive
application in routine assessment of the capacity level of large number of
platforms existing in the Gulf of Mexico and other regions. These methods
would identify the likelihood of a platform to have equal or lesser strength
since the last assessment.

The coarse quantitative method is relatively simple to apply due to
evaluation of capacity of different sub-structures. Due to the inherent
properties of a steel jacket platform, the results obtained have been good as
initial estimate for screening purpose.

simplified approach has been presented to evaluate RSR from reduced

number of linear-elastic analysis.
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CHAPTER 4
CONSEQUENCES OF A PLATFORM FAILURE

Consequences form an important dimension in risk assessment and
fitness for purpose evaluation of a platform. Risk is represented as the
product of the capacity of a platform and the consequences upon its failure. [t
is very complex to make its precise estimate of consequence level for a
particular platform due to a large number of socio-economic factors, which
could vary with location and period. There is no direct method available for
evaluation of the consequence level for a platform.

In this chapter, the consequences which are likely to occur upon failure
of a platform and the major attributes which influence each of these
consequences are identified and discussed. A subjective classification method
to evaluate the consequence level is presented. The quantitative methods

available for their evaluation are described.

4.1 Identification of Consequences;

The consequences of prime importance when a platform is deemed
unserviceable due to severe damage or when it collapses are as foiiowrs:
a} Personnel: - Injuries
- Loss of life

Pollution

£

B} Environmental:
~ Cleanup

Restoration

¥

¢} Resources: Loss of production

8

Inability to meet contractual agreements



d} Property: - Loss of production revenue
- Cost associated with repair, salvage, platform
replacement, plugging and abandonment of
wells, and loss of contract.

A regulator is interested in the consequences related to personnel,
environmental, and resources loss. An operator is interested in these
consequences and in addition in the potential loss of property. In addition to
the above consequences, the "public-political” reaction to the consequences
may sometimes influence the operational philosophy followed by the
‘regulator-operator” for offshore production in an entire region (e.g,
California, Gulf of Alaska).

The above consequence categories require evaluation on different
scales and therefore can not be combined on a common scale. In effect, the
process for evaluation of a comprehensive consequence level for a platiorm
becomes very complex and variable dependent upon the affected parties. For
example, how should the value of life and value of environmental poliution
be assessed.

Various researchers have looked into these aspects in detall, but there
seermn to be no consensus on these issues. The above consequences are often
termed as “tangible” i.e., which can be accounted in terms of money, and
"intangible” i.e., which cannot be accounted in terms of money.

Some years ago, the environmental consequences were commoniy
considered as "tangible” but due to various accidents in the past decade in
some areas, and the consequent increase in public awareness due to damage
to flora and fauna, thev cannot be considered in such a way in the
environmentally sensitive areas such as California and Alaska. However, In

the Gulf of Mexico they can still be accounted in terms of money.
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The loss of resources may require an operator to obtain an equivaient
quantity of the contractual agreement from other sources available to him.
The property losses may be significant and would essentially require a cost-
benefit evaluation to determine the feasibility of continuing development
from the field. In addition, the hidden costs associated with such failures
would be borne by the operator and the shareholders of the company.

The focus of this study is on safety assessment of the platforms located
in the Gulf of Mexico. The structural and operational characteristics of these
platforms vary from those located in Southern California and Guif of Alaska.
In this chapter, the consequence evaluation of the Gulf of Mexico platforms
will be focussed.

Many of the platforms in the Gulf of Mexico are unmanned, and are
remotely operated from a central platform or from shore stations. In some
cases, the unmanned platforms are temporarily accessed during operations.
As a general operational philosophy in the Gulf of Mexico, platforms are
evacuated before the hurricane approaches. Hence, the possibility of loss of
human lives during hurricane is significantly reduced. However, in case of
manned platforms in the Gulf of Mexico, potential for loss of life would
remain due to probabilitv of maloperation of the emergency evacuation
system provided on a platform. |

Environmental pollution occurs primarily due to three sources: crude
storage tanks, production wells, and risers. Most of the platforms in the Gulf
of Mexico do not have crude storage on their decks. The crude is piped (o
other platforms, to shore stations, or transported to shore in barges. Down-
hole sub-surface safety valves (S5S5V) have been installed in the wells on all
the platforms in the Gulf of Mexico to meet the MMS guidelines. Many of

the major risers have been equipped with emergency shut-down and back-
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tflow prevention valves to reduce environmental pollution. However, the
potential for environmental pollution remains in such cases due to failure of
valves to operate, as they are not 100 % reliable.

The consequence level of many platforms in the Gulf of Mexico would
have a significant contribution from the cost effects associated with the loss of

resources and property.

4.2 Major Attributes for Consequences Upon Failure:

The major attributes, which have a significant influence on the
consequence level of a platform are identified and discussed in this section.
These attributes have been selected based upon a review of the operational
characteristics of various different types of piatforms operating in the Gulf of
Mexico.

The failure of various types of platforms which have occurred in the
Gulf of Mexico was summarized in Table 1.3. They varied from individual
well protector platforms to self contained production cum process facilities.
In addition, there are platforms which are used solely to provide living
facilities or support to the transportation system. |

The major attributes which have a significant influence on the
consequence level of a platform are listed below: |

a) Platform is manned or unmanned

b) Emergency evacuation system

¢} Crude storage on deck

d) SSSV installed in wells

e} ESD valves in risers

i Production level

g} Functions of platform
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h) Integration with other platforms

1) Lost production.

Of the above attributes, the consequence to loss of life or injuries upon
failure of a platform is dependent upon the number of people on the
platform and safe operability of the emergency evacuation system. The
consequence to environmental pollution is related to the crude stored on the
platform, the number of risers and production wells, the crude flow pressure
in wells, and the operability of the emergency safety valves provided in
production wells and risers. The loss of resource consequence is related to the
crude quantity handled by the platform and the recoverable crude lost in the
res;ervoir. The property losses relate to the functions of the affected platform,
influence on operation of other platforms in its vicinity, and production
level.

In the following sections, various methods to make qualitative and
quantitative evaluations of the consequence level of a platform upon its
failure to operate are described. These methods are based on the major

attributes discussed in this section.

4.3 Evaluation of Consequences:

The consequence level of a platform can be evaluated based) upon a
comprehensive assessment of its functions, the operational philosophy
followed, and its importance to the continued operation of the platforms
connected (o it. An estimate of the consequence level upon failure of a
platform is required at the four-cycles of the screening process, which would
differ due to the difference in the state of knowledge of the platform at these

screening cycles.



At the initial screening cycles, a very large number of platforms would
require assessment of their consequence level. Therefore, simplified
techniques should be used at the first screening cycle.  With improved
knowledge of a platform, a quantitative assessment of consequence level
could be made. However, due to the complexities involved in making a
quantitative assessment of consequences related to loss of life and
environmental pollution, it was considered that a broader classification of
platforms be attempted according to its functions. Such a classification, which
roughly correspond to the guidelines provided by MMS is given further in
this section.

| The consequence level associated with a platform has been
characterized in this study into five categories, such as: Very Low
Consequence (VI.C), Low Conseguence (LC), Moderate Consequence (MC),
High Consequence (HC), and Very High Consequence (VHC). Such general
qualitative categorization is important in making 2 decision on its “Fitness
For Purpose (FFP)."

A VLC category platform would be the one with negligible
consequences upon its failure to human life, environment, and property. For
example, an unmanned, single gas-well caisson platform could fall in this
category. A VHC category platform, on the contrary, would have severe
consequences associated with its failure. For example, a multi-well, manned
platform supporting production, drilling, and living facilities, and producing
large quantities of oil & gas could fall in this category. If such a platform also
provides processing and pumping support to the platforms in its vicinity,

then its consequence level would further increase.
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The characteristics of the platforms, based on which they could be
classified in above five categories are summarized below:

Very High Conseguence (VHC) platforms: A platform, which produces
crude oil or not, which supports all the major operations (processing, storage,
compression, or pumping} on it, which is manned {living quarters provided),
and which supports operations of a number of other piatforms is classified as
a very high consequence (VHC) structure. (Central processing platform)

High Consequence (HC) platforms; A platform, which produces crude

oil, supports all the major operations {(processing, storage, compression, or
pumping) on it, which is manned (living quarters provided), and whose
ap;;-rations do not affect other platforms is classified as a high consequence
(HC) structure. (Independent well/ process platform)

Medium Consequernce (MC) platforms: A platform, which produces

crude oil and has no other major operations (processing, storage,
compression, or pumping) on it, which is manned (living quarters provided
for lesser number of people), and which transfers its crude to a central
platform is classified as a medium consequence (MC) structure. (Manned
well platform)

Low Consequence (LC) platforms: A platform, which produces lesser

quantity of crude oil, has no other operations (processing, storage,
compression, or pumping) on it, which is unmanned, and which feeds its
production to a central processing or pumping platform is classified as a low
consequence (LC) structure. (Unmanned oil-well platform)

Very Low Consequence (VLC) plaiforms: A platform, which produces

gas and has no other operations (processing, storage, compression, or

pumping) on it, which is unmanned, and which feeds its production to a



central processing or pumping platform is classified as a very low
consequence {(VLC) structure. (Unmanned gas-well platform)

Note that the above classification of the consequence levels has been
assumed for this study and may vary with a different interpretation by a
regulatory body or an operator for the platforms located in a particular region,
and with consideration of different functions and safety criteria.

The qualitative and quantitative methods should be based on the
major attributes identified in the previous section and the consequence

classification given above.

431 Qualitative Evaluation of Consequence Level

The qualitative evaluation of consequence level is aimed at its use at
screening cycle -1, where a decision on safety level of a very large population
of platforms is required. At this stage, it is likely that sufficient details of the
platform facilities may not be available and may require prohibitive cost and
time to obtain. Therefore, simple methods should be used to make a
qualitative assessment of consequence level of a platform.

A two stage qualitative assessment method is proposed for evaluation
at this screening cycle. The first stage is based on evaluation of the
significance of individual attribute discussed in Section 4.2 on the
consequence level. This provides a cut-off criteria, based on which the high
consequence and very high consequence platforms are identified quickly for
need of detailed quantitative evaluation at higher screening cycles upon
gathering of necessary details of the platform. The platforms which are not
considered to be of high consequence based on a single attribute are further
evaluated at screening cycle-1, with an assessment of the cumulative effect of

all the attributes on the consequence level.
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At screening cycle -1, the major attributes discussed in Section 4.2 are
evaluated for these three conditions. The various scenarios, which could

meet these conditions are further discussed in this section,

i Low risk or consequence to personal, property. and environment:

If a platform is unmanned, has necessary evacuation facilities intact
and operational, has no crude storage on its deck, and has safety valves
provided in its wells and risers, then it will have low risk to human and

environment.

i) No adverse effects on the safety of platform due to modifications in

topside facilities: If the production facilities on a platform have remained the

same as were originally planned, then its consequence level is likely to
remain the same unless the new regulatory guidelines dictate modified safety
standards and design of equipment.

As a normal practice, the topside facilities of a platform change over its
operational life, with addition or removal of equipment or instruments.
Additional risers and boat landings may be added to the structure, The
equipment on the deck may differ from those at its "as-design” state. In such

a case the impact of variations in major facilities on consequence level need

to be considered. The major changes which mav occur are; storage tanks for

'

¥

consumable or production, separators, COMPTessors, generators, pumps,
cranes, efc
A thorough investigation of a platform is required to make an

assessment of the above conditions. Such an assessment will be aided &

¥
e

completion of the data-sheets {(gathering platform data) for a platiorm, as

+

presented in Appendix-A of this study. These data-sheets have been prepared
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considering them to be completed by obtaining standard platform data

O

¥ 4]

provided by an operator, and they may require one or more site visit
update the operator supplied data. In the absence of operator supplied data,
the effort required to gather the details of a plattorm will be significant.
Alternately, 'databases' can be prepared and integrated with the eventual
expert system based on this methodology to provide default data for he

different platform locations.

4.3.1.1 Phase - A: Cut-off Criteria

In Phase - A, the emphasis is to establish the important conditions,
which would provide a cut-off criteria and identify the high consequence
platforms from low consequence platforms. The characteristics which would
classify a platform in one of the five consequence levels were listed in Section
4.3. These have been assumed for use in this study. Therefore, the cut-off
criteria should correspond to these characteristics.

The Figures 4.1 and 4.2 have been developed to demonstrate the
procedure to differentiate between high and low consequence platforms on
the basis of a single major attribute.

The cut-off criteria in Figure 4.1 is based on evaluation of the
likelihood of loss of life and environmental pollution. The likelihood of loss
of life is related to the operations of a platform, emergency evacuation svstem,
and the safety philosophy followed for the platform.

The environmental pollution as discussed in previous sections is

v

I’y

related to type of production wells, tvpe and function of risers, facilities on
deck and the safety equipment provided to remedy any negative influence

due to failure of these components of a platform.
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The platforms which are evaluated to have high iikelthood of loss of
life or environmental poilution in case of coilapse of a platform due to siorm
condition, would require detailed evaluation of its consequence and capacity
evaluation.  The platforms with low likelihood of ioss of life or
environmental pollution could be evaluated by qualitative process.

The cut-off criteria presented in Fig. 42 is based on evaluation of
likelihood of loss of resources and loss of property. The likelihood of loss of
resources depends upon the functions of a platform, production level,
importance of the platform to the overall production level from a reservoir,
importance of a platform to other platforms.

‘ The loss of property is related to the monetary loss due to failure of the
platform. The losses will be in terms of the cost of the platform to replace, if
required, contractual obligations of the operator.

The loss of resources and loss of property could be evaluated in
monetary terms. The platforms which do not show high likelihood of any
one of these losses would be evaluated for cumulative effect at Phase-B. Th

platiorms which show high likelihood would be evaluated in detail at

screening cycle-2.

4.3.1.2 Phase - B: Qualitative Evaluation

In Phase-B evaluation, the platforms whose consequence level is not

i
i
[+
o

o
0

3
iy
e

dominated by one or two major attributes are evaluated. The com
tevel of such platforms is determined based on a combined subjeciive
evaluation of the major attributes or conditions identified in Figures 4.1 and
4.2. Such an evaluation is based on the "attribute weighting” approach and is

done in the following way:
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U Identification of the major attributes, which significantly affect the

five categories listed in Section 4.3.

2} Allocation of relative weights to the different attributes. These

weights will represent the "Degree of Importance” for a categorv of

platiorms. These must be selected in consensus with the regulator and
other parties involved.

3) Allocation of grades for different attributes ‘or a candidate platform;

4 Evaluation of a comprehensive grade by summation of the products

of grade and weight for each attribute.

5) Identification of a subjective level (VLC, LC, MC, HC, VHC) on the

basis of comprehensive nurmerical grade fixed by the regulator.

The relative weights would change for a different geographic region
and with different interpretation by the regulator. A platform is likely to
have medium consequence level, in case of its failure (collapse) under the
APl-reference level load, when the following are met:

i) Low risk or consequence to personal, property, and environment;

) Adequate facilities provided for satety of personal, property, and

environment.

i)  No adverse effects on the safety of the platform due to

modifications in the topside facilities.

4.3.2 Quantitative Consequence Evaluation:

At screening cycles 2 to 4, a quantitative estimate of the consequence
level of a platform is required. The Objective is to make a quantitative
consequence estimate of the platforms which are with high and very high
consequence level, or which were classified as "Marginal” or "UFP” in the

first screening cvele.

s
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A quantitative estimate could be made in two distinct wavs, as follows:

1. Monetary evaluation;

2. Utility evaluation.

Note that it is very difficuit to incorporate loss of life ete. in monetary
terms. In such cases, a utility method is beneficial. In this project, as the
emphasis is on use of this approach by the regulatory bodies, ‘utility theory-
decision analysis” approach has been applied for evaluation of the
consequence levels at the higher screening cycles.

The potential consequences are assessed in monetary terms and are
converted to a utility scale as shown in Fig. 4.3 [Bea, 1990]. The relationship
between monetary and utility scales can be linear or non-linear. The linear
scale represents risk neutral effect of the cost associated with the attribute on
the utility (or consequence). A non-linear scale represents risk adverse or risk
attractive effect of the cost associated with the attribute on the consequence
level. The inconsistent effect of different magnitudes of an attribute on a
consequence is reflected by a non-linear relationship.

The importance of a consequence (preference, priority) could be decided
by the regulator. However, based on an expert's opinion, general values for
the different consequences will be included in this method. It may be noted
that the relative importance of the consequences may differ among the
regulatory bodies, between a regulator and an operator, and for different
geological areas. It may be possibie that the DOT for consequences decided by a
regulatory body today may vary in time, depending on the ‘public-
political"awareness, needs, and concerns. Hence, the preference order could

change with time.
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44  Summary:

Qualitative and quantitative methods for evaluation of the
consequence level of a platform were discussed. The consequence level of a
platform is based on a number of factors which affect personnel,
environment, resources, and property. The consequence level varies with
the geographical region.

In the Gulf of Mexico, there is very less likelihood of loss of life and
environmental pollution, because the normal practice is to evacuate the
platforms before storm warning and that the wells and risers are provided
with safetv valves.

" The plattorms with high consequence level could be distinguished
from low consequence platforms by cut-off criteria presented. A cumulative
effect due to various characteristics of a platform could be assessed by a matrix
procedure, in which the user may choose the degree of importance of
different consequences for the platform evaluated.

The quantitative method based on utility theory-decision analysis
would provide satisfactory results at higher screening cycles, by including loss
of life and environmental pollution in utility terms.

More work is required to develop the methods for evaluation of the

consequence level. Such effort should be done in concurrence with MMS and

other parties involved.
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CHAPTER 5
FITNESS FOR PURPOSE EVALUATION

A method for Fitness For Purpose (FFP) evaluation of a platform
should provide a basis to make the following decisions:

- The platform is safe for continued production;

- The platform requires more refined estimations of its capacity and

consequence levels;

- The piatform requires structural strength upgradation or reduction in

the loads acting on the platform;

- The platform is unsafe for current use under its existing state and

parameters, and may be considered for an alternate application;

- The platform may be abandoned and decommissioned.

No such method is available in public-domain for use by the offshore
regulatory bodies and the industry. Such decisions so far have been made
based on re-assessment of deterministic structural strength of a platform. In
such an approach, the consequence dimension is reflected in the code
specified factor of safety.

The approach followed in this study is based on a compre}tensive
probabilistic evaluation of fitness for purpose of a platform using the
estimates of capacity and consequence levels. The approach described here
has some similarities to the approach followed in a joint-industry program
Assessment, Inspection, and Maintenance (AIM) [Bea and Smith, 1987, Bea et

al, 1988].
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In this chapter first the important characteristics of FFP evaluation are
discussed. Then the methods suggested for qualitative and quantitative

evaluations are discussed in detail.

51 Introduction

The Fitness for Purpose (FFP) evaluation could also be called as the risk
assessment phase in re-evaluation of the safety of a platform. It is based on
two important premises: "Risk Identification” and "Risk Acceptability" for a
type of platform. Fitness for purpose of a platform could be decided based on
identification of its risk of failure against one or more initiating events and
comparison of the platform's risk level with the risk level for that region
acceptable to the public-regulatory bodies.

The risk identification phase requires development of a decision
making method based on a combination of the capacity (RSR) and
consequence levels for a platform, whereas the risk acceptability phase
requires development of a method to differentiate between the acceptable and
unacceptable risk levels from the public-regulatory perspective. In this study,
it has been assumed that the "acceptable risk level," corresponds to the risk
level acceptable to a public-regulatory body for a "new design” platform, and
the "marginal risk level” corresponds to the risk level acceptable to the
public-regulatory body for an "old platform.”

Conventionally total risk is represented as the product of "likelihood of
failure” and "consequence of failure.”

RISK = I [Likelihood of Failurel; x [Consequence of Failure]; ...(5.1)
where 'i’ represents a failure initiating event. The likelihood (probability) of
failure of a piatform can be inverselv related to its RSR, which could be

evaluated as described in Chapter 3. Consequence of failure of the platform is



evaluated as described in Chapter 4. A decision on the fitness for purpose of a
platform is then based on a comprehensive assessment of its RSR and
consequernce levels.

This study focuses on the risk associated with overload from storm
waves or hurricanes. The total risk associated with a platform will be a
summation of the risk associated with the different load sources such as
hurricane, earthquake, fatigue (normal waves), fire, dropped objects, ship
collision, etc.

On the basis of total risk equation 5.1, a platform with a high likelihood
of failure (or a low RSR) and a low consequence level could have a risk level
similar to that associated with a platform with a low probability of failure (or
a high RSR) and a high consequence level. It seems pragmatic, because a
platform with a high RSR is likely to represent 2 more redundant structure,
for which failure of one component is not likely to lead to the formation of a
mechanism, and therefore it could be subjected to higher consequence level
and meet the safety level acceptable to the public-regulatory bodies. This
philosophy has formed the basis in development of the methods presented in
this chapter for FFP evaluation.

The likelihood of failure is proportional to inverse of RSR of a
platform, which was discussed in detail in Chapter 3. RSR for a platform is
determined based on the estimates of loads acting on it and its strength. As
discussed in Chapter 3, the nominal estimates of load and strength of a
platiorm have associated uncertainties (biases and variances) due to various
sources. Therefore, a failure probability (i.e, the probability of load or
demand exceeding the strength level) would be associated with the nominal
capacity (RSR) due to randomness of physical phenomenon and lack of

precision in evaluation of parameters and quansities.
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On the contrary, the factor of safety, specified by the codes and used in
the conventional design, is a deterministic quantity, because in its evaluation
the uncertainties in its parameters are not considered. Therefore, a failure
probability would be associated with the deterministic factor of safety and the
factor of safety could be considered as a "nominal” measure of structural
safety.

The correctness of the assessment in these two phases will depend on
the accuracy of the input data of the parameters considered in the capacity and
consequence levels. The bias associated with FFP evaluation for a platiorm
would depend upon the biases associated with the capacity and consequence

estimates made at each cycle of the screening process.

5.2 Qualitative Evaluation:

The screening methodology presented in Section 1.4 is based on a
comprehensive evaluation of capacity and consequence evaluation at
different screening cycles. At screening cycle-1, a qualitative evaluation of
capacity (RSR) and consequence (C) levels is made. The capacity and
consequence levels evaluated in screening cycle-1, on the basis of the
procedures discussed in chapters 3 and 4, are classified in five categories
ranging from very low to very high. The following basis was assumed in this

study for forming a qualitative classification of the capacity and consequence

levels.
Category Capacity (RSK Conseguence (C)
VH > 1.50 > 300
H 1.25 - 1.50 100 - 300
M 1.00 - 1.25 40 - 100
L 0.80 - 1.00 18- 40
VL < U.8C < 10




The above classification has been assumed for this study to
demonstrate the process. A user may elect to consider different ranges for
very low to very high capacity and consequence levels, depending on
particular characteristics of a platform and the desired safety level.

These estimates for a platform are then compared in a diagram similar
to that shown in Fig. 5.1 and a qualitative estimate of fitness for purpose (FFP)
of a platform is made. Based on this diagram, the platforms will be screened

into three categories: Fit for Purpose (FFP), Unfit for Purpose (UFP}, and

Marginal.
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Figure 5.1: Capacity - Consequence Evaluation (Screening Cycle -1B)



In this case, the risk acceptability has been simply based on equation 5.1
and the values given in the above table.

If the combination of capacity and consequence levels for a platform
falls in the FFP zone, the platform exits the re-assessment process (Fig. 1.2)
with recommendation of implementation of the proposed IMR program. If a
combination of capacity and consequence levels falls in the UFP or Marginal
zones, the safety-assessment should be performed at the next screening cycle
(coarse quantitative) upon obtaining necessary data and details of the

platform, and with more refined estimates of capacity and consequence levels.

A quantitative evaluation of the FFP of a platform is made at screening
cycles 2 to 4. Such characterizations of FFP is derived from the safety index

formulation discussed in detail in Chapter 2 and given as below:

Mean Safety Margin In [Ryy / Sl
Safety index, B = = (5.2)
Uncertainty Level [{Owmr P +(Ons )22
where, Ry, = Median ultimate strength of a platform
Sm = Median load effect on a platform
(Cinr, ) = Variance of log of the median ultimate strength

§

(P Variance of log of the median load effect
The above expression can be rewritten in the following form:
Bpn = Sm exp (o)
where ¢ represents combined standard deviation for Ry, & Sy Upon dividing

both sides of the equation by RSER, it becomes

(Rm / RSR) = (S / RSR) exp (B &)

4R



where RSR represents true RSR equal to the ratio of median ultimate

strength divided by true estimate of reference level force (S,). Therefore,

the above expression reduces to:

S¢ = (S / RSR) exp (B o)
or RS5R = (54/5) exp(Bo
or RSR = FR exp(Bo) (5.3
where FR is a force ratio, B is a safety index (a measure of the platform
reliability), o expresses combined standard deviation in the loadings and
capacities of the platform, and RSR is the true (mean) reserve strength ratio.
As discussed in Chapter 2, R and S follow log-normal distributions, and thus
ihe‘abcve expression could be represented as shown in Figure 5.2.
E(S)ﬁ i Po )

or 2330,
f(R)

o B R T T S I

ey N w
I Sm in5, ian nSorinRk
inSr B EI"lSu)Q
(RSR / FR} = R/ Sy
= exp(Bo )

Fig. 5.2: Probability Distribution of Expected Annual Maximum Wave Height
and Expected Ultimate Strength of Platform

The uncertainty measure, ¢ is obtained by combining the standard deviation

of the log of the loading, ¢, and the standard deviation of the log of the
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capacity, og. The standard deviation (or variance) in the consequence level of

a platform could also be included in ¢ as follows:

S = [(Onr)? +(0ns )7 + (G012

The force ratio is the ratio of the median anaual expected maximum
force on the platform, Sy, to the reference level force, S.:

FR = 84 /8, 5.4)

S, would normalily be represented as the load value with 0.01 or 1%
probability of exceedence per year or which is exceeded once every 100 vears.
Sm represents the median load acting on the platform.

The expected annual maximum wave force is assumed to follow a log-
no‘rmai distribution, due to the properties of the central limit theorem for a
model with the multiplication of a number of parameters. In an assumed
log-normal probability distribution of the expected annual maximum wave
heights at the platform site as shown in Fig. 5.2, the probability of exceedence
of 1% would correspond to the value at (2.3263 x standard deviation) above

the median value, S,.
InS, =1In Sy + 233 o,

nGm/5) = -233 o

FR = exp(- 233 o)) ..{5.5)

Therefore, the force ratio (FR) at 1% probability of exceedence ;iepends
only upon the variance in the loads acting on a platform. In case of 2%

probability of exceedence (or 50 year return period), the 50-vear return period

force level will correspond to the value at (2.05 ¢} above the median value,
and the force ratio, FR = exp (~ 2.05 ¢_). In case of 5% probability of

exceedence {or 20 year return period), the 20-year return period force level

will correspond to the value at (1.65 o) above the median value, and the force

ratio, FR = exp (-~ 1.65 o).



The difference in values of force ratios, FR with the return period and

variation in lead effect standard deviation (o) is demonstrated in the

following tabie.

Force Ratio, FR for

T Si00 Sz Sy
0.25 0.560 0.600 0.660
0.50 0310 0.360 0.440
8.75 0174 0.215 £4.290
1.00 0.097 0.129 0,190

From the above table, it is noted that change in force ratio (FR) is more
significant due to change in the uncertainty level associated with the load
effect than due to change in the return period associated with the annual

maximum wave height distribution.

S,, corresponds to the load due to the annual mean wave height, H, at
the platform site with a standard deviation (o). The standard deviation of
the expected annual maximum wave force (median load), ¢, will include the
uncertainties due to inherent randomness of parameters and modelling as
described in section 2.3.3. The maximum total lateral force developed on a
platform, Sy, is a function of the expected annual maximum wave height,
H_, raised to an exponent o, then: ’

S_= Ky K, (H )% .. (5.6)
where Kp is a hydrodynamic force coefficient, and K| is a wave-current
kinematics integrating coefficient. The wave height %X?éﬁ%&% {a) is
approximately equal to 2.0 for drag force dominated platforms and designed
according to API-RP-2A guidelines. The value of & could be as high as 2.5 for

the platforms with wave into the deck. More details in evaluation of §_ were

given in section 2.3.

I



The median annual maximum wave force corresponds to the 50th
percentile value in a cumulative wave height distribution, F(h). The average
return period, ARP, associated with the median wave height can be
determined from the foliowing formulation:

1/[1-F(H)] A

i
~}

ARP

i

1/11-035] = 2 years

f

where F(H) expresses that the annual expected maximum wave height, H, at a
structure location is equal to or less than a given value, h. Hence, the median
value of the annual maximum wave force distribution would represent the
wave force level corresponding to the lateral force based on a 2-year return
period wave fieight. Therefore, B in expression 5.3 would represent a safety
level against the maximum expected annual force level.

The RSR expression in (5.3} can be rewritten upon substitution of FR
from expression (5.5) as follows:

RSR = exp{fo -233 o) {5.8)

This description of RSR is demonstrated pictorially in Fig. 5.2.
Therefore, RSR essentially depends upon the uncertainties in load (load
effects), strength, and consequences, and the acceptable annual risk level for a
platform. Normally, the standard deviation or variance in load (load effects)
on a platform is very high compared fo the variance in strength. !So, the
variance in load (load effect) plays a major role in the evaluation of an
acceptable RSR. The uncertainty level associated with loads (load effects)
would vary for a type of platform, water depth, and the computation method.
In addition, it also depends upon the uncertainties associated with the

prediction of annual maximum wave height for the particular site.



Hence for the given characteristics of a platform, a safety level
acceptable to a public-regulatory body or the RSR required for a platform
could be obtained.

B reflects the desirable level of reliability for a platform. The safety
index is fundamentally a function of the level of consequences associated
with the failure of a platform. Utility, cost-benefit evaluations and historic,
standard-of-practice evaluations can be used to define this quantity. A
detailed description of these methods for evaluation of these two methods
has been covered by a number of researchers. The specific works reported by
Bea (1990), Jordaan (1988), Melchers (1987), Reid (1990), Vrijling (1989} are
reiajted to this study and have been used in the following descriptions of the
acceptability criteria. _

The safety index, § is related to the probability of failure (P;) of a
platform by the following standard normal distribution \zero mean and unit
variance) [Melchers, 1989]:

Pr=PR-S50) = P(Z<0) = ®(0-p) / 5,
where Z = Safety margin

Hz = HUR- s

(0212 = [og? + [o5]2
The above equation could be written as follows:

Pe = @L-(ur- us) / {(op)2 +(09H172 | = @ -]
or  Pi=1- &[B] L(5.9)

i

The values of 8 and @ [- B] for the standard normal distribution N{0,1)
are given in a table in Appendix -D for ready use. Alternately, it could be
cbtained by the following formulation which gives good results for B between

1 to 3 [Bea, 1990].

P¢ = 0.475exp [ - §16]

£ W




or B = [-In(2.105 Pyjoezs 510

The probability of failure in the above expressions, which would be
acceptable to the public-regulatory bodies could be obtained by comparison
with the historic risk acceptable to the society for offshore platforms in a
particular geographical region, or by utility (cost-benefit) evaluations.

Socially acceptable level of risk: Bea (1990) utilized the

characterization presented by Whitman (1984), as shown in Fig. 5.3, which
summarizes annual probabilities of failure and consequences associated with
a wide variety of engineered structures and facilities. The probabilities of
failure have been based on historic rate of accidents (failures) and the
consequences are based on the ranges of monetary costs, and/ or fatalities that
have been associated with the accidents. The two lines shown in Fig. 5.3
could be termed as "acceptable” or "marginal” combinations of likelihood of

consequences. These lines have been expressed anaiytically by Bea (1990) as

follows:
Py = 10-(0.7410g C+ 1.12) -(5.11)
Pgm = 10 -(0.60log C +0.95) -{5.12)

where Py represents the tolerable annual probability of failure, Py is the
marginal annual probability of failure, and C is the present value of. the total
cost or the number of fatalities or a combination thereof associated with the
failure of a platform.

The positioning of the two lines in Fig. 5.3 would vary depending on
the geographical location and with the trade-off between consequences and
risk acceptable to the parties involved. Note that over a period of time, the
risk level acceptable to the society could change due to socio-political reasons.

In such a case, the formulations presented above would have to be modified.
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Utility (cost - benefit) evaluation: The cost-benefit evaluation provides
an analytical approach based on which the acceptable risk level (or probability
of failure) could be determined corresponding to the minimum cost or
maximum utility of a platform. The details of this evaluation has been
covered by Stahl (1986), Bea (1990) and others.

The approach is based on determination of expected total associated
with failure of a platform, which is computed as summation of the products
of present value estimates of individual costs and the likelihood of
experiencing those costs. |

E{CY = EWC) + EWCp .(5.13}
or E(Cy = C + [Ci(PVF)] Py .(5.14)

where, C; represents the initial cost associated with the platform and the risk

I

[0

cost (Cy, a consequence measure) would include the costs associated with
injuries and fatalities, environmental damage, productivity loss, property
loss, and resource development loss. PVF represents the present value
function used to discount the future risk costs listed above to the present
value. Pfa represents the annual likelihood of experiencing these costs.

The initial cost could be written as follows:

Ci = Cy + Clogyg Py ~{5.15)
where Co and C are the constants as shown in Fig. 5.4. The cost of a safer
structure increases linearly with {-log Py = log (1/ PJ).

By substituting the above equations (5.14 and 5.15) into total cost
equation (5.13), and optimizing for maximum utility the equation w.r.t. Py, by
differentiating and equating to zero, we would obtain the following

expression:
Pey = 0435 /[{PVF) (CRY] ..(5.16)
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where CR is the ratio of C; and C. C represents the cost needed to decrease the

annual probability of failure for the platform by a factor of 10. C equals the
slope of C; in Fig.5.4.

Upon eualuation of the acceptable probability of failure, Peyof a
platform by equation 5.16, the required safety index could be determined by
equation 5.9 by using the standard normal distribution table provided in
Appendix-G.  Alternately, safety index, § could be determined by using
simplified equation 5.10. In this way, we would obtain the acceptable safety
index. |

If the marginal probability of failure is considered as two times the

acceptable probability of failure, then
Pim = 0870 /[(PVF) (CR)] {517

From the history of failure of offshore platforms due to various
reasons, it has been reported that approximately 20 % of all the failures are
due to storm waves [Bea, 1990]. In this study, the failures of platforms due to
storm waves have only been considered and 20% failure probability has been
assumed to demonstrate the process, and the following expressions for
acceptable and marginal probabilities of failure have been used.

Pg; = 0.087 / [(PVF) (CR)] -(5.18)

Pin = 0174 /[(PVP) (CR)] .{5.19)

Upon substituting these values of P¢ in equation 5.10, the following
expressions for acceptable and marginal safety index are obtained: |

Ba = [-In {0.183 7 (PVF) (CR))j0.625 (5.20)

Pm = [-In {0.366 / (PVF) (CR))}0-625 -(5.21)

In order to perform a more realistic establishment of the acceptability
criteria, it would be prudent to do more research on the sources of failures for

different kinds of platforms, .8, well platforms, production platforms,

bw




process platforms, living quarters platforms, riser platforms, etc. and establish
more realistic likelihood of failure associated with the storm waves. Note
that the consequences for each of these platforms would vary. Therefore,
difference in acceptability criteria could result.

Given these characterizations of acceptable and marginal safety index, 3
(5.20, 5.21), and the values of uncertainties associated with load effects,
strength, and consequence levels of a platform, the corresponding acceptable
and marginally acceptable values of RSR could be determined by using the
formulation derived in equation 5.3. From the equation 5.3, the definition of
t?te acceptable, marginal, and unacceptable combinations of RSR and
consequences (reflected in the safety index by product of PVF and CR), for the
given force ratios and the loading-strength-consequence uncertainties could
be obtained.

Force ratio (FR) can vary with the platform, its location, and water
depth due to variation in uncertainty levels associated with load effects (cg).
For the Gulf of Mexico, in medium to shallow water depth range, FR is likely
to vary between 0.1 to 0.3. Loading-strength uncertainties (¢) can vary with
the platform, and the extent of information on the present condition and past
loading experiences of the particular structure. The safety index can vary as a
function of the non-hurricane related hazards (fire, explosions, blow-outs,
collisions), that can threaten the safety of a platform. The influence of
variations in these parameters on the acceptability criteria is studied in detail
in the next section.

Note that the RSK in expression 5.3 is based on the median values of
load and strength and thus all the biases associated with the nominal
estimates of load and strength should be included when using this

formulation. The biases could be included by the following expression:

o e e



RSR = (RSR,) (BRygp) .(5.22)
where RSR, is obtained by the methods described in Chapter 3. BR would

vary with the method used in evaluation of RSR, and on the characteristics

of a platform. RSR obtained would represent the true RSR of a platform, and
it should be used in making a decision on the safety level of a platform.
Example: An example representation of equation 5.3 is shown in Fig. 35. In
this example the load uncertainty and the strength uncertainty have been
assumed as 0.75 and 0.25 respectively. Therefore, the total uncertainty level
(0) is 0.79. It has been assumed in this example that 20% of the total risk is
associated with the hurricane load and rest 80% of risk is associated with the
other load sources which have not been considered in this study. Therefore,
in this example (Posiorm = 0.2 Poiotal Corresponding to load uncertainty of
0.75, the force ratio, FR would be 0.17 by equation 5.5. In this example, the
consequences (C} have been considered in monetary terms and are
represented as products of present value function (PVF) and cost ratio (CR).
Then utilizing the formulations presented for acceptability criteria (acceptable
and marginal safety index), the acceptable and marginal RSR values for a
particular consequence level are determined. These results have been plotted
in Fig. 5.5.

Based on the availability of the improved data for a platform Iat higher
screening cycles and due to reduction in the load-strength-consequence
uncertainty level, equation 5.3 would change. Therefore, the positioning of
the two lines shown in Fig. 5.5, which defines the acceptable and marginally
acceptable safety level of platforms to the public regulatory bodies, would also
change. In addition, the width of the marginal safety band would also change

with uncertainty level.
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The platforms which fail to qualify as FFP at a screening cycle would
need one of the following actions:

a) to carry out an evaluation of RSR at a higher screening cycle with

improved techniques, with associated reduced uncertainties:

b} to take the steps to increase the RSR level or reduce the consequence

level;

¢) to decommission the platform.

In the next section, a parametric study performed for the influence of
variations in load, strength, and consequence parameters on making a

decision on safety of a platform is presented.

54 Parametric Study

In this section, a parametric study of the characterization (equation 5.3)
used for fitness for purpose evaluation of a platiorm has been made. This
formulation is given as below:

RSR = FR exp (Bo)
where, RSR represents desired level of reserve strength of a platform, FR is
the ratio of the median annual wave force to the reference level wave force, B
represents the safety index for the platform acceptable to the public-regulatory
bodies, and ¢ includes the variance in the estimates of load, strength, and
consequence for a platform.

The median annual force corresponds to a Z-year return pezééé force
level. The standard deviation associated with load effects varies between 0.50
to 1.00 for the Gulf of Mexico (Olufsen and Bea, 1990]. Therefore, FR would
vary between 0.1 to 0.3.

The safety index could be expressed as proportional to the inverse of

the probability of failure of a platform. Therefore, it would vary with the



probability of failure for a category of platforms in a given geographical region
acceptable to the public-regulatory bodies. The consequence level of a
platform embedded in the expressions of acceptability criteria would vary for
a similar platform but in different geographical region.

Total Py of a platform is dependent upon various sources of failure of a
platform, such as environmental overload, collision, dropped objects,
blowouts, fire, explosions, war (missiles), etc. In this study, the sole hazard
source considered is wave storms or hurricanes. From previous database
available on failure of the platforms related to various hazard sources, it has
been observed that approximately 20% of the failure or damages occurred
fmm Wwave storms or hurricanes [Bea, 1990]. However, it would vary with the
structural characteristics of a platform, design criteria acceptable to regulatory
bodies, geographical region, and various other factors discussed earlier.
Therefore, in this section, a range of 20% to 100% has been considered for the
risk level associated with wave storms or hurricanes.

The standard deviation (an uncertainty measure) varies for different
screening cycles due to the state of knowledge of platform and environment,
and the methods involved in computations of load, strength, and
consequence. The standard deviation would be the highest for screening
cycle-1 and lowest for screening cycle-4. At screening cycle-4, the type-II
uncertainties would reduce significantly and the standard deviation would be
closer to the type-I standard deviation. In order to demonstrate the influence
of variation in standard deviation on FFP evaluation, a range of ¢ from 0.0 to
1.0 has been taken.

The parametric study presented in the following sub-sections is based

on standard deviation in load and strength only. This study has been



demonstrated on an example platform taken from published literature [Beg et
al, 19881,

As the consequence level influence B or P¢, the uncertainties associated
with the evaluation of the consequence level would also influence the o and
the allowable and marginal RSR.

In this study, the fitness for purpose of a platform is evaluated against
the environmental overload. In addition, the emphasis is on the suitability
of the structure instead of the cost effectiveness to produce the remaining
reserves. An important point to note here is that, by following this
methodology, the adequacy of the platform structure to sustain the
environmental overload can be evaluated. Thereafter, a decision to produce
or not-produce may also require a cost-benefit evaluation of the risk
mitigation measures or of the measures needed for salvage of the platform by
an cperator. Alternatively, an operator may modify the acceptability criteria
and more detailed consequence evaluation for that particular platform and
make a decision on the basis of methodology presented in this study.

The parametric study in this section is based on an assumption that ¢
depends upon the variances in load and strength estimates only. An example

platform has been taken from the published literature to describe the results.

5.4.1

The standard deviation (5, } of the strength is kept constant at 0.25 and
the standard deviation of the load effects, Gy corresponding to the reference
level force is varied from 0.5 to 1.0. Hence, the combined standard deviation
(0) would vary from 0.56 to 1.03. The force ratio, FR would vary from 0.10 to

U.31 for the load effect uncertainty varying from 1.0 to 0.5 respectively.
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The FFP expressions for acceptable and marginal § values obtained by
utility-cost benefit evaluation have been used. For different consequence
values between a range of 1 to 1,000, which represents utility effect in this
case, the acceptable and marginally acceptable values of RSR have been
obtained using expression 5.3 and substituting values of B, g, 0. Such curves
were developed for g values as 0.50, 0.75, 1.0 and are shown in Fig. 3.6. From
this Figure, the following observations could be made:

By variation of the standard deviation of load effect the width, location,
and slope of marginal zone would change as shown in Fig. 56. The curvature
of the marginal zone increases with an increase in the standard deviation of
the load effects and its width would be more for high consequence level than
due to the low consequence level. The marginal band tends to move towards
nearly linear relationship between RSR and consequence levels, with
reduction in variance associated with load effects. From computations, it is

found that for o4 equal to 0.25, 2 nearly linear relationship exists within

ranges of RSR as 1.0 to 2.0, and of consequence as 1 to 1,000.

For illustration purpose, for og varying between 0.5 to 1.0, the ranges of
RSR are measured corresponding to ranges of consequence measure (PVE x
CR). In case of high consequence level (between 100 to 1,000), the required
RSR would range from 1.6 to 3.0. In case of moderate consequence level
(between 10 to 100), the required RSR would range from 0.85 to 2.4. For low
consequence level {between 1 to 10), the required RSR would range between
0.25t0 1.2,

For a platform falling in high consequence zone, a significantly high
RSR would be required to satisfy the acceptability criteria required by public-
regulatory bodies, when the uncertainties associated with load effects are

nigh.  For example in Fig. 5.4, when consequence level for a candidate
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platform is 20, the acceptable RSR would be 2.0, 2.50, or 3.05 for load effect
uncertainty of 0.5, 0.75, or 1.0 respectively. Therefore, implementation of
measures to reduce uncertainty in load effects could be a cost-effective
measure for such a platform.

For a platform falling in the medium consequence zone, the location of
the marginal band and its width do not vary significantly for the different oy
levels. For example, for a platform with consequence level of 20, the
acceptable RSR to meet the safety criteria by regulatory bodies would be 1.3,
1.35, or 1.55 for o of 0.5, 0.75, or 1.0 respectively. Hence, reduction in load
effect uncertainty may not necessarily make a platform fit for purpose.

At low consequence level, the required values of acceptable and
marginal RSR increase with a reduction in 4. It is observed that when the
standard deviation is very high, a platform with even very low RSR could be
classified as FFP.

From this parametric study, it is observed that use of sophisticated
methods for evaluation of load effects would be desirable for platforms with
high consequence levels. For such platforms, an investigation to nearly

eliminate type-II uncertainties (modelling uncertainties) could be a cost

effective measure.

The uncertainty level associated with the cltimate strength of a

platform, oy is assumed in this section to vary from 0.05 to 0.55, and the ipad
uncertainty, og is assumed constant at 0.75. It implies that force ratio, FR is
equal to 0.17 and total uncertainty level would vary between 0.75 to 0.90. The

FFP criteria equations are plotted on Fig. 57 for different values of

onn
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consequence level and strength uncertainty level as 0.05, 0.25. and 0.75
respectively.

From Fig. 5.7, it is observed that the width of marginal safety band does
not change significantly for a particular level of strength uncertainty due to
changes in RSR or consequence levels of a platform. Whereas, it was found
significant in case of load uncertainty. The reason for this difference is that
FR is determined on the basis of load uncertainty level.

For a particular consequence level for a platform, the acceptable RSR
values would differ and a consistent variation in RSR is noted.

From Fig. 5.7, it is seen that the variation is nearly linear in case of low
C(;nsequence platforms, and the relationship (RSR vs. consequence) becomes
curvilinear with increase in consequence level. In case of high to very high
consequence piatforms, a significant benefit could be achieved by reduction in
strength uncertainty level.

From Fig.5.7, it is cbserved that for a consequence level equal to 20, the
RSR should exceed 1.23, 1.45, and 1.85 for strength uncertainty levels as 0.05,
0.25, and 0.50 respectively. to meet the public-regulatory combined.  For a
consequence level equal to 200, the RSR should exceed 2.1, 2.45, or 3.5 for
strength uncertainty level of 0.05, 0.25, or 0.50 respectively. !

From this study, it is found that a reduction in strength uncertainty of
members would be a cost effective alternative to improve safety of a platform.
Note that the strength uncertainty level of 0.50 could occur for a kg}%&%i‘@?m
with damaged members. For a platform with medium consequence level of
20 and with an increase in strength uncertainty level from 0.25 to 0.5, the
required RSR would be approximately 32 % higher than would be needed for

a case with strength uncertainty of 0.25. On the contrary at this conseguence



level, the required RSR would be only 14 % less for a case with oy of 0.05
when compared to the base case with oy of 0.25.

The old existing platforms, which in some cases are corroded, cracked
at joints or welds (fatigue effect), deteriorated, etc., the strength uncertainty
level is likely to be high. Therefore, in such cases, a significant benefit could
be achieved by a more detailed determination of the as-is damaged state of the
platform. Improved models for strength evaluation of damaged members

could be applied in order to reduce uncertainty level and thus improve the

likelthood of FFP classification of the platform.

The base case shown in Fig. 5.3 was based on an assumption that the
wave storm loads correspond to only 20% of the total risk associated with the
platform. The rest 80% of the risk may be associated with likelihood of failure
of the platform due to other sources such as: earthquake, boat/ ship/
submarine collision, dropped objects, fire, etc.

The percentage risk associated with wave storm influence the
acceptability criteria as demonstrated in section 5.3. In this sub-section, a
parametric study is presented for a case, when measures have been taken to
eliminate risk to the platform due to all other sources except the risk due to
wave storms. Therefore, in such a case the risk level associated with storm
loads could be taken as 100% (Pt yprm = L0 Proral) -

In such a case, the safety index equations for acceptable and marginal

would change as follows:
(Badstorm = [-In {0.915 APVF x CR)}J0-625

égmigtgrm = [“Eﬂ {1.83 [IPVF x CR)}I&éZS



Based on these, the FFP characterization is plotted as shown in Fig. 5.8
and compared to the base characterization with only 20% risk level associated
with storms.

From this figure, it is observed that for a platform with consequence
level equal to 50, the required RSR would reduce to 1.1 for 100% storm risk
case compared to 1.8 for the 20% storm risk case. It corresponds to 40%
reduction in required RSR for the platform to be classified as fit for purpose at
a consequence level of 30.

Therefore, in case of old, damaged platforms with reduced crude flow
rates and reduced remaining reserves in the reservoir, a cost-benefit
evaluation of the various measures which could reduce or eliminate other
risks associated with the operation of the platform and the measures required
to upgrade the platform to increase its RSR could become a fruitful exercise.
In some cases, it may turn out to be cost effective to reduce operations on a
platform than to carry out ex£ensive underwater operations to increase

strength of the platform.

55 Summary

Reliability based method for fitness for purpose evaluation of a
platform in its existing state has been presented. The fitness for purpose
evaluation is based on risk assessment and risk acceptability phases. The risk
level associated with a platform in its existing intact, deteriorated, or damaged
state is determined by evaluation of its likelihood of failure and the
consequences associated with its failure. The likelihood of failure of a
platform is dependent upon its capacity level. The capacity level and
consequence level for a platform could be determined by qualitative and

quantitative methods discussed in Chapter 3 and Chapter 4 respectively. The
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corresponding methods for qualitative and quantitative assessments of fitness
for purpose of a platform were presented in this chapter.

The assumed ranges based on qualitative evaluations of capacity and
consequence levels are presented, which could change with preferences of a
regulator, operator, or user for a particular geographical region and type of
platform.

The characterization of the quantitative method for fitness for purpose
evaluation originates from well known safety index formulation used in
conventional reliability analysis. Its derivation is given in full detail, and the
primary variable parameters are identified. The parameters are: reserve
stréngth ratio (RSR), uncertainties (bias, variances) in load and strength
estimates, consequences, and acceptable annual risk level.

The risk acceptability to the public-regulatory bodies depends on
several factors and could be obtained by comparison with the historical risk
acceptable to the society for offshore platforms in a particular geographical
region, or by utility (cost-benefit) evaluations.

The characterization was demonstrated for an example platform. A
parametric study was presented for variations in important parameters. [t
was demonstrated that significant advantages could be achieved by reduction

in uncertainty level associated with load effects and by reduction in the risk

level associated with other hazards.






CHAPTER 6

RISK MANAGEMENT PROGRAM

A risk management program is needed for a platform to maintain it in
a fit-for-purpose (FFP) state over its remaining life to perform the originally
planned or modified operations. In order to undertake such a program on a
continuing basis, the following tasks are the most important:

1) to periodically obtain the details of a platform in its "as-is" state;

2) to obtain and evaluate the effectiveness of the proposed Inspection,

Maintenance, and Repair (IMR) program for a platform and to check

that it meets the regulatory guidelines;

3) to evaluate the influence of defects, damages, and modifications

{physical and operational) made to a platform on its capacity and

consequence levels;

4} to evaluate the various means to upgrade the safety level of the

platform and to improve its safety level from "UFP" and "Marginal®

zones to the "FFP" zone;

5} to select an optimum program to maintain the safety level of a

platform based on its cost-benefit evaluation. |

These important tasks could be considered to fall into "Risk
{dentification,” "Risk Assessment,” “Risk Mitigation,” and "Risk
Maintenance” phases. These tasks are important for several reasons: to
prevent economic losses through accidents liable to cause a production
shutdown or loss of operation; to meet the requirements of government

regulatory, insurance companies and certifying bodies; for owners benefits;

[
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and to ensure a provision of the required measures for satety of the site
personnel.

The "Risk Identification” phase requires implementation of a periodic
survey/ inspection program and maintenance of records. The recommend-
ations for in-place surveys to monitor the adequacy of corrosion protection
system and to determine the condition of a platform are covered in API-RP-
2A Section 14. The different survey levels, frequency, and important
considerations are covered in these guidelines, which are followed by the
regulatory bodies [MMS]. Some important considerations in establishing the
condition of a platform are discussed in Section 2.2 of this study.

The "Risk Assessment” phase involves determination of the effects of
changed conditions of a platform on its capacity and consequence levels. The
changed conditions are obtained from review of as-installed drawings, design
basis, and inspection records for a platform. In this phase, the influence of the
changes in a platform on the attributes covered in Sections 3.2.2 and 4.2,
which determines the capacity and consequence levels respectively, are
evaluated. The effect of some of the deterioration and damage tvpes on the
capacity of a platform are covered in Section 2.4.

The "Risk Mitigation" phase focuses on identification and selection of
the suitable techniques to reduce the risk level associated with a structure,
The risk level can be reduced in several ways as discussed in Section 6.4.

The "Risk Maintenance” phase involves the rmeasures needed to
implement the selected risk-mitigation measures and to make 2 decision on
the period for implementation of the next risk management cycle. It also
includes planning for unforeseen events for a platform.

These four phases in a risk-management program for a platform have

been studied by various researchers and in many recent joint industry
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projects. The important considerations related to this study have been
discussed In the following sections in this chapter. Some of the prominent
works have also been reviewed and discussed in these sections. In the
literature, the tasks in the four phases have been sometimes referred to as

IMR {Inspection, Maintenance, and Repair) program.

6.1  Inspection, Maintenance, and Repair (IMR) Programs:

IMR program for a platform constitutes a proposed procedure which an

operator intends to implement to maintain it in a safe state and as suitable for
continued service over its remaining productive life. Such a program should
meet the regulatory guidelines in force. The most important roles of an IMR
program are: to determine the condition of the platform; to assess the
influence of changes in a platform condition from last inspection or its as-
installed state on its capacity and consequence levels; to evaluate the need for
upgrading; to evaluate alternate schemes for upgrading.

IMR programs are very important to maintain a platform within
acceptable safety level. I (Inspection) improves the state of knowledge of the
components and helps in establishing unanticipated flaws and defects. M
(Maintenance) is intended to keep the structure in its safe state, to perform
safe operations, and to fulfil its intended purpose. R (Repair) is intended to
draw attention to the necessity to restore the capacity of a structure
considering the future damages and defects possible. Fig. 6.1 presents a flow
chart covering the major steps and components in an IMR program.

An IMR program may constitute of the following (Fig. 6.1

1) Inspection criteria.

2)  Methods for interpretation of significance of variation on the

capacity and consequence levels.

249



Inspect the Platform as per
APl Survey Level-1to 4

Risk
identification

Is
the platform
damaged 7

o -

o U o i o o o i

Evaluate significance of
damage by Fitness For
Purpose Evaluation

Hisk
& gpeygmien’

wmmuw-.ﬁ.uw.pma-..,-n_..‘.umm«u_mu.--4-

is the
Damage
Significant?

ﬂu-mqﬁm-w&a-mw_mﬁ—;‘m—h“wq

identify the Remedial Measures
to Improve the Safety Level
of Platform

Bisk

9

Mitigation

_ i Perform Fitness For Purpose
Evaluation

Select the Effective Remedial
Measures

‘-

Perform Cfost-Benefit
Evaluation and Select the
Optimum Alternative

Select Other Options
to [mprove Safety
Level of Platform

. Does the
Technically Feasible and
~ L ost-effective Solutiop”

"o Exist? 7

o

A o e

e e A

Risk
Maintenance

Upgrade Platform by
implementation of
Selected Mitigation Plan

Plan to Perform and
Implement IMR program at |
the Next Recommended |
Inspection Cycle as per Al

Figure &,

1. Steps in an lnspection Maintenance, Repair

{IMR) Program



3) Method to evaluate the need for upgrading (repair or retrofitting) of
a platform. This method should be based on using the capacity-
consequence diagrams developed.
4) Methods for techno-economic evaluation of different upgrading
alternatives for the platform.
5) Methods to make a decision on implementation of the program.

in an IMR program:

Inspection Criteria: In general the guidelines given in Section 7 of API-

RP-2A are to be followed for inspection of platforms. The primary goal of
ins:pection is to improve the state of knowledge of components. The different
techniques used were covered in Section 2.2 and the API survey guidelines
were summarized in Table 2.1.

Damage assessment: Engineering interpretation of the inspection data,

determination of the type of damage, the degree of damage, and significance
of damage on continued operations and the structural and foundation
integrity of a platform are the key steps in the damage assessment process.
The influence of damage on loads, capacity, and consequence levels of a
platform are assessed. The effect of the various types of damages and
deteriorations of the components on their strength were discussed in Section
2.4. The various attributes influencing consequence evaluation were covered

in Section 4.1 and 4.2.

Evaluation of Significance of changes on FFP Evaluation: The capacity

and consequence levels for a platform are re-evaluated in accordance with the
procedures described for the respective screening cycles, and the FFP of the
platform is re-evaluated on the basis of capacity-consequence evaluation as

described in Chapter 5.

[
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Upgrading measures: The platforms whose safety against the reference
level lateral loads have been evaluated as "Marginal” or "UFP" are then
considered for various remedial measures and upgrading techniques to
improve their safety. The various techniques developed in the past to
increase the capacity or reduce the consequences are discussed in Section 6.3,

Selection of the optimum upgrading technique: A selection of the

optimum upgrading technique for a platform requires a techno-economic
evaluation of the various upgrading schemes. Such evaluation should
consider the potential for upgrading the safety level and the cost involved
with the alternatives. The optimum upgrading scheme for a platform would
require a cost-benefit evaluation for the different aiternatives. Such an
economic (cost-benefit) evaluation should consider the expected remaining
life of the field, the cost of repairs, remaining safe life of the platform, etc.

Repair planning: The detailed engineering of the optimal repair

procedure would be required and a detailed repair and inspection plan would
be developed. An appropriate weather window would have to be selected for
implementation of the repair. The maintenance strategy should consider
updating of the IMR program based on evaluations made at different cvcles

and a decision on the next implementation of the IMR program.

6.2  Risk Identification

Inspection programs are needed for identification of risk of failure of a
platform and its consequences to human life, environment, property, and
other sources. The Inspection part is needed primarily to confirm the
integrity of the different parts of a structure, which are normally hidden from
view. It should provide an accurate characterization of each component of

interest in a platform in their intact or damaged state. At the higher
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screening cvcles, the inspection effort may be focussed in the "weak zone" to
develop an accurate linear or non-linear structural analyses. By increasing
the state of knowledge of components, the capacity and consequence levels
could be evaluated more accurately and the upgrading of a platform required
based on lower screening cycles may not be required and it would result in
substantial cost and time savings.

In recent years, various researchers in academia and industry have
pursued development of methods for planning and execution of inspection,
maintenance, and repair techniques for offshore steel platforms. Substantial
work has been done to optimize the inspection cycles, with consideration of
cre‘ack initiation and propagation. Some of the prominent works are reviewed
here.

The Underwater Engineering Group (UEG) of U.K. (1989} have recently
completed a Joint Industry Project with emphasis on making a decision on
inspection planning. UEG approach is based on inspection priority ranking of
components according to their degree of importance {(in terms of
consequences upon failure to the structural integrity), susceptibility to
damage, failure modes, inspection history to date, certification requirements,
cost associated, and reliability of inspection. Their approach recommends
substantial pre-inspection work at the engineering office including
sophisticated engineering analyses to determine the importance of a
component to the structural system, x

Bea ef al (1988} described a process to deveiop the AIM (Assessment,
Inspection, and Maintenance) cycle for a platform in a Joint Industry Project.
AIM process focuses on development of comparative cost-benefit evaluation
of various AIM alternatives to maintain or upgrade safety of structures. This

approach was applied on several platforms and the cost-benefit effectiveness
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of various AIM alternatives were tested. In the evaluation of platforms, non-
linear analyses was performed to evaluate their ultimate strength. (Bea et al
1989)

Bourgeois and Gernhardt (1987) describes the computerized inspection
pianning system to plan and track the inspection program. This system
utilizes Computer Aided Inspection Reporting System (CAIRS) which
consists of inspection planning and inspection database, with a facility for
graphic representation. Chevron Qil Company uses CAIRS to plan the IMR
cycle for their approximately 1,000 structures in the Gulf of Mexico.

. Marshail (1979) presented the inspection procedure followed by Shell
Oil company for its more than 1,450 platforms in the Gulf of Mexico. Their
procedure is based on underwater visual inspection of certain platforms
depending on their age, condition, interval since last inspection, and service
history. The platforms subjected to overloads during hurricane are visually
inspected for major damages after the storm. The above water inspection is
performed annually on all the platforms.

Buslov et al (1987) have presented a system approach for IMR
operations for a platform. Their method is based on a decision tree type
approach. They explain the way in which such an effort can be executed by a
contracting organization.

Lotsberg and Kirkemo (1989) have developed a method for
optimization of in-service inspection using probabilistic analysis and resource
allocation techniques.

In addition substantial work has been done on inspection of fatigue
cracks in the welds and the different ways to inspect, monitor, and control
their propagation. More recently, probability based decision making

approaches have been proposed by various researchers.
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6.2.1 Condition Assessment:

The first important part of an IMR program is to determine the "as-is"
condition to improve the state of knowledge of the platform. The condition

of a platform can be obtained in the following ways:

1) Condition survey Periodic inspection by diver(s) or by remotely

operated vehicles (ROV),

2) Continuous monitoring of structural integrity of a platform by

vibration monitoring or by acoustic emission (AE) techniques.

3) Performance monitoring by strain gauges and inclinometers.

Cathodic protection monitoring and foundation monitoring.

The API has recommended a 4-level survey program for platforms in
the US. [API, 1991]. MMS has also included these survey levels as a
requirement for all the platforms under its jurisdiction. These requirements
focus on the need to monitor the adequacy of corrosion protection system and
determination of the condition of the structure. Table 2.1 summarized the
frequency of survey, the methods, and the items which need to be evaluated
at each survey level.

Continuous monitoring of platforms is done by sensors installed on
the platform, and it has been mostly done for the platforms located in
deepwater and in harsh environment. Such monitoring involves ;huge cost
in data acquisition and interpretation and is not conventionally used on the
Gulf of Mexico platforms. On some of the deepwater platforms in the Guif of
Mexico, it has been done to monitor their behavior and for research DUrposes.
For more details of underwater inspection and defect assessment methods
reference is made to a new approach developed by UEG in a joint industry
project [UEG, 1989]. UEG work addresses the philosophy behind the method

and provides practical guidance for under-water inspection of steel platforms.
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6.2.2 Inspection

The underwater survey is mostly done by visual inspection techniques.
In some cases they are carried out by remotely operated vehicles. The
following methods for underwater inspection are employed:

- measurement of potential;

- photography: 35 mm and 70 mm:

- video system: black and white or color;

- ultrasonic thickness measurement:

- ultrasonic fault detection:

- magnetic particle inspection;

- temperature measurement:

- gamma ray radiography;

In order to perform some of the above inspection techniques, it is
essential to prepare the surface to be examined. The surface can be prepared
by brushing or blasting, and by use of very high pressure water jets. The high
pressure water jetting may generally include injection of calibrated sand as an
abrasive. The other method of cleaning is by pneumatic or hydraulic tools
such as needle hammers, chisels, rotary brushes, etc. This takes a considerable
length of time and requires highly specialized divers, and is extremely
expensive to perform.

To remedy this, in recent past effort has been made to develop new
inspection techniques. Some of the NDT methods which have been
developed are given as below: vibro-detection: pressure detection; acoustic
emission;  vibration examination: modal analysis, and flexibility
measurement.

The most simple form of non-destructive test is visual inspection, and

remains the most widely used method for inspection of offshore platforms,
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Visual inspection of a platform carried out to ascertain the integrity of the
primary and secondary members, in the case of routine inspection comprise
the following:

1) A check on the general configuration of structural members, riser

clamps, conductor guides, boat landings, mudmats, etc.

2) A general inspection of the platform to ascertain any setilement,

buckling, cracking, etc., recording lengths, widths, depths and positions.

Only the external faces of legs, members, risers and riser supports are
inspected in the above investigation. In the event of buckling of a
major structural member, the connecting welds of the defected
member are inspected to determine the presence or otherwise of
perforation, shear or cracking.
3) General inspection of the platform, particularly in the zone of heavy
marine cover, to find any pitting corrosion, determining the size, depth
and frequency of pitting using a pit gauge, especially at welds and in
heat affected zones. The location of pitting is recorded for subsequent
ultrasonic examination and electrical potential measurement,
4) Survey of the state of marine growth and its classification according
to hard or soft. The rate of marine growth is established by measuring
the thickness of four points at right angles at every 5 m from floor to
surface on each platform pile and riser.
5) Check on the integrity of cathodic protection system. In general, the
position, number, and state of fixity of all sacrificial anodes on the
platform is reported.
6) Rubbish survey, identifying and locating all ferrous rubbish within
due

2m of the platform. If electrical contact is established, this reduces the

effectiveness of the cathodic protection system.
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7} Check on the floor profile to determine scour around and in the
vicinity of the piles, legs, conductors, risers, and flowlines. A floor
profile is also produced and reported for each face of the platform,
measuring the distance from the horizontal bracing to the floor every
meter. The length, width, depth and position of any distortion in th
floor potentially evidencing horizontal displacement of the legs is

measured. In particular, the state of the riser support bed is reported.

6.2.3 Proposed IMR Program: The proposed IMR scheme by an operator to
maintain the structural integrity of a platform over its remaining period of
productive life should be evaluated to meet the requirements of API and
MMS. In case there is a discrepancy, the remedial actions proposed by an

operator to improve the safety level of the platform be evaluated.

6.3 Risk Assessment:

For the damaged and deteriorated members, different models for
capacity evaluation of elements would be used. These models have been
based on model tests and calibration with analysis. However, due to
increased uncertainties involved with the inspection and capacity assessment
of the damaged and deteriorated members, the uncertainty level associated
with the strength level used in equation 5.3 would increase. Therefore, a
detailed evaluation of the strength uncertainty be made.

If the strength reduction of a platform is represented by a damage factor
¢, the mean safety margin would become [In (¢ Ry - In (Sp)]. The safety

index formulation presented in equation 5.2 could be written as follows:
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Mean Safety Margin In {6 Rm / S

Safety index, § = = 61
Uncertainty Level {(6“&@%\)2 + (G 5?12
where, Ry, = Median ultimate strength of a platform
o = Damage factor for ultimate strength of a platform
Sen = Median load effect on a platform

(Ou grm)? = Variance of log of the median ultimate strength of the
damaged member.
(G 52 = Variance of log of the median load effect

Note that the variance represented by (o, orm)? would be higher than
the strength variance considered earlier, because it would include the
variance associated with the parameters considered in the model used for
capacity of a damaged and deteriorated member. The equation 6.1 upon
reformulation for RSR could be written as follows:

RSR = [FR/¢] exp B o) (6.2)
where FR is a force ratio, § is a safety index (a measure of the platform
reliability), ¢ expresses combined standard deviation in the loadings and
damaged capacities of the platform, and RSR is the true (mean) reserve
strength ratio in undamaged state. By substituting FR value given in
equation 5.5, the equation 6.2 would become as follows:

RSR = [1/¢] exp(Bo -2.33 o) L83

Therefore for a damage factor of 0.8 for a platform, the mean damaged
RSR for a given consequence level in Fig. 5.5 would be 0.8 times RSR. The
variance associated with strength of the platform due to damaged
components would increase. The effect of increase in variance in strength
was demonstrated in Fig. 5.7, where it was noted that the marginal band shifts

and bends towards increased RSR for the same level of consequence level.
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Therefore, shifting of marginal band would occur and the fitness for purpose
criteria would become more conservative.

Hence for a damaged platform, the marginal and acceptable RSR would
be higher than compared to an undamaged platform. Therefore, in case of a
damaged and deteriorated platform, when the capacity evaluation is done by
detailed quantitative methods, the conservativeness introduced due to the

fitness for purpose criteria could be reduced.

6.4  Risk Mitigation;

Upon failure to qualify a platform at a screening cycle as FFP, a decision
may be made to do one of the following:

a) to evaluate RSR at a higher screening cycle with improved

techniques.

b} to take steps to upgrade the RSR or reduce the consequence level.

¢} to decommission the platform.

d) to reduce risk associated with other sources. (see Fig. 5.8)

e) to reduce the uncertainties associated with load, strength, and

consequence levels. (see Fig. 5.6 and Fig. 5.7)

For the platforms whose safety turns out to be "Marginal", g detailed
study would be required to evaluate the possible ways of upgrading the safety
level. As mentioned in previous sections, during the operational life of a
piatform, a number of conditions tend to reduce the RSR level of a platform.
The consequence level of a platform may also have changed due to
modifications in production facilities and functions of the platform. The
reduction in RSR level of a platform may tend to make the platform
"Marginally FFP* or UFP. The RSR of a platform could be brought in the FEP

zone by development and implementation of a suitable ‘platform upgrading”
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program. The three possible paths, which can be undertaken to develop a
feasible platform upgrading program to achieve an acceptable safety level are
shown in Fig. 6.2.

Path-A involves increasing the RSR level, and it can be done by either
reducing loads on the platform or increasing the strength of the platform.
The strength improvement measures may be undertaken in the critical bay(s)
only. The second path-B involves reduction of consequences of a platform,
L.e., to reduce the risk level of a platform to people, environment, property,
and loss of natural resources upon its failure (collapse). The third path-C, the
more promising may involve both RSR improvement and consequence
reduction measures. Thus, a cost-effective program can be developed by such
considerations.

Thus by implementing the techniques listed above, the suitability of a
platform could be improved from "Marginal” and UFP categories to the FFP
category. The best (optimum) solution will depend upon a comparative
techno-economic evaluation of the capacity and consequence levels of a
platform.

In addition, another approach based on reduction of uncertainties
associated with the acceptability (FFP) criteria can be used. The acceptability
criteria for a platform can be changed by variation in acceptable risk level and
by variation in the uncertainties (biases and variances) associated with the
methods used in its determination of load, strength, and cgagequﬁzﬁé levels.

The above mentioned approaches for risk mitigation can be
significantly improved by establishing the condition of a platform with the
improved inspection techniques. By such improved survey technigues, the
uncertainties associated with the capacity and consequence evaluations

arising from the condition of a platform can be reduced, and an improved
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assessment is made. The significance of the effect of reduction in
uncertainties were described in Figures 5.6 and 5.7.
In the following sub-sections, the alternative techniques for upgrading

physical and operational conditions, and acceptability criteria are described.

6.4.1 Upgrading Physical and Operational Conditions:

The major attributes influencing capacity (RSR) and consequences for

the platforms were described in detail in Sections 3.2.2 and 4.2. During the in-
service life of a platform, a number of conditions tend to alter the RSR and
consequence levels of a platform, as were discussed in Section 1.1. RSR is
most influenced by change in reference design criteria, damage and
deterioration of ageing structure, modifications to platform structure. The
consequence level is most influenced by the modifications made to the
topside facilities and in the operational philosophy.

The risk mitigation for a platform could be achieved in various ways.
In recent years several innovative applications have been developed to
mitigate risk on many platforms. It can be achieved through individual or a
combination of techniques under the categories of structural modifications or
non-structural techniques {Shinners et al, 1988, UEG, 1983, Smith et al, 1988)].
The structural risk mitigation is achieved by various techniques to reduce
loads and/or to increase the strength of a platform. The non-structural risk
mitigation techniques are related to modifications in the opérational
philosophy, reduction in the topside facilities, and by installation of safety

valves and other safety measures.
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6.4.1.1 Structural Risk-Mitigation Techniques:

1 Load reduction bv reducing the proiected area for wave [nads:

a) Wave does not hit the deck: It is done by clean up of the minor

structural systems, appurtenances, and other material in the wave zone. The
items in the wave zone, which can be removed are typically marine growth:
minor structural systems such as intermediate decks, boat landings, stairs,
walkways; and appurtenances such as barge bumpers, casings, and caissons.
The removal of marine growth helps due to reduction in the projected area
and the drag coefficient due to reduced roughness.

b Wave hits the deck: In case wave hits the deck, the wave load can be

A

reduced by removal of equipment from cellar deck, by streamlining the deck
structure, and by raising of the deck. The decks of six steel platforms with the
interconnected bridges in the Ekofisk field were recently raised together by 20
ft. to overcome the effects due to seabed subsidence of the field.

In addition, the wave loads can be reduced by provision of a barrier to
reduce impact of waves. A circular concrete barrier (140 meter in diameter,
105 meter in height, and with weight of 250,000 tons) has been recently
installed around the Ekofisk storage tank, to safeguard the tank due to seabed
subsidence. ,

2] Strength Increase by Maintenance and Repair Measures:

a) By maintaining COrrosion resistance and faticue endurance of

5

W

members and welds: The corrosion resistance of steel component

maintained by provision of adequate cathodic protection provided by anodes.
The anodes are periodically inspected and mav need to be replaced. The
fatigue endurance of welds and joints is maintained in tolerance limits by

grinding.




a) Upgrading the evacuation facdilities

b} Demanning and operating remotely from adjacent platform

¢) Removal of storage tanks

d) Providing sub-surface shut-in safety valves

e} Implementing more frequent IMR program

) Installing emergency shut-down and back-flow valves in risers.

2) De-rating of Operations: The magnitude of operations carried out on

the platform can be reduced to achieve a reduction in its consequence level by
modifications to the topside facilities . The consequences of a platform are
directly associated with the operations performed on the platform. Several
alternatives are possibie: de-manning to reduce potential for loss of life and
injuries; reducing topside equipment or operations; reducing functions of
the platform; reducing connections of a platform with other platforms.

33 By Introduction of Human Safetv Measures

a) By provision of an Early Warning System (EWS) for storms to check

functioning of life-saving equipment needed to evacuate people, to confirm
functioning of tele-communication facilities, to shut-off the emergency shut-
down valves for wells and risers to avoid risk of pollution and loss of

resources.

b) Training of Crew: By training the crew, the panic and fear at the

evacuation time is reduced with the knowledge of the alternate evacuation

routes and schemes. In addition, the potential for human error is reduced.

6.4.2 Upgrading the Acceptability Criteria for a Platform:

The acceptability criteria discussed in detail in Chapter 5 depends upon
the acceptable safety index and uncertainties in parameters. The positioning
of the boundaries of the marginal band is based on the formulation given in
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equation 5.3 in Section 5.3. This equation has ¢ which represents the overail
uncertainty (variance) in the parameters, and has a major influence on RSR.

The acceptability criteria developed in Fig. 5.3 can be upgraded by
reduction in the uncertainties in the parameters and the methods used for
evaluation of capacity and consequence levels. By such variation in
uncertainties, the width of the marginal band will change, and its boundaries
will be repositioned. The variation in the FFP criteria due to change in the
uncertainty level was demonstrated in Figures 5.6 and 5.7.

The magnitude of type-II uncertainties (bias and variance) i.e,
modelling uncertainties, can be reduced by obtaining improved knowledge of
the "as-is" state of a platform and by making more accurate evaluation of the
RSR based on detailed quantitative methods at the higher screening cycles.
The magnitude of ¢ can also be reduced by using more accurate techniques to
estimate the operational and envirormental loadings. Thus, the safety level
of a platform could be upgraded by reduction in or management of the
uncertainties in the parameters.

The IMR program which would input improved information of the
platform is likely to reduce the uncertainties associated with the capacity and
consequence parameters, which may change the position of the two lines as

shown in Figures 5.6 and 5.7.

6.5 Risk Maintenance

The risk level of a platform is maintained by implementation of the
platform upgrading techniques identified in the risk mitigation phase or
planning of interval for the next [MR cycle. This effort would be required at
different stages of each of the four screening cycles, which was presented in
Fig. 1.2
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An interval for the next cycle of implementation of IMR program
depends upon the required interval by MMS, likelihood of reduction in
strength of platform below a preselected threshold level, and occurrence of
other phenomenon. In case there is a collision with the platform or the
hurricane passes the region, the IMR program should be implemented. The
decision analysis may be applied to select an appropriate inspection interval.

The requirements from inspection would vary for the different
screening cycles. A brief discussion of the requirements at the different cycles
is given further. |

At screening cycle-1, its is most important to establish the "as-is”
characteristics of the components of a platform. The data available for a
platfoerm, the API inspection level performed for a platform need to be
checked for an accurate characterization of the state of components.

At the beginning of screening cycle-2, the major problems possible in a
platform are known through the assessment at screening cycle-1. The
inspection efforts should then be focussed in the critical region identified at
screening cycle-1 and an improved characterization of the components in that
zone is obtained. In this way, the uncertainties in the capacity evaluation
would reduce. The effort should focus on identification of the various
damages and deteriorations in the platform in order to improve the capacity
estimate.

At screening cycle-2, through the coarse quantitative method, the weak
zones in the platform are identified. Thus, the inspection effort at screening
cycle should focus on these weak zones. NDT survey of selected members
may be needed at this stage. The capacity evaluation for these zones could be
significantly improved or more refined computer models could be developed

for these zones. In this way, a more accurate estimate of RSR could be made
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by the linear elastic analysis. At this cycle, the complete IMR program could
be implemented.

At screening cycle-4, a local inspection of members or joints would be
needed for specific bays of the platform. The platforms which require
implementation of large scale strengthening and other costly measures to
improve their safety level should be evaluated at this cycle by the non-linear
analysis techniques.

The implementation of the risk mitigation program may become
timely and costly affair, and it must be carefuily done. A detailed study of the
maintenance plan be developed and incorporated during a suitable weather
wizild{}w. A significant amount of money could be saved by a well studies,
planned, and implemented program.

It must be ensured that the benefits sought by the risk mitigation plan
against one source of hazard does not increase the risk level against other
hazard source. For example, strengthening of platform against hurricane by
adding braces or repair of joints could reduce the fatigue life of the members,
if proper care was not taken. Therefore, the process should involve an
evaluation of the influence of the repair plan on the safety of structure

against other load sources.

8.6 Summary

The important steps and tasks in an Inspection, Maintenarice, and
Repair (IMR) program for a platform to maintain it in acceptable safe state
have been presented. An IMR program consists of four phases: risk
identification, risk assessment, risk mitigation, and risk maintenance.

API-RP-ZA recommends type of inspections and the inspection

intervals for different type of platforms, which are based on their funciions.
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A decision on significance of the damage on safety of a platform is made in
this methodology on the basis of capacity-consequence evaluation presented
in Chapter 5.

The various means available to improve the safety level of a platform
were discussed. These fall under structural and non-structural categories.
The likely benefits to be achieved based on such methods were demonstrated.
In many cases a combination of several means to upgrade safety level of a
platform would prove cost-effective.

The implementation of risk maintenance program may become a
timely and costly affair. Therefore, a detailed study of the maintenance plan
be developed and incorporated in a suitable weather window. A significant
amount of money could be saved by a well studies, planned, and
implemented program. It must be ensured that the benefits sought by the risk
mitigation plan against one source of hazard does not increase the risk level
against other hazard source. Therefore, the process should involve an
evaluation of the influence of the repair plan on structural safety against

other load sources.



CHAPTER 7

EXAMPLE PLATFORMS

The screening methodology developed in this study has been applied
on 3 example platforms. These example platforms correspond to the real
structures used in the Gulf of Mexico. They have different structural
configurations and are located in different water depths. Hence, the validity
of this methodology is tested for its suitability for safety assessment of a large
number of platforms with variations in their physical properties,
envi‘mnm@ntai, and geotechnical parameters.

This chapter contains a summary of the results obtained for the three

platforms, as listed below:

Name Water Depth No. of Main Legs
Platform-A 271 ft. 8-leg
Platform-B 140 ft. 4-leg
Platform-C 52 ft 8-leg

The structural, environmental, and geotechnical details of these
platforms are summarized in the following sections. The detailed
calculations for the screening cycle-2 for platform-A & B are included in
Appendix-E & -F, to demonstrate the application of the coarse quantitative

method.






7.1 Platform - A
7.1.1 Description of Platform

Platform-A consists of an eight-leg steel template jacket located in 271
ft. water depth in the Gulf of Mexico ( Fig. 7.1). It represents a typical 8-legged
platform operating in the Gulf of Mexico. It is a continually manned, self-
contained drilling platform, with 24 oil producing wells, and has been in
operation for more than 20 years. Three risers (I-16"¢ , and 2-10"¢) are
provided for transportation of crude to and from the platform. In addition,
three pump casings of 16"¢, two boat fandings, and barge bumpers are
provided. The total weight (dead + live) of topside facilities is 13,450 Kips
(=6,100 Tons). The center line elevation of the lower deck is (+)46' and of the
sump deck is (+)35-6". The bottom of steel elevation of the lower deck is
(+)45'-3".

The site characteristics are: medium sands overlying stiif clays.

The foundation of the platform constitutes of 8-42"¢ piles with a maximum
penetration of 270 ft., and are grouted to the jacket legs.

The original design criteria of platform is based on the design wave
height of 58 ft. with 16 sec. period and 100-year return period considered in
1969. The marine growth was taken as 2" on diameter for all members
between mean sea level and (-) 100'. The nominal sizes of members (as per
the as-installed drawings) have been used in this study, except where the

latform records were updated based on ost-installation inspection reports.
P P P

%]

All the steel members have a nominal yield stress of 36 ksi. In thi
study an expected (mean) yield stress of 45 ksi has been used, to account for
bias in the yield strength and the strain rate effect. This value reflects the

actual in-service steel strength rather than the allowable design value,
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7.1.2  Screening Cycle-1

At screening cycle-1, a coarse qualitative evaluation of capacity and
consequence levels is done by following the procedure described in Section
3.3. In this cycle, a 2-phase process is applied, with evaluation of the platform
at phase-1 by a pre-defined cut-off criteria. In the second phase, a cumulative
effect of various attributes on likelihood of increase or decrease of capacity
and consequence levels. The detailed evaluation is described in this section,

Screening Cycle- 1A: Cut-off criteria: The platform is evaluated for

major conditions to determine the likelihood of significant increase in load
and/or strength levels. The process followed is as given in Fig. 3.8 for load
Ievei evaluation and Fig. 3.9 for strength level evaluation. More detailed
schematic diagrams have been developed for each of these primary
conditions and are given in Chapter 8 (Figs. 85 to 8.11). The as-design
characteristics of the platform are described in the previous section.

The platform has not been designed for 25-year return period. The API
reference level wave height at this water depth is 69 ft. and the design wave
height is 58 ft. Therefore, the reference level wave height is higher than
original design wave by approximately 19% (= 69/58). Therefore as per the
criteria set in Section 3.3 and Section 8.3, the wave load on the plajf:form is
likely to increase significantly over the design wave load. Thus, the platform
exits screening cycle-1A and the platform is further evaluated at screening

cycle-1B.

Screening Cycle-1B: The platform is evaluated to determine the

variations in the capacity (RSR) for each bay of the platform. For each bay of
the platform, the strength and load factors (R, S} are estimated by simple
comparison of the original design criteria with the latest API reference level

criteria.  Then a numerical value for RSR is obtained, which gives an

o
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approximate idea of variation in RSR from a central figure of say 1.25. The
following factors are determined for load and strength for the damaged bay -

for demonstration purpose.

Deck Bay:
Material factor R1 125 duetoFy
Platform condition factor R2 1.0 when no damage

0.75%  when the deck legs are
corroded in the splash zone
Platform modifications factor  R3 1.0 None
D/t < 60, so full Mp
would be realized

<o

Structural configuration Factor R4 1.

¥ (AP reference level wave

Design criteria variation factor S1 1.42
=1.19 x Design wave)
Deck elevation factor S2  1.0"" Wave does not hit deck

Platform modification factor 53 1.0 None

# The deck legs are considered to be corroded in the splash zone from
42" x 1" (original size) to 41.5" x 0.75" (corroded size). Therefore wall
thickness reduces by 0.25" from original of 1.0". Therefore R2 = 0.75.

* Design criteria variation would be due to wave heights and drag
coefficients used in the original design and the as-is state of the
platform. Drag coefficient used is similar (= 0.6 ) but current API
reference level wave height is 19% (=69/58) higher. Therefore the
wave load increase would be proportional to 2.0 (= o) power of ratio of
wave heights (= 1.19). Therefore ST would be equal to 1.42. |

** The bottom of steel elevation of lower deck is (+)45-67. Total of
storm tide and surge is 3.5 Wave crest height could be approximately
evaluated as 0.55 H to 0.60 H, i.e, 38 to 41.4. The crest elevation from
m.s.l. would be 41.5' to 44.9'. These elevations are lower than 455"

Therefore wave will not hit the lower deck and §2 = 1.0

EON I



Therefore variation in RSR ={1.25x1xI1x1/(142x1x 1}

= 0.88 , when the platform has no
damage i.e., according to qualitative classification assumed, RSR would be

LOW (0.8 to 1.0) for the platform in undamaged state.
Therefore variation In RSR =[125x075x1x1/{(142x1x D

= 0.66, when the platform has damage
i.e., when the platform is damaged (corroded), the qualitative classification of

RSR would change to VERY LOW (<0.8).

Consequence level: The platform is continually manned, self-
c‘ontained drilling type with 24 oil-wells and 3-risers provided to transport
crude to and from the platform. Therefore, with this platform the likelihood
of loss of lives, environmental pollution, loss of production and resources,
influence on operation of other platforms, and significant property loss exists.
Based on the criteria assumed in Chapter 4, this platform would fall in High

Consequence (HC) category.

Fitness For Purpose (FFP) Evaluation: The qualitative formulation of

FFP evaluation presented in Fig. 5.1 is used. For this platform based upon
screening cycle-1B, the capacity measure (RSR) has been evaluated as LOW for
undamaged case and VERY LOW for damaged (corroded) case, and its
consequence measure has been identified as HIGH. These g%zaiéiaéiize
measures are compared in Fig. 7.2 for both damaged and undamaged cases.
For both states, the platform fall in the Unfit For Purpose (UFP) zone.

This platform is then screened out for further evaluation by the coarse

quantitative method (screening cycle-2).
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Figure 7.2: Fitness For Purpose assessment for Platform - A
(Screening Cycle -1B)

7.1.3 Screening Cycle-2

At screening cycle-2, a coarse guantitative evaluation of the lower
bound of RSR is done by following the procedure described in detail in
Section 3.4. In this cycle, the load and strength patterns for the platform are
developed, by determination of the loads and strengths for the different bays
on an individual basis. The nominal estimates of the load and strength for

the different bays, and the uncertainties (biases and variances) in their




estimates are determined. The detailed calculations for their estimation are

given in Appendix-E and the results are summarized and discussed in this

section.

Development of the lateral load pattern:

The procedure described for Option-B in Section 3.4.1.1 is followed to
develop the lateral load pattern. The wind load on the deck and the wave
loads on the jacket part contribute to the reference level lateral load for this
platform. A wave kinematics profile is developed for a unit diameter vertical
pile extending from the seabed to above the mean sea level, for wave height
(H) of 69 ft. with wave period (T) of 12.8 sec. and no associated current. The
wave kinematics is based on Airy's theory stretched to the crest elevation i.e.,
the wave kinematics at the mean sea level (m.s.l) is considered at the wave
crest. The horizontal particle velocity at different horizontal framing
elevations, the crest elevation, and mudline are indicated in Fig. 7.3.

The unit wave loads at these elevations and the overall load (base
shear) for a vertical pile are shown in Fig. 7.3. Based upon the values given
for a unit diameter vertical pile in Fig. 7.3, the wave load pattern for the
complete platform has been developed and the lateral load for different
components are given in Table 7.1. The basic assumption made in the
development of the wave load pattern is that a virtual vertical pile is located
at the middle of the jacket and all the wave kinematics developed for it is
valid for all of the members of the jacket. Alternately, all the mem&ers of a
jacket are assumed to be appropriately lumped at the center of the jacket and
the wave kinematics developed for a unit diameter vertical pile at this
location is applied. Hence, the phase effect or spatial variation in wave loads

with distance is neglected and conservative results have been obtained.
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Table 7.1 Lateral Loads Based on Components

fem Load Percentage Load  Percentage
Wind Load 50 Kips 44 160 Kips 7.9
Wave Load:
Main legs 465 Kips 253 465 Kips 3.0
Conductors 736 Kips 40.1 736 Kips 363
Risers 33 Kips 2.9 53 Kips 2.6
Vertical Braces 271 Kips 148 292 Kips 4.4
Horizontal Braces 120 Kips 6.5 211 Kips 0.4
Appurtenances 118 Kips &0 110 Kips 5.4
Total Wave Load 1735 Kips 1867 Kips

In addition, the topside load of 13,450 Kips has been considered to be
equally distributed on the eight legs, i.e., 1,681 Kips on each leg.

From the above results, it is noted that for this platform approximately
62 % to 68 % of the base shear (total lateral load) is from the main legs,
conductors, and risers, whereas the vertical and horizontal braces contribute
only 22 % to 25 % load. The jacket appurtenances such as boat landings, barge
bumpers, casings, etc. have been assumed here to contribute 6 % and the wind
loads on the deck structure roughly 4 % to 8 %,

The summary of wave loads for each bay is given in Table 7.2. From
Table 7.2, it is noted that about 60% of the base shear is due to the wind and
wave loads in the deck bay and the jacket bay-I, i.e., up to EL (-) 40". Another
18% contribution to the base shear is from jacket bay-iI, which is from EL (-)
40" to EL () 95"

The overturning moment values at the top (deck-jacket connection)
and bottom (mudline) of the jacket are also required. Based on the results
obtained in Table 7.2, in a simple analysis the lever arm for obtaining the base

moment could be assumed equal to the water depth.



Table 7.2 Lateral Loads Based on Bay

Wind Load 50 Kips 44 160 Kips 7.9

Wave Load:
Deck Bay 385 Kips 210 385 Kips 19.0
Jacket Bay-i 638 Kips 34.8 683 Kips 337
facket Bay-iI 328 Kips 17.9 363 Kips 7.
Jacket Bay-[II 117 Kips 6.4 190 Kips 9.4
Jacket Bay-IV 120 Kips 6.5 126 Kips 6.2
jacket Bay-V 98 Kips 5.3 101 Kips 5.0
Mud Level Framing 16 Kips 09 18 Kips 0.9

Total Wave Load 1755 Kips 1367 Kips

Zotal Lateral load 1835 Kips 207 Kips

In Section 2.3 this aspect was discussed in more detail. In this way, the

overturning moments have been approximately evaluated as follows:

@ top of jacket: End-on Direction: 10,953 Kips-ft.
Broad-side Direction: 15,753 Kips-ft.

@ bottom of jacket: End-on Direction: 502, 085 Kips-ft,
Broad-side Direction: 358,917 Kips-ft.

The resultant lateral wave load for reference wave parameters would
act at higher elevation than the resultant lateral load based on the original
design parameters. Hence, the overturning moment is likely to be higher
than determined at the design stage. Therefore, the foundation piles would
be subjected to increased loads.

The bias and variarice in these estimates would be closer to the bias and
variance associated with the base shear and overturning moment determined
in Section 2.3 for a single vertical pile. The additional bias in results would
exist due to the varicus simplifications made in the evaluation of laterai

loads for the platform for Option-B.
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The additional bias in these results could be determined by comparison
with the results obtained by Dean's Stream Function theory by using a
computer software. For this platform when subjected to wave height of 69’
with wave period of 12.8 sec. and no current, and Dean's Stream Function
theory is applied, the base shear is obtained as 1,600 Kips and 1,850 Kips for the
end-on and broad-side directions respectively [AIM, 1988].

Actual or measured value

Bias =

Predicted or nominal value
Bias in lateral load (end-on direction) = 1,600/ 1,835 = 0872
Bias in lateral load (broad-zide direction) = 1,850/ 2,027 = 0.913

Note that these bias estimates would differ for different platforms, due
to variations in the percentage contribution of the different members. The
above bias would exist due to several reasons in the lateral loads evaiuated in
this way, which are primarily due to reduced wave forces on the outer legs
and vertical frames, and on the other members.

in the end-on case the bias is higher, because the effect of large distance
between the outer legs on the wave kinematics has been neglected in our
simplified procedure, by considering that the wave kinematics and the unit
wave load profiles developed at the center of the jacket are valid for all the
jacket members. The well conductors are located in the one half ;Sortion of
this platform. Therefore, the wave loads on conductors evaluated above

would reduce, when the kinematics at their exact location are considered.

Development of the bay strength pattern:

The strength of each bay (or sub-structure) is independently evaluated

at failure of the first component (a brace, a leg, or a joint), by the procedure



described in Section 3.4.2. The detailed calculations are given in Appendix-E,
and a summary of the results is given in this section.

In evaluation of the ultimate axial load capacity of a brace, it is
important that the phenomenon which would reduce the axial capacity are
considered in an accurate way. The axial capacities of the members would
reduce due to: imperfections in the members; and the local lateral bending
loads from the wave, current, and hydrostatic pressure acting on the
members.

End-on load case: When the wave approaches from the positive
X-direction, the two out of three braces along the rows A and B would be in
tension. The strength pattern for the platform has been developed on the
basis of the first member failure (lower bound) and is shown in Fig. 7.4 [refer
Appendix-E for detailed computations]. The upper bound strength levels for
the deck and foundation bays are also shown.

Broad-side load case: The strength pattern for the broadside lateral load
case is éiso shown in Fig. 74.

These patterns show an irregularity in the bay strengths at the failure of
first member in the individual bays. The lower bound estimate of the deck
bay is related to the load at vielding of the first section, and the upper bound
represent the load level at the formation of a mechanism. The strength
estimates for the jacket bays have been determined for the two cases of
ungrouted and grouted leg-pile annulus.

In the end-on load case, the jacket bay between elevations (-}150' and
{(-J210" governs with the minimum bay strength as 2,775 Kips for the
ungrouted case and as 3,191 Kips for the grouted case. In the broadside load

case, the lacket bav between elevations (40 and (-)95' coverns with the
E 7 &5
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minimum bay strength as 2,632 Kips for the ungrouted case and as 3,506 Kips
for the grouted case.

In some bays the strengths of the horizontals (outer) is lesser than the
horizontal components of the primary vertical braces [refer Appendix-F].
Note that upon failure of the very first compression brace in a bay, the load
transfer from the failed compression brace to the other vertical braces in a bay
will be possible through the primary (outer or diagonal) horizontals.
Therefore, the bays with lower strength of the primary horizontals may not
carry additioral load bevond load level at failure of the fiz"st brace and the
other members are likely to fail in a sequence.

Determination of the Component Strength at failure of the first

member: The component strength (CS;) or the lower bound of RSR at failure
of the first member in the platform is determined by comparison of its load
and strength patterns. The load pattern is extrapolated in this example to
determine the base shear at which it will meet any point on the strength

pattern.

Note that an accurate evaluation of the base shear, which will cause the
first member to fail, would require development of load patterns for
increased wave height(s). Such load patterns can be developed easily with the
use of computer softwares. A rough estimate of the base shear at failure of
the first member in any bay could be made as follows:

End-on load case:

when legs are ungrouted, load = 2775 + (1,835 - 1,722) = 2888 Kips,

when legs are grouted, load = 3191 + (1,835 - 1,722) = 334 Kips.
Broad-side load case:

when legs are ungrouted, load = 2632 + (2008 - 1,591) = 3,049 Kips

when legs are grouted, Joad = 3506 + (2008 - 1591 = 3,923 Kips.

245




oy

From the static pushover analysis (refer Section 3.6), the upper bound
of the ultimate capacity of this platform for the end-on load case is obtained as
2,747 Kips, which correspond to failure of the first two components in
compression (braces) between Elevations (-) 150" and (-) 210". In case of the
broadside load case, the upper bound estimate is obtained as 2,755 Kips by the
static pushover analysis and the first component failure occurs in the jacket
bay between elevations (-)40' and (-)95'. The first member failure occurs at a
load level of about 2,700 Kips for the end-on case, and 2,755 Kips for the broad-
side case [AIM,1988].

Note that for this platform, we are getting higher strength level at
s(:reeniag cycle-2 than that by the static pushover analysis at screening cycle-4.
One of the reason for this difference is that we are not considering the upward
movement of the elevation of the resultant lateral load when the wave hits
the deck. Such consideration will be more Important for the broadside load
case, where the most likely to fail (MLTF) member is in the second bay of the
jacket. In this case, with upward shifting of the resultant load elevation, the
contribution to the base shear of the reference level wave loads below this bay
will reduce substantially from that shown in Fig. 7.4.

By this simplified method, we are able to accurately identify the most
likely to fail (MLTF} member in a bay of the platform. Therefore, with little
computations and without necessarily using the computers, we are able to
locate the “weak zone" of the platform. At screening cycles 3 and 4, an

advantage of this is taken by developing a more refined model for the "weak

zone" identified at screening cycle-2.

The biases introduced in the component strength (CSy) by screening

cycle-2 are determined as follows:

AR



End-on case; Ungrouted legs, Bias = 2,747 / 2,888 = 0.95.
Grouted legs, Bias = 2,747 /3304 = 083
Broad-side case:  Ungrouted legs, Bias = 2735/ 3,049 = 0.94
Grouted legs, Bias = 2,755 /3,923 = 0.70

The load at failure of the first member is equal to 0.87 of the ultimate
strength (R;,). This shows low redundancy level for the platform due to the
K-bracing pattern in the vertical framing and due to the weaker horizontals.
The horizontal braces are unable to transfer the overload from the yielded
tension brace or the load shed by the failed compression member to the other
braces in a bay. These horizontals failed subsequently to the failure of the first
or the second compression braces, without redistributing the loads from the
compression to the tension braces.

The nominal estimate of the RSR for the two directions is determined
as follows:

End-on case:

2,888/ 1,835 = 1.57 with a bias of 0.95 / 0872 = 1.09

[E}

Ungrouted legs, RSR

Grouted legs, RSR = 3,304 / 1,835 = 1.80 with a bias of 0.83 / 0.872 = 0.95

Broad-side case:
Ungrouted legs,  RSR

3,049 / 2,027 = 1.50 with a bias of 0.904/0.913 = 0.99

f

H

Grouted legs, RSR = 3,923 /2027 = 1.94 with a bias of 0.70 / 0.913 = 0.7

For this example, the results obtained at screening cycle-2 are higher for
the component sirength (lower bound of RSR). Hence, the RSR obtained in
this way is also higher and the associated bias is lower due to reduced bias in
the component strength.

These bias estimates could be taken as the first estimate of the general
{or mean) biases associated with RSR computed by using the screening cycle-?

I

method for the 8-legged platforms. This approach must be applied on more

1y



number of 8-legged platforms to obtain a range of bias values under varying
conditions. In this way, a more accurate estimate of mean bias, and variance
in the mean bias for 8-legged platforms could be obtained.

The mean value of RSR for this platform is then evaluated for use in
the fitness for purpose (FFP) evaluation, in the following way:

(RSRimean = (RSRInominal (Biasipsp

End-on load case; (RSRlinean = 171

Broadside load cases (RSRipean = 1.49

Note that these mean RSR would have associated uncertainty in their

estimates, incorporated in terms of variance. The variance in RSR would be

the combination of variances in load and strength.

Consequence TLevel: The platform is continually manned, self

contained drilling platform with 24 oil-wells and 3 risers provided for

transportation of crude to and from the platform.

Therefore, for this platform, there is likelihood of loss of lives,
environmental pollution, loss of production and resources, influence on
operation of other platforms connected by risers, significant loss of property.
According to the definition provided in Section 4.3, this platform would be

classified as a High Consequence (HC) platform.

Fitness For Purpose Evaluation: The fitness for purpose formulation

given by equation 5.3 is generated for the uncertainties (standard deviations,
or variances) associated with this platform.
As discussed in an Chapter 2, the uncertainties in load and strength

could be taken as 0.66 and 0.25 respectively. Therefore the total uncertainty

would be 0.71.



The capacity - consequence diagram is then developed for o5 of 0.66 and
o of 0.71 as shown in Fig. 7.5. From this figure, a judgement on safety of the
platform could be made.

The mean RSR evaluated for the end-on load case was 1.71 and its
consequence level is designated as "High." This RSR in conjunction with
High consequence level of the platform is located by bar-X in Fig. 7.5. Based
on this location, the platform could be termed as marginal or unfit for
purpose.

The mean RSR evaluated for the broad-side load case was 1.49 and
given consequence level as "High consequence,” the platform is located by
bar-Y on the capacity-consequence diagram. Therefore, the platform could be
termed as unfit for purpose for this level of reference force.

The safety level of this platform could be improved by taking measures
to reduce the its consequence level upon its failure, by reducing the
uncertainties associated with load and strength, or by reducing or eliminating
the risk level associated with failure of the platform from sources other than
storm wave.

From Fig. 7.6, it is observed that in case the COV of load effects could be
reduced from 0.75 to 0.5, the safety level of the platform against end-on load
case would become marginal. In addition, if strength uncertainty (COV)
could also be reduced than a more optimum solution could be achieved.

Fig. 7.7 demonstrates the shifting of marginal safety band with
variation in the probability of failure associated with the storm loading.
Given that the probability of failure associated with the storm wave is the

same as the total probability of failure the platform could be classified as fit-

for-purpose.

e
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7.2 Platform-B
7.2.1 Description of Platform

Platform-B consists of a four-leg steel template jacket located in 140 ft.
water depth in the Guif of Mexico (Fig. 7.8). It represents a typical 4-legged
aged platform operating in the Gulf of Mexico. It is an unmanned platform
with 9 gas producing wells, and has been in operation for more than 25 vears.
Two risers are provided for transportation of gas to other platforms. In
addition, sump caisson, pump casings, two boat landings, and four barge

bumpers are provided.

1 2
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Fig. 7.8: Structural Configuration - Platform B



The total weight (dead + live) of topside facilities has been assumed as
3,500 Kips. The elevations of the upper deck are (+)30'-7" {center line; or
{(+)52" (Top of steel), of the lower deck is {(+)34' (center line), and of the sump
deck is (+)25'-6". The bottom of steel elevation of the lower deck is {+)33"-
1.5", and the deck floor is grated. The deck legs have been connected with the
pile-jacket structural system at Elev. (+)17".

The general soil characteristics at the platform site are 10 ft. thick layer
of soft clay overlying stiff clays. The foundation of the platform constitutes of
4-36"¢ piles and a central pile/ conductor of 30"¢ with a maximum
penetration of 170 ft,, and the piie-leg annulus is ungrouted.

This platform was designed in 1962 based on the 25-year return period
wave with 46 ft. wave height. The marine growth is taken as 2.5" on
diameter for all members between mean sea level and (-)28' and tapers off
below (-)28' to the mudline. The nominal sizes of members (as per the as-
installed drawings) have been used in this study, except where the platform
records were updated based on post-installation inspection reports.

All the steel members have a nominal yield stress of 36 ksi. In this
study an expected (mean) yield stress of 45 ksi has been used, to account for
bias in yield strength and strain rate effect.

The structural configuration of the platform is symmetric, with
ungrouted legs, and no joint cans on the legs. The strength evaluation due to
loads from the diagonal direction may be needed for the deck and foundation
bays.

Damages have been reported in this platform. The prominent
damages reported are in the vertical frames comprising of one vertical brace
each in the second and third bavs of the jacket. The influence of these

damages on evaluation of ESR and safety assessment is demonstrated,



7.2.2  Screening Cycle-1
The evaluation at screening cycle-1, based on Section 3.3 is described in
this section.

screening Cycle- 1A: Cut-off criteria: The platform is evaluated for the

major conditions to determine the likelihood of significant increase in load
and/or strength levels. The process followed is as givert in Fig. 3.8 for load
level evaluation and Fig. 3.9 for strength level evaluation. The as-design
characteristics of the platform are described in the previous section.

The platform has been designed for 25-year return period. Therefore,
based on Fig. 3.8, the first condition is met and the platform is identified to
%‘ia:ve likelihood of significant increase in lateral load. The platform is
screened out for further evaluation at screening cycle-2. However, for
demonstration purpose, its evaluation at screening cycle-1B is presented.

screening Cycle-1B: The evaluation is aimed at determination of the

variations in the capacity (RSR) for each bay of the platform. For each bay of
the platform, the strength and load factors (R, S) discussed in Section 3.3.3 are
estimated by comparison of the original design criteria with the latest API
reference level criteria. Then a numerical value for RSR is obtained, which
gives an approximate idea of variation in RSR from a central figure of say 1.25
(as assumed in this study). The following factors are determined for lbad and

strength for the critical (damaged) jacket bay.




lacket Bay:
Material factor R1 125 duetoFy
Platform condition factor R2 1.0 when no damage
0.75% when one brace is damaged

Platform modifications factor R3 1.0 None

Structural configuration Factor R4 0.8 Inverted V-brace in
vertical frames

Design criteria variation factor  S1  2.04° (API reference level wave
= 1.43 x Design wave}

Deck elevation factor 52 1.2°* Wave hit the deck

Platform modification factor S3 1.8 None

# One vertical brace out of total of 4 in a jacket bay in the frames along
one direction is damaged. Therefore, the bay strength would reduce by
approximately 25 %. ie., R2 = 0.75.
* Design criteria variation would be due to wave heights and drag
coefficients used in the original design and the as-is state of platform.
Drag coefficient used is similar (= 0.6 ) but current API reference level
wave height is 143% (=65.7/46) higher. Therefore the wave load
increase would be proportional to 2.2 (= «) power of ratio of wave
heights (= 1.43). Therefore S1 would be equal to 2.04.
** The bottom of steel elevation of lower deck is (+)33-1.5". Total of
storm tide and surge is 4.4". Wave crest height could be apprakimately
evaluated as 0.55 H to 0.60 H, i.e, 36' to 39" The crest elevation from
mus.l would be 40.4' t0 43.4. Therefore, wave will be approximately 7
to 10 ft. into lower deck and §2 = 1.2,
Therefore variation in RSR = [1.25x 1x 1x 08/ 204 x 1.2 x 1)

= .41, when the piatform has no damage
Therefore variation in RSR ={1.25x0.75x 1 x 0.8 / (2.04 x 1.2 x 1

= 00.31, when the platform has damage

L3060



= 00.31, when the platform has damage
Le., according to the assumed qualitative classification of RSR, this
platform in its damaged and undamaged states would be termed with LOW

RSR (0.8 to 1.0}

Consequence level: The platform is 4-legged unmanned, well platform

with 9 gas wells and 2 risers provided to transport gas to other platforms.
This platform has been in-service for more than 25 years.

Therefore, with this platform, there is no likelihood of loss of lives,
minimal environmental pollution due to gas leakage, loss of production and
resc;urceg will be lower, influence on operation of other platforms connected
by risers will be minimal because gas is transformed from this platform to
others, moderate loss of property in case the platform need to be replaced in
140 ft. water depth. According to the definition provided in Section 4.3, this

platform would be classified as a Very Low Consequence (VLC) platform.

Fitness For Purpose (FFP) Evaluation: The qualitative formulation of

FFP evaluation presented in Fig. 7.9. For this platform based upon screening
cycle-1B, the capacity measure (RSR) has been evaluated as VERY LOW for
damaged and undamaged cases and the consequence measure hag been
identified as VERY LOW. These measures are evaluated in Fig. 7.9 for both
damaged and undamaged cases, thev fall in the Marginal zone.

This platform is then screened out for further evaluation by the coarse

quantitative method {screening cycle-2).



VER ¥ HICH

UNFIT FOR
PURFOSE

HIGH

MEASURE OF CONSEQUENCES, C

2 MARGINAL

g3

p

z

e

- FIT FOR
PURPOSE

z

g ]

:

;i;w

VERY LOW LOW MEDIURM HICH VERY HIGH

MEASURE OF CAPACITY, RSR

Figure 7.9: Fitness For Purpose assessment for Platform - B
(Screening Cycle -1B)

7.2.3 Screening Cycle-2

At screening cycle-2, a coarse quantitative evaluation of the lower

bound of RSR is done by following the procedure described in detail in

Section 3.4. In this cycle, the load and strength patterns for the platform are

deveioped, by determination of loads and strengths for the different bavs on
4 :

an individual basis. The nominal estimates of the load and strength for the

different bays, and the uncertainties in their estimates are determined. The

detailed computations were performed to estimate the loads and strength,

and the results are summarized in this section,

[ R



Development of the !ateral load pattern:

The procedure described for Option-B in Section 3.4.1.1 is followed to
develop the lateral load pattern. The wave crest elevation is approximately at
(+) 44, which means that 11' of the the lower deck will be hit by the 100-vear
return period wave. The reference level lateral load will be summation of
the wind and wave loads on the deck structure and equipment, and the wave
loads on the jacket.

A wave kinematics profile is developed for wave height (H) of 65.7 ft.
with time period (T) of 12.4 sec. on a unit diameter vertical pile extending
from the seabed to above the mean sea level. Airy's linear wave theory
stfeéched to the crest elevation has been used, considering the wave
kinematics at wave crest same as at the m.s.l. The horizontal particle velocity
at different horizontal framing elevations, at crest level, and at mudline are
indicated in Fig.7.10.

The unit wave loads at these elevations and the overall load (shear) on
the unit diameter vertical pile are also shown in Fig. 7.10. Based upon the
unit load values given in Fig. 7.10, the wave load pattern for the complete
platform is developed. The basic assumption made in determination of the
wave load pattern is that the vertical pile is located at the middle of the jacket
and the wave kinematics developed for it will be valid for all of the mémber&
of the jacket. Hence, the phase effect or spatial variation in the wave load
with distance is neglected.

The wave loads in the two orthogonal directions would be nearly same
due to symmetric structural configuration, and are obtained by following the

procedure given in Sections 2.3 and 3.4. The results are summarized below:
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Table 7.3: Lateral Loads Based on Components

[fem Load Percentage Load
Wind Load 50 Kips 3.2
Wave Load:

Deck 556 Kips 360

Main legs (4 NoJ 213 Kips 13.8

Central leg 46 Kips ERY

Conductors (8 No. 228 Kips 4.8

Risers (Z No.} 35 Kips 2.3

Vertical Braces 137 Kips 8.9

Horizontal Braces 178 Kips 15

100 Kips 65
1494 Kips
1544 Kips

In addition, it is assumed that the vertical load from the topside
facilities is 3,500 Kips and that it is equally distributed on the four legs, i.e., 875
Kips on each leg.

From the above results, it is noted that for this platform the wind and
wave loads on the deck structure are roughly 39% of the base shear (total
lateral load); the wave loads on main legs, conductors, and risers are 34% of
the base shear; and the vertical and horizontal braces contribute only 20% to
the base shear. The jacket appurtenances such as boat landings, barge
bumpers, casings, etc. have been assumed here to contribute 6.5%.

The summary of wave loads on each bay is given in Table 7.4. From
Table 7.4, it is noted that about 69% of the base shear is due to the wind and
wave loads in the deck bay and the jacket bay-l, ie, up to EL (-} 27-6". The

pottom three jacket bays contribute a8-12% to the base shear.




Table 7.4; Lateral Loads Based on Bay

Item
Wind Load 50 Kips 3.2
Wave Load:

Deck bay 678 Kips 439

Jacket bay-1 336 Kips 21.8

jacket bay-2 188 Kips 12.1

Jacket bay-3 137 Kips 89

Jacket bay4 124 Kips 8.0

Mud Frami 33 Kirs Z,

Total wave load 2. =14% Kips
-l 0tal Lateral Load 1544 Kips

The overturning moment values at the top (deck-jacket connection)
and bottom (mudline) of the jacket are also required. Based on the results
obtained in Table 7.4, in a simple analysis the lever arm for cbtaining the base
moment could be assumed equal to the water depth. In this way, the
overturning moments have been approximately evaluated as follows:

@ top of jacket: 29,000 Kips-ft.

@ bottom of jacket: 241,650 Kips-ft.

The bias in these results could be determined by comparison with the
results obtained by the Dean's Stream Function theory by using a computer
software. In this way, the base shear has been obtained as 1,825 Kips for Cd =
0.7 [Bea et al, 1988] or approximately base shear will be 1,630 Kips for Cd = 0.6.

Bias in lateral load = Actual / Predicted = 1,630/ 1,544 = 1.06

In case the elevation of the lower deck is higher than the wave crest
elevation and the reference level wave passes below the deck, the reference
level force reduces to 1,050 Kips by Option-B approach and will be
approximately equal to 1,029 Kips for Cq = 0.6 by the Dean’s Stream Function

theory. Therefore, bias will be 0.98 (= 1,029/ 1,050).



Note that these bias estimates would differ for different platforms, due

to variations in the percentage contribution of the different members. The
bias is lower than 1.0, when only the jacket structure and its appurtenances
are considered, because the reduced wave forces on the outer legs and vertical
frames, and on the other members have not been considered. In the first case,
when the wave hits the deck, the bias is higher than 1.0, which is due to the
simplified method considered in evaluation of the wave load on the deck.
In our estimate, we have not considered the effects of wave run-up and draw-
down, when the wave hits the deck and its equipment. At screening cycle-2,
such simplifications may be accepted, whereas at the higher screening cvcles
the wave loads on the deck should be evaluated more accurately.

Development of the bay strength pattern:

The strength of each bay (or sub-structure) is independently evaluated
at the failure of the first component (a brace, a leg, or a joint), by the procedure
described in Section 3.4.2. The results obtained from detailed calculations are
summarized in this section.

The axial capacities of the members would reduce due to:
imperfections in the members; local lateral bending loads from the waves,
current, and hydrostatic pressure acting on the members.

The structural configuration of the 4-bay jacket, as seen in Fig. 7.8
shows inverted V-braces in the vertical framings. The sizes of the braces vary
from 14"¢ x 0.375" to 1876 x (1.375". The horizontal braces are also of similar
sizes. The load transfer from an upper bay to the lower bay in this structure
would typically be from the horizontal brace to the vertical-diagonal brace
linverted V-brace). Therefore, the load at the failure of first component in a
bay would be based on the strengths of the leg-horizontal brace joint, outer

horizontal brace, inverted V-vertical brace. The minimum strencth of these
A

[




three along the load direction will determine the lower bound strength of the
bay. In each bay of this jacket, one vertical brace will be in tension and the
other will be in compression. Therefore, the compression capacity of the
brace, being lower than its tensile capacity will determine the bay lateral load
at its failure.

The strength pattern for the platform has been developed based on the
lateral load at first member failure (Jower bound) and is shown in Fig. 7.11.
The upper bound strengths for deck and foundation bays are also shown.

The lower bound estimate of the deck bay is related to the load at
yielding of the first section, and the upper bound at the formation of a
mechanism. The strengths for jacket bays have been determined for the
grouted and ungrouted leg-pile annulus cases. A summary of the strength
estimate is given in Table 7.5.

From this Table and Fig. 7.11, it is observed that in the ungrouted leg
case, the joint failure by punching of the horizontal brace in the leg governs
for all of the jacket bays. For the grouted leg case, the yielding of deck legs

seems to govern the load carrying capacity.

[able 7.5: Bay Strength Evaluation:
I Hori X -

Ungrouted Annulus;
Jacket Bay -I 14" dia. x 0.375" 116 0.198 586 Kips
facket Bay -1 167 dia. x 0.37%" 127 0.209 608 Kips
Jacket Bay-1if 18" dia. x 0378 138 0.212 751 Kips
jacket bay -1V 20" dia. ¢ 0.3757 119 0.217 687 Kips
Grouted Annulys:
Jacket Bay-I 14" dia. x 0.375" 247 0.148 1673 Kips
jacket Bay-II 14" dia. x 0.275" 324 0.163 1987 Kips
Jacket Bay-ll1 147 dia. x 0.375" 345 0.16% 2046 Kips
lacket Bay [V 14 dia x 0375" 40 0177 2263 Kips
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Determination of the Component Strength at failure of the first

member: The component strength (CS;) or the lower bound of RSR at failure
of the first component (a joint, a brace, or a leg) in the platform is determined
by comparison of the load and strength patterns. The load pattern is
interpolated to determine the base shear at which it will meet any point on
the strength pattern.

Note that an accurate evaluation of the base shear, which will cause the
first member to fail, would require development of load patterns for reduced
wave height(s). By use of computer software, if available, the load pattern
could be developed easily for selected load cases.

The lower bound strength in the ungrouted case will be 677 Kips.

For the grouted leg case, the deck bay seems to govern the minimum load
carrying capacity of the platform. A rough estimate of the base shear at failure
of the first member in the deck bay could be made as follows:

Lateral Load at Failure of the First Component = 452 + (1,544 ~ 728) = 1268 Kips.

From the static pushover analysis, the upper bound of the ultimate
capacity of this platform in the ungrouted case is obtained as 1,060 Kips, which
correspond to failure of leg-horizontal brace joint, vertical compression
braces, yielding of deck legs sections with the increase in lateral loads and
when the wave hits the deck. The failure of the components is cancex;xtrated
in the deck bay (legs} and the jacket bay-I. The first member failure occurs at a
load level of about 830 Kips.

Therefore, the redundancy factor (RF) is equal to 1.28 (= 1,060/ 230) for
the ungrouted case. This redundancy is observed in this platform, due to the

difference in the load at failure of the leg-brace joint and the load at yielding

of the leg sections.



The upper bound of the ultimate strength for the grouted case has been

determined as 1,155 Kips.

The biases introduced in the component strength (CSy) estimates by

screening cycle-2 are determined as follows:

#

Ungrouted Case: Bias = 1,080 /677 = 157

i

Grouted Case: Bias = 1,135/ 1,268 = (0.91.

The nominal estimates of RSR for the two cases is determined as

foliows:
Ungrouted Case: RSR = 677 / 1,544 = 044 withabiasof 157/ 1.06 = 148
Grouted Case: RSR = 1,268 / 1,544 = 0.82 withabiasof 0.91 / 1.06 = 0.86

The mean values of RSR are then evaluated for use in the fitness for
purpose (FFP) decision, in the following way:

§§%g§0tﬂ&d CE%E: (Rgggm@m = .65
Qmuti’d case: (ng}mem = 071

Consequence Level:

The platform is 4-legged, unmanned, well platform with 9 gas-wells
and 2 risers provided for transportation of gas to other platforms. This
platform has been in production for more than 25 years.

Therefore, with this platform, there is no likelihood of loss of lives,
minimal environmental pollution due to gas leakage, loss of production and
resources will be lower, influence on operation of other platforms connected
by risers will be minimal because gas is transformed from this platform to
others, moderate loss of property in case the platform need to be replaced in
140 ft. water depth. According to the definition provided in Section 4.3, this

platform would be classified as a Very Low Consequence (VLC) platform.



Fitness For Purpose Evaluation;

The fitness for purpose formulation given by equation 5.3 is generated
for the uncertainties (standard deviations, or variances) associated with this
platform. As discussed in Chapter-2, the uncertainties in load and strength
could be taken as 0.66 and 0.25 respectively. Therefore the total uncertainty
would be 0.71. The capacity consequence diagrant is then developed for os of
.66, ¢ of 0.71 as shown in Fig. 7.12. From this figure, a judgement on the
safety of the platform could be made.

The reference load on the platform would be the same for the two
dirgcti@ns. The mean RSR evaluated for the grouted case was 0.71 and for the
ungrouted case was 0.65, and its consequence level was designated as “Very
Low." These values of RSR in conjunction with the consequence level of the
platform are located as bar-X and bar-Y in Fig. 7.12. Based on the locations of
the acceptarnce criteria {acceptable and marginal lines), the platform could be

termed as fit for purpose or marginal for this level of reference force.

7.3  Platform - C
7.3.1 Description of Platform

Platform-C consists of an eight-leg steel template jacket located in 52 ft.
water depth in the Gulf of Mexico (Fig. 7.13). It is more than 30-year a;id and
represents an unconventional 8-legged platform which was designed during
the early stage of offshore development, and it is currently operating in the
Gulf of Mexico.

It is an unmanned tender drilling and production platform with 7 gas
producing wells, and has been in operation for more than 30 years. Two risers
are provided for transportation of gas to and from the platform. In addition,

sump caisson, pump casings, one boat landing, and two barge bumpers are

2ea
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provided. The total weight (dead + live) of topside facilities has been assumed
as 500 Kips.

| The elevation of the lower deck is (+)39'-7", of the upper deck is (+)51'-

7". The bottom of steel elevation of the lower deck is (+)39', and is grated.

The deck leg-pile connection is at elevation (+)10".

The soil conditions at the site are characterized by 5 ft. of soft clay
underliain by stiff clay to 115 ft, underlain by dense sand. The foundation of
the platform constitutes of 8-30"¢ piles and the conductor of 30"¢ with a
maximum penetration of 150 ft., and are grouted to the jacket legs.

, The design of the platform is based on the 1959 design wave criteria
based on 25-year return period wave with wave height (H) of 38 ft. and wave
period (T) of 10 sec. The marine growth is taken as 2" on diameter for all
members between mean sea level to the mudline. All the steel members
have a nominal yield stress of 36 ksi. In this study an expected (mean) vield
stress of 45 ksi has been used, to account for bias in yield strength and strain
rate effect. The platform has no joint cans on legs.

Damages have been reported for this platform at the top horizontal
framing of the jacket due to separation of one primary brace and dent and

cracks formation in three other primary braces.

7.3.2 Screening Cycle-1

The evaluation at screening cycle-1, based on Section 3.3 is described in

this section.

Screening Cycle- 1A; Cut-off criteria: The platform is evaluated for the

major conditions to determine the likelihood of significant increase in load

and/or strength levels. The process followed is as given in Fig. 3.8 for load

ey g



level evaluation and Fig. 3.9 for strength level evaluation. The as-design
characteristics of the platform are described in the previous section.

The platform has been designed for 25-year return period. Therefore,
based on Fig. 3.8, it is identified to have likelihood of significant increase in
lateral load. Thus, it is screened out for further evaluation at screening cycle-
Z. But for demonstration purpose, this platform has also been evaluated at
screening cycle-15.

Screening Cycle-1B: The platform is evaluated to determine the

variations in the capacity (RSR) for each bay of the platform. For each bay of
the platform, the strength and load factors (R, S) are estimated by simple
comparison of the original design criteria with the latest API reference level
criteria. Then a numerical value for RSR is obtained, which gives an
approximate idea of variation in RSR from a central figure of say 1.25 {as
assumed for this study). The evaluation of likely variation in RSRE for one

critical jacket bay is given below:

Jacket Bay:
Material factor R1 125 duetoFy
Platform condition factor R2  0.9% Reduction due to damage

to horizontal braces.
Platform modifications factor R3 1.0 None
Structural configuration Factor R4 1.0
Design criteria variation factor  S1  1.38" (API reference level wave
= 1.16 x Design wave)
Deck elevation factor 52 1.17" Wave hit the deck
Platform modification factor 53 1.0 None

# The braces in the top horizontal framing in the jacket are damaged.
These contribute to strength essentially upon failure of one diagonal

brace in the vertical frame. Therefore, reduction in strength due to



their failure would be lower and it is assumed here as 10 %. Therefore
R2 = 0.90.
* Design criteria variation would be due to wave heights and drag
coefficients used in the original design and the as-is state of platform,
Drag coefficient used is similar (= 0.6 ) but current API reference level
wave height is 16% (=44/38) higher. Therefore the wave load increase
wouid be proportional to 2.2 (= @) power of ratio of wave heights (=
1.16). Therefore 51 would be equal to 1.38.
** The elevation of lower deck is (+)39'-7". Total of storm tide and
surge is 9'. Wave crest height could be approximately evaluated as 0.75
H, ie, 33'. The crest elevation from m.s.l. would be 42'. These
Therefore wave will hit the lower deck and S2 could be taken as 1.1
Therefore variation in RSR = [{1.25x09x1x1/(1.38x 1.1 x ‘E}.
= (.74, when the platform has damages.
i.e., according to qualitative classification assumed, RSR would be
VERY LOW (<0.8) to LOW (0.8 to 1.0) for the platform in damaged state.

Consequence Level: The platform is 8-legged, unmanned, tender

drilling and production platform with 7 gas-wells and 2 risers provided for
transportation of gas to and from other platforms. This platform has been in

H

production for more than 30 years.

Therefore, with this platiorm, there is no likelihood of loss of lives,
minimal envircnmental pollution due to gas leakage, loss of production and
resources will be lower, influence on operation of other platforms connected
by risers will be moderate because gas is transported to and from this platform,
moderate loss of property in case the platform needs to be replaced in 52 ft.
water depth. According to the definition provided in Section 4.3, this

platform would be classified as a Low Consequence (LC) platform.
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Fitness For Purpose (FFP) Evaluation; The qualitative formulation of

FFP evaluation presented in Fig. 7.14 is used. For this platform based upon
screening cycle-1B, the capacity measure (RSR) has been evaluated as VERY
LOW to LOW for damaged case, and the consequence measure has been
identified as LOW. These measures are evaluated in Fig. 7.14 and they fall in
the Marginal zone.

This platform is then screened out for further evaluation by the coarse

quantitative method (screening cyde-2).
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Figure 7.14: Fitness For Purpose assessment for Platform - C
(Screening Cycle -1B)
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7.3.3 Screening Cycle-2

At screening cycle-2, the load and strength patterns for the platform are
developed to evaluate the lower bound of RSR, by following the procedure
described in detail in Section 3.4. The detailed calculations for their
estimation have been performed and the results are summarized and
discussed in this section.

Development of the lateral load pattern: The procedure described for

Option-B in Section 3.4.1.1 is followed to develop the lateral load pattern. The
wave crest elevation is (+)42.44, which means that 3.5 of the lower deck will
be hit by the 100-year return period wave. The 100-year return period API-
refez;eﬁce level wave for this water depth is 44'. The reference level lateral
toad will be the summation of wind and wave loads on the deck structure and
equipment, and the wave loads on the jacket.

4 wave kinematics profile is developed for 44 ft. wave height with 10
sec. period on a unit diameter vertical pile extending from the seabed to above
the mean sea level, based on Airy’s theory. The kinematics at the mean sea
level (m.s.l) is stretched to the crest elevation. The horizontal particle
velocity at different horizontal framing elevations, the crest elevation, and
mudline were developed in a similar way as for Platforms A and B.

The unit wave loads at these elevations and the overall load (base
shear and overturning moment} for a vertical pile were developed, and based
on these the wave load pattern for the complete platform has been developed.
The results obtained for the lateral loads on the complete platform are

summarized in Table 7.6 and discussed here.



Wind Load 50 Kips 52 100 Kips 90

Wave Load:
Lower deck 126 Kips 13.1 284 Kips 256
Main legs 244 Kips 253 244 Kips 219
Conductors 219 Kips 227 219 Kips 19.7
Risers 24 Kips 25 24 Kips 2.2
Vertical Braces 63 Kips 6.5 66 Kips 6.0
Horizontal Braces 162 Kips 16.9 99 Kips 8.9
Appurtenances 73 Kips 78 2 Kips_ 6.8

Total Wave Load Y13 Kips 1021 Kips

In addition, the topside load of 500 Kips has been considered to be

equally distributed on eight legs. This load is very low, and is neglected in
further evaluations

From the above results, it is noted that for this platform the wind and
wave loads on the deck structure are roughly 18% to 35% of the base shear
(total lateral load); the wave loads on the main legs, conductors, and risers are
44 % to 51 % of the base shear; and the vertical and horizontal braces
contribute 15 % to 25 % load. The jacket appurtenances such as boat landings,

barge bumpers, casings, etc. have been assumed here to contribute 8 %.

ifem tosd  Percenbioe

Wind Load Kig 32

Wave Load: _
Deck Bay 384 Kips 356 341 Kips 48.5
Jacket Bay-l 286 Kips 8.7 265 Kips 23.9
Jacket Bay-II 1%4 Kips 201 174 Kips 157
Mud Level Framing 49 Kips 50 X} Kirs 2.7

Total Wave Load 913 Kips 1031 Kips

atalf load . 3 Kins 1111 Kips -




The summary of wave loads for each bay is given in Table 7.7, From
Table 7.7, it is noted that about 45% to 58% of the base shear is due to the wind
and wave loads in the deck bay. The jacket bay-I, i.e., up to EL (-) 28.5,
contributes about 24% to 30% to the base shear, whereas the jacket bay-II
contributes between 16% to 20%.

The bias in these resuits could be determined by comparison with the
results obtained by Dean’s Stream Function theory by using a computer
software. In this way, the base shear has been obtained as 943 Kips and 1,329
Kips for the end-on and broad-side directions respectively [AIM, 1987].

Bias in lateral load (end-on direction) = 943/ 963 = 098

Bias in lateral load {(broad-side direction} = 1329/ 4,111 = 120 |

The above bias would exist due to several reasons in the lateral loads
evaluated in this way, which are primarily due tc wave forces on fﬁé deck, the
reduced wave forces on the outer legs and vertical frames, and on the other
members. In the computations of the wave loads on the deck, the wave run-
up has not been included. In real situation, there will be wave run-up on the
equipment, and the nominal wave loads will be higher.

Development of the bay strength pattern:

The strength of each bay (or sub-structure) is independently evaluated
at failure of the first component (a brace, a leg, or a joint), by the pré}cedure
described in Section 3.4.2. The summary of the results is given in this section.

End-on load case: When the wave approaches from the positive
X-direction, all of the three braces along the rows A and B would be in
tension. The strength pattern for the platform has been developed on the
basis of the first member failure (lower bound) and is shown in Fig. 7.15. The

upper bound strength levels for the deck bay is alsc shown.
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Broad-side load case: The strength pattern for the broadside lateral load
case is also shown in Fig. 7.15.

These patterns show an irregularity in the bay strengths at the failure of
first member in the individual bays. The lower bound estimate of the deck
bay is related to the load at yielding of the first section, and the upper bound
represent the load level at the formation of 2 mechanism.

In the end-on load case, the strength of deck bay at first yield of a section
is 519 Kips and at formation of a mechanism is 661 Kips. The bay strength of
the jacket bays I and II would be same and it is 3,097 Kips, when the tensile
strengtﬁ of all of the vertical braces in a bay governs. Therefore; from Fig.
7. 15 it is observed that the deck bay will govern the load level at failure of
first component and the ultimate ioad at collapse of the jacket.

In the broadside load case, the strength of the jacket bays I and Il is 1146
Kips. From Fig. 7.15, it is observed that sections in the deck bay and the

compression vertical braces in the jacket bay-II are likely to fail.

Determination of the Component Strength at failure of the first

member: The component strength (CS;) or the lower bound of RSR at failure
of the first member in the platform is determined by comparison of its load
and strength patterns. The load pattern is extrapolated in this exaimpie to
determine the base shear at which it will meet any point on the strength
pattern.

Note that an accurate evaluation of the base shear, which will cause the
first member to fail, would require development of load patterns for increased
wave height(s). Such load patterns can be developed easily with the use of
computer softwares. A rough estimate of the base shear at failure of the first

member in any bay could be made from Fig. 7.15 as follows:
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End-on load case: ~ 519 + (963 - 433) = 1,049 Kips.
Broad-side lpad case: = 519 + (1,111 - 641) = 989 Kips

In this example, the base shear at formation of plastic mechanism in

the deck bay can be determined as:

End-on load casex = 661 + (963-433) = 1,191 Kips.
Broad-side lgad case: = 661 + (1,111 - 641) = 1,131 Kips

From the static pushover analysis {refer Section 3.6}, the lower bound
estimate at failure of first leg section is 960 Kips for the end-on load case,
whereas the upper bound of the ultimate capacity is obtained as 1,130 Kips.
The upper bound estimate correspond to the yielding of the 8-leg sections
[AIM, 1987]. The nominal estimates obtained above are close to these results.

In case of the broadside load case, the results obtained by the static

pushover analysis are lower than compared with the nominal estimates.
By static pushover analysis, the first member fallure occurs in the vertical
compression brace in the jacket bay-II at base shear of 650 Kips and the
ultimate capacity of the platform is about 760 Kips. The nominal estimates
obtained above identify the weak links in the structure as the deck bay and the
jacket bay-II.

Note that for this platform, we are getting a higher strength level at
screening cycle-2 than that by the static pushover analysis at screening cycle-4.
One of the reason for this difference is that we are not considering the upward
movement of the elevation of the resultant lateral load when the wave hits
the deck. Such consideration will be more important for the broadside lpad
case, where the most likely to fail (MLTF) member is in the second jacket bay.

The biases introduced in the component strength {CS;) by screening

cycle-2 are determined as follows:
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End-on case: Bias = 1130/ 1,49 = 1.08.

Broad-side case; Bias = 76) /989 = 077
The load at failure of the first member is equal to 0.85 of the ultimate

strength (Ry). This shows low redundancy level for the platform.

The nominal estimate of the RSR for the two directions is determined

as follows:
End-on case: RSR = 1,049/ 963 = 1.09 with ablasof 1.08 /098 = 1.10
Broad-side case: RSR = 989 /1111 = 0.89 witha bias of 0.77/ 1.20 = 0.64

For this example, the the results obtained at screening cycle-2 are higher
for the component strength (lower bound of RSR) for the broadside load case.
He;zce, the RSR obtained in this way is also higher and the associated bias is
lower due to reduced bias in the component strength. |

The mean value of RSR is then evaiuated for use in the fitness for
purpose (FFP) dedision, in the following way:

(RSR)mean = (RSRlnominal (BiasIgsg

End-on load case: {RSR)mean = 1.20
0.57

]

Broadside load case: (RSR)mean

Note that these mean RSR would have associated uncertainty in their
estimates, incorporated in terms of variance. The variance in RSR would be

3

the combination of variances in load and strength.

Conseguence Level

The platform is 8-legged, unmanned, tender drilling and production
platform with 7 gas-wells and 2 risers provided for transportation of gas to

and from other platforms. This platform has been in production for more

than 30 years.
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Therefore, with this platform, there is no likelihood of loss of lives,
minimal environmental pollution due to gas leakage, loss of production and
resources will be lower, influence on operation of other platforms connected
by risers will be moderate because gas is transported to and from this platform,
moderate loss of property in case the platform need to be replaced in 32 ft.
water depth. According to the definition provided in Section 4.3, this

platform would be classified as a Low Consequence (LC) platform.

Fitness For Purpose Evaluation:

_ The fitness for purpose formulation given by equation 5.3 is generated
for the uncertainties (standard deviations, or variances) associated with this
platform. As discussed in Chapter-2, the uncertainties in load and strength
could be taken as 0.66 and 0.25 respectively. Therefore the total uncertainty
would be 0.71. The capacity consequernice diagram is then developed for os of
0.66, o of 0.71 as shown in Fig. 7.16. From this figure, a judgement on safety of
the platform could be made.

The reference load on the platform would be same for the two
directions. The mean RSR evaluated for the end-on case was 1.20 and
designated as "Very Low." This RSR in conjunction with very low
consequence level of the platform is located at bar-X in the Fig. 7.16. Be;seﬁ on
this location, the platform could be termed as fit for purpose.

The mean RSR evaluated for the broadside case was 0.57 and given
consequence level as "very low consequence,” the platform is located by bar-Y
on the capacity-consequence diagram. Therefore, the platform could be

termed as marginal or unfit for purpese for this level of reference force.
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7.4  Summary
The screening cycle methodology developed in this study has been

applied on three example platforms located in water depths from 52 ft. to 271
ft. and their structural configurations vary from 4-leg to 8-legs. The
operational criteria for these platforms varied from drilling platform to
integrated drilling cum production platform.

Screening cycle-1A cut-off criteria screens out Platform B and Platform
C at the first condition considered in the process (Whether the platform was
designed for 25 year return period wave condition?) for further evaluation at
screening cycle-2. However, screening cycle-1B was applied to all three
platforms and based on this, Platform A was classified as Unfit For Purpose,
Platform B and Platform C as Marginal. Based upon the overall methodology
presented in Fig. 1.3, all the three platforms required further evaluation at
screening cycle-2,

At screening cycle-2, the load and strength patterns for each platform
were developed to evaluate the nominal estimate of RSR. To this a bias
factor, established for a class of platform is multiplied to obtain the mean
value of RSR. In these examples, the bias factor has been determined based
on the differences in the load and strength values obtained by the method
developed in this study for screening cycle-2 and the results obtai;te& by
computer based static pushover analysis.

The mean values of RSK and consequence estimates obtained or these
platforms are then compared in the fitness for purpose formulation presented
in this study. From this, we obtained approximate estimates of fitness for
purpose for these platforms. Platform A was identified as Unfit for Purpose,

and Platform B and Platform C were identified as Marginal.
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The influence of selected alternatives to improve FFP of Platform A
were studied. The results indicate that Platform A could be classified as
Marginal, in case the standard deviation associated with the load effects could
be reduced from 0.75 to 0.50, and it could be classified as Fit For Purpose in
case the risk associated with other hazard sources is eliminated and the risk
associated with storm waves could be increased from current 20% to 100%.

From these examples, it is proved that the methodology developed at
screening cycles 1 and 2 is pragmatic and useful for periodic screening of a
very large number of platforms existing in the Gulf of Mexico. These
methods are relatively simpler and quicker to apply, and they incorporate the
previous experience available with these platforms. It may be noted, that
these methods could be refined over a period of time upon their application
on a larger number of platforms. Hence, it is believed that the bias in the
results obtained by these methods could be reduced over time and with
further establishing biases for different categories and sub-categories of
platforms, e.g., one sub-category could be 8-legged platforms in 200" to 300'
water depth and located in the storm dominated region.

The efficiency in application of these methods could be further
improved with the development of computer programs. For screening cycle-
1, due to its dependence on heuristic knowledge, the development of an
expert system is recommended. The basis in the development of such an
expert system for screening cycle-1A is discussed in the next ﬁﬁé?ﬁ:e?a
Screening cycle-1B and screening cyde-2 could also be developed in an expert
system form, with development of interfaces for suitable wave load

evaluation and structural analysis packages.
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CHAPTER 8
BASIS FOR DEVELOPMENT OF AN EXPERT SYSTEM

An effort has been initiated in this study to develop a basis for
preparation of a knowledge-based expert system based upon this
methodology. The expert system development in this methodology is
suggested for screening cycle-1. The two phases of screening cycle-1 were
described in Chapters 3 and 4 of this study and they have provided a basis for
such a development.

‘ in this chapter, first the major components and the different stages in
preparation of an expert system are discussed. Then a demonstration of the
concepts required for preparation of a knowledge base have been presented.

In essence, the knowledge elements required to make an assessment of the
capacity level of a platform have been identified and described through
knowledge trees. Based on these knowledge trees, the knowledge couid be
transferred into rules by the use of commercially available expert system

shells.

8.1 Major Components of an Expert System

The major components of an expert system are the knowledge-base,
inference mechanism, and user interface, as shown in Fig, 8.1,

An expert system would provide a limited computational capability
within itself due to the nature of their development. The computation
capability can be provided more efficiently in an expert system by integrating
it with other databases and software packages. Such an integration would

require the development of efficient interfaces. The platform information
i P
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database could be similar to that prepared for the Gulf of Mexico platforms
[Dodson, 1987]. A platform inspection package may also be integrated, which
could be similar to the CAIRS package [Frisbie, 1987). In addition, appropriate

structural analysis and wave load evaluation packages could be integrated if
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Figure 8.1: Organization of an Expert System

such a system is planned for screening cycle 2, e.g., 5ACS, STRUCAD.

capability of its inference mechanism, which provides a framework for
editing and structured development of rules.

inference mechanism and the procedure and logic it follows in making

The sophistication of an expert system shel depends upon the

TR7

The characteristics of an




decisions direct the development and chaining of rules, knowledge base, and
user interface. The effectiveness of an expert system shell depends upon its
inference mechanism. By the use of an expert system shell, the development
effort required for a prototype expert system reduces to identification and
preparation of knowledge base and user interface for a specific application.

A knowledge base is developed by identification of the rules and by

description of the objects. It is done by selection of the basic elements in the
process and their relationship among each other. The object-oriented
development is represented by the different objects, classes, and methods.
The rules in a knowledge base are the representation of the xnowledge
eiémem:s and they link the various objects through time. The class describes
the structure of a set of objects. The properties and methods for 'the classes
and objects are described by using the in built editors in an expert system.

The safety assessment process involves a very large number of
parameters, and some of them are inter-related and have common properties,
as described in Chapters 2, 3, and 4. By use of classes and objects, the problem
can be structured in a manageable form. Also in this way, the individual

classes, their methods, and objects can be updated without affecting the other

classes.

P

Knowiedge acquisition is done by: interviewing the experts;

questionnaires sent to the experts; review of the technical literature; and
performing specific studies. The knowledge base thus acquired will have
uncertainties associated with the various rules, which can be represented by
certainty factors or by probability theory.

An inference engine is a control mechanism which incorporates the

reasoning process for selection of the rules in a knowledge base. Expert

system shells are usually based on the §{Ey%ﬁzazéwg§zaiﬁiﬁg (data-driven) of
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rules, backward-chaining (goal-driven) of rules, or a combination of both by
their inference engines. The forward-chaining starts with examining
(matching) of the premises of the rules with the available data for a platform,
and with firing of those rules that immediately can be concluded. The new
knowledge obtained from the conclusions arrived upon firing of a rule is
then used to evaluate the premises of other rules. In this manner, with
execution of several rules in a logical fashion, a final conclusion is obtained.
In an inference engine based on backward chaining, the process starts with the
goal {conciusion) part of a rule and it moves backward to the lower level by
matching the platform information with the conclusions. In some shells, a
mixe;d chaining strategy is incorporated and is found very useful due to an
easier display of execution status and when a rule will be considered.

A user interface includes questions, statements, menu-sequences,
graphic representations, and explanation statements for the different
parameters. The explanation statements inform the user of the reasoning
path the system is taking to solve a specific problem. An efficient user
interface developed in this way would also form a useful training tool for less
experienced engineers. This will be of great importance due to the limited
resources of regulators and operators.

The ultimate system should be easy to integrate with external pmérams

and should be portable on different hardware.

8.2 Slages in Building of an Expert Svstem
The five stages in building of an expert system are shown in Figure 8.2.
The various activities required under each of these five stages are briefly

described here:
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Figure 8.2: Development Phases for Building an Expert System

Identification: At this stage, the important features of the problem are
identified and an evaluation of the alternative ways in which the different
aspects of the problem can be characterized is made.

The important items here are: identification of the problem; type of
problem; scope of the work; participants in the project; identification of the
required resources; and the goals and objectives. _

The goal in this study is to demonstrate the feasibility of preparation of
a full-blown expert system for use by the regulatory bodies in re-assessment of
the safety of the existing steel jacket offshore platforms. This demonstration
aims at evaluation of the feasibility of development of an expert system for

this methodology and to identify the knowledge elements which may be
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followed by future researchers for development of an eventual expert system.

As a first step, the expert system development may be attempted for
screening cycle-1A cut-off criteria (refer Section 3.3).

Conceptualization: At this stage, the goal is to determine which
concepts are needed to produce a solution. Thus, the emphasis is on the
concepts, relations among themselves, and the control mechanism. Then the
sub-tasks are determined, the strategies to solve the problem are formulated,
and the constraints related to problem solving activity are explored.

The knowledge representation is normally initiated at an abstract level
at this stage. An analysis of the complete problemt is avoided before starting
xmpiemenfra%mn of the program. The representation of knowledge would
essentially follow the summary Figures 3.8 and 3.9 in Chapter 3 and are
reproduced here as Fig. 8.3 and 84. A general discussion of the concepts
involved is presented in section 3.3. Specific development of knowledge trees
for organization of knowledge is given in the next section of this chapter,

Formalization: This phase emphasizes at the formal representation of
the knowledge. The key concepts and relations are expressed within the
framework developed in an expert system shell. The following are important
in formalization of the knowledge trees and concepts:

a) Appropriate tools for the problem. (Knowledge engineer's weik)

Appropriate tool for representation of the concepts and knowledge
trees are needed. At the initial stage of an expert system development,
a rule-based framework could be attempted. The uncertainty associated
with the different rules could be represented by “certainty factors.”
Alternately, an object oriented programming mode may be selected.

An expert system shell suited to the needs of the problem is then

selected.
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by Qutput of this stage: At this stage, a decision is made on

development of explicit domain knowledge ie., the data structure,

inference rules, and control strategies.

Implementation: At this stage in the development of an expert
system, the formalized knowledge in rules form is developed in the form of a
working computer program. The requirements of such a program are as
follows:

a) It should proceed rapidly to check the decisions made during the

earlier phases of development.

b} There is a high probability that the program code would need an

updating in several iterations.

At the first stage in development of an expert system a rapid prototype
be made to demonstrate the formal representation of knowledge in rule form
and the user interaction in making decisions. In this way, the process of
development and the chaining of rules and decision making process would
become clearer to the identified parel of experts and an improved input could
be obtained from them. At the second stage, the more elaborate expert system
be developed.

Testing: During this stage, the performance and utility of the
prototype is evaluated and revisions are planned, if necessary. The important
iterns at this stage are listed as below:

a) The software is tested on some example platforms.

b} During this stage, the following problems may be uncovered:

- missing concepts and relations;
- knowledge represented at the wrong level of details;

- unwieldy confrol mechanisms.



Based upon testing of the rapid-prototype, the process of
development may need re-formulation.

¢) Important questions to be answered from testing: This phase is very

important, because the feasibility of the ultimate system is dependent
on the success in testing of the prototype model. During this phase, the
focus is to evaluate the following:

- Does the system make decisions that experts generally agree are

appropriate?

Are the inference rules correct, consistent, and complete?

3

Does the control strategy allows the system to consider items in

natural order?

]

t

Are the system's explanations adequate for describing how and
why the conclusions are being reached?

- Do the test problems cover the domain, handling the example
cases and probing limitations in its use for expected hard cases?

- Does the solution of the problem help the user in a significant
way?

- Are the conclusions appropriately organized, ordered, and
presented at the right level of detail?

- Is the system fast enough to satisfy the user?

- Is the user interface friendly enough?

d) Lser's expectations of an expert system: The systemn should meet

the user's expectations, if feasible. A user may expect the eventual
expert system to show high quality performance and that it is fast,
reliable, easy to use and understand, and provide default options to

avercome mistakes,



8.3  Development of a Knowledge Base

In this study, a demonstration of the feasibility of production of an
expert system based on the cut-off criteria at screening cycle-1A is evaluated.
An expert system could also be developed for the screening cycle-1B due to
the minimal computations required at this cycle. The preparation of an
expert system for screening cycle-2, which requires substantial computations,
could be achieved by development of interfaces to integrate independent
analysis software as is shown in Fig, 8.1.

The overall organization of an expert system and description of its
components were discussed in sections 8.1 and 8.2. The commerciaily
available expert system shells could be selected to significantly reduce the
time needed for preparation of an expert system. However, the flexibility of
such a system developed in this way would be limited due to the capabilities
and limitations of the shell. Some of the expert system shells available
commercially are: VP-Expert shell; NEXPERT OBJECT: ART; Level5 etc.

In this section, the initiai conceptualization which would form a basis
for development of a knowledge base of an expert system for screening cycle
1-A is attempted. The work reported in this section is limited and aims to
provide a basis for further development of a prototype expert system. The
overall assessment of a platform at screening cycle-1A was based on Figures
3.8 and 3.3. These figures are reproduced in this Section as Figures 8.3 and 8.4,
In the following sub-sections, details of the knowledge elements on which the
xnowledge acquisition process should focus are discussed.

Based on these researchers would be able to select the goals and sub-
goals, categories and sub-categories; identify objects and classes; and formulate
rules. These will also help in making the selection of a suitable expert system

shell,
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8.3.1 Conceptualization at Screening Cycle-1A:

The details of the screening cvcle-l process are given in Section 3.3. At
this screening cycle a qualitative assessment is made on the basis of a cut-off
criteria summarized in Figures 8.3 and 8.4. The cut-off criteria is based on an
evaluation of the significance of variations in the important conditions and
parameters of a platform between its as-is (current) state and its as-designed
(original designj and installed state. The focus of evaluation is on the
determination of the potential for a significant increase in the loads and load
effects or a significant decrease in strength due to a single major attribute, in
the as-is {current) state of the platform from its original designed and
instailed state.

A knowledge tree is given in Fig. 85 for making a qualitative
assessment of the capacity level of a platform. Capacity is related to the RSR
of the platform. Six conditions are evaluated for the likelihood of significant
increase in loads and load effects, or the likelihood for significant reduction in
strength level. In this study in Section 3.3, a significant variation in capacity
(RSR) of a platform was assumed to occur when the loads acting on the
platform are expected to increase by more than 25% or the strength level of its
components is expected to decrease by more than 20% compared to the
original design loads and strength.

Figures 8.6 to 8.11 present knowledge trees for making decisions for
each of these six conditions on the basis of the above basic agsaé‘z?éé{m
Detailed descriptions of these criteria were presented in Section 3.3. In this
section, importance of selected decision modes presented in these figures are

discussed briefly.
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8.3.2 Knowledge Trees:

Knowledge trees (Figures 8.6 to 8.11) have been developed for the six
major criteria to determine the likelihood of significant increase in wave load
or of significant reduction in strength for a steel jacket offshore platform.

Change in Wave Design Criteria:

The wave force is proportional to the square of the wave height.
Therefore variation in the design wave height would have an increased effect
on the design wave loads. Many of the platforms in the Gulf of Mexico before
1965 were designed for the 25 vear return period waves, which were
significantly smaller than the current criteria based on the 100-vear return
;}&rm«d waves. Therefore, the reference level load computed according to the
current API criteria would be significantly higher than the original design
load level. In case the API reference level wave height is approximately 15%
higher than the original design wave height, the original design wave load
would increase by more than 25%. Hence, it forms an important cut-off
criteria.

Influence of Deck Characteristics on increase in the design wave load:

If the current API reference level wave hits the deck(s) and the deck(s)
was not designed for the loads due to the wave in the deck(s), then the deszgn
wave loads would significantly increase. In case the reference wave hzts only
the lower deck, on which usually the minor equipment are placed, the
increase in the load level wiil depend upon the type of deck plate, type of
equipment, projected area of deck and equipment, and on which side {Jong or
short) of the deck the wave hits. Other basis for evaluation would include:
whether profiling of the deck girders has been done to reduce the wave loads;

whether additional secondary structural systems project below the cellar deck.




Influence of the as-is characteristics of the jacket on increase in the

design wave load: The wave loads on jacket are evaluated by Morison's

equation, which was discussed in detail in Chapter 2. The wave load is
directly proportional to the diameter of members and the drag coefficient, and
is proportional to the square of wave height. In case boat landings are
provided it is proportional to approximately 2.2 power of wave height. The
major part of the total base shear on the jacket comprises of the wave load on
vertical members (jacket legs, conductors, risers, caissons, casings) and other
members in the wave zone.

The variation in the wave load from the design state could be
ev&%uaéeﬁé by comparison of the total diameter of the members in the wave
zone which differ from the original design criteria. In case, the existing
marine growth is higher than the surmmation of aiameters of members plus
marine growth in the two states be compared to evaluate the likelihood of
increase in the load level.

The drag coefficient on tubular members vary from 0.6 to 1.2 due to
member properties, flow parameters, and type of marine growth. The
reference level force is evaluated based on drag coefficient of 0.6.

The natural period of more slender platforms in deeper water depths
become closer to the wave period, thus the wave forces increase could
significantly due to dynamic behavior. If such platforms have not been

designed for dynamic loads, the force level would differ.

influence on the Pile loads:

If the water depth differs from the original design state, or the wave
height is higher than in the original design, or if the wave load is likely to

increase on the jacket or the deck, the overturning moment at the base of the



jacket will increase. By increase in loads on the superstructure and the
substructure, the axial load on piles would increase.

The lateral load on the piles will increase when the platform is
subjected to additional forces, such as unstable soil loads, which were not
considered in the original design.

Infivence on Strength of Jacket Bays:

The strength of jacket would reduce compared to the as-design state,
when during installation operation the design assumptions were not fuily
realized. For example, if grouting of leg -pile annulus or skirt sleeve-pile
annulus were considered but due to packer failure or other reasons, the
required grout level and density were not achieved. Other installation errors
may include that the jacket was oriented beyond tolerance level, jacket was
tilted in one direction, piles were installed in the WIrong sequence or in
different legs resulting in reduced pile wall thickness in highly stressed zones.
Residual stresses may have been induced during jacking operations, if
required for levelling of jacket. There may also be damage incurred to
members during installation.

If the primary members are missing or are damaged, the strength level
of that jacket bay would reduce. The location (elevation, bay number),
orientation (along or across waves), number of such members in a bay, and
force type (compression or tension) of such members are important. If
adequate anodes for cathodic protection were not provided or if they had
deteriorated, the strength of jacket bays would reduce due to corrosion effects.
A general degradation of structural members would occur due to inadequate

cathodic protection systern.

e




Influence on Strength of Foundation Bay:

The strength of piles would differ, when their physical parameters is
between the as-is and the original design states. In case pile penetration is
lower than as-designed, the location of underdriven pile, type of loading
(tension, or compression) is important. In some cases, the piles may have
reserve strength when higher pile penetration has been provided than
required to maintain symmetry. If the pile wall thickness at mudline and its
vicinity is lower than design, then the piles may vield.

If scour occurs at a platform site and the resulting loss of soil support to
the pile is significant, then the stresses due to lateral loads would be higher
and the increased pile wall thickness may be required for a larger depth.
During installation of piles, if the as-desired state of platform is not achieved
and residual stresses remain, or grouting is not adequate, or pile sections
differ, then the strength of piles would reduce in case remedial measures

were not considered

Based on the knowledge trees described in Figures 8.6 to 811, the
platforms which do not meet any of the basic conditions, would be termed as
the platforms whose capacity (RSR) is likely to remain approximately 1.25 or
higher. The platforms which meet these conditions, and there is iil%eiéhood
of either increase in the loads or reduction in the strength, their capacity
(RSR) is likely to be lower than 1.25 and they must be evaluated in more
detail at screening cycle-1B or screening cycle- 2.

The knowledge presented in these figures could be formalized by the
development of rule base. With these knowledge trees available, the rules
could be developed in a rational way. The user interface would include a

large number of "explain” statements, to inform the user about the meaning




of the different terms, explanation of various theories, and formulas. The
platform data sheets included in Appendix-A could form a good starting

point for the development of a user interface.

8.4 §ummagg:

The major components and various stages in the development of an
expert system have been discussed in the context of re-qualification of existing
steel jacket offshore platforms. The development of a knowledge base and a
user interface are the key components, when an expert system shell is used.

The expert system is recommended to be developed for the qualitative
screening cycle-1, because the evaluation criteria at this cycle is based on
judgement and experience, and it needs to be applied periodically on a very
large number of platforms.

The schematic diagrams portraying the "knowledge elements” have
been developed for qualitative evaluation of the capacity of a platform. They
are based on the cut-off criteria developed in this research and they identify
the knowledge that is needed to evaluate the performance of a jacket against
storm wave loads. These schematic diagrams would be of help to researchers
in the development of a knowledge base. These diagrams would need further
work by identification of the next level of reasoning and need to be developed
for the evaluation of the consequence level of a platform. Then on this basis,
the rules can be formulated in a simpler way by use of a suitable @X?é?; systern
shell. Significant work will be required in development of the user interface,
which should explain to the users the various terms, theories, reasons in

making such an assessment.
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CHAPTER 9
SUMMARY AND CONCLUSIONS

The assessment of the structural safety of existing steel jacket offshore
platforms has been investigated in this study. The work carried out focuses
on: development of a methodology for screening of the platforms according
to their safety levels, development of a simplified method for evaluation of
the capacity of a platform, and demonstration of the feasibility of preparation
of an expert system based on this methodology.

The safety assessment of ageing offshore platforms, in order to ensure
their safe operation and continued production of crude oil and gas, has
become of increasing importance in the recent years in the United States and
worldwide. This has created a dilemma for the government regulatory
bodies, owners, and operators in the United States, where a major number of
platforms exist. In recent years, their interest to maintain the safety of
platforms against loss of life, environmental pollution, and loss of resources
and property has increased due to the awareness of the public towards
consequences of their failure.

The regulatory bodies, such as the Minerals Management Services
(MMS; established in the United States, have a role to play to ensure that the
structures operating in the offshore waters are safe to public life,
environment, property and loss of production. However, they do not have a
methodology to make routine assessments of the safety of 4,500 platforms
operating in the Gulf of Mexico. Hence, the primary focus of this study has

been on its use by the regulatory bodies to assess the safety of the offshore

plattorms located in the Gulf of Mexico.



In this Chapter, first a summary of the methodology and the processes
involved are presented. Then the conclusions, derived based on the details
presented in the previous chapters, are discussed. The areas where more
work is required for safety assessment of platforms in the Gulf of Mexico and

other geographical locations are focussed.

%1  Summary

A steel jacket platform is typically constructed of three main parts: deck
structure (air-above water); jacket structure (water medium); and foundation
;iies (soil medium}. The jacket structure consists of a 3-D tubular space
frame, supported vertically and laterally by steel tubular piles driven through
jacket legs into foundation soils. The deck structure supports the production,
drilling, living, transportation, safety and other facilities.

Such platforms have been in use for more than 45 years in the Gulf of

Mexico and for a lesser period in other offshore areas around the world.
A significant difference in structural configurations of platforms is noted,
because of variations in their design criteria from: water depth;
environmental and geotechnical parameters; construction and installation
equipment selected; fabrication technology of the period; operational criteria:
and the difference in design philosophy.

There are more than 4,400 offshore platforms in the United States.
Many of these platforms (37 %) have been operating beyond their usual
design life of 20 vears [Dyhrkopp, 1990], and some have suffered darmages due
{0 corrosion, fatigue, dropped objects, and collision with boats. Thus, thev do
not necessarily meet the acceptability criteria (safety standardsj existing today.

The various regulatory bodies [MMS, 1988] and operators are

responsible for the safety of these platforms in continued operations, for



which "safety” includes safety of life, safety against pollution, safety against
loss of resources and property. Thus a well defined methodology is needed to
provide consistency in periodic assessment of the safety of a large number of
existing platforms.

A platform should be structurally sound and should not pose undue
hazards to the personnel, environment, and property to be classified as
suitable for service. A four-cycle safety assessment methodology has been
developed, as shown in Fig. 9.1, which is based on a comprehensive
evaluation of the suitability for service of the candidate pia%forms at one or
more of the 4-cycles. From such an evaluation, the platforms are categorized
as "Fit For Purpose (FFP),” "Marginal,” and "Unfit For Purpose (UFP)."

To evaluate the suitability for service of a platform, the loadings

imposed and induced in the structure, strength and capacity characteristics of
the structure, and the potential consequences, if the structure fails to perform
satisfactorily, are the three most important evaluation criteria. The loading
on the structure and the strength of the platform are combined and expressed
through a term, Reserve Strength Ratio (RSR= Ultimate Capacity /Minimum
Reference Force), which represents the overload capacity of the platform.
The consequence level of a platform essentially depends upon the functions
of the platform, the operational philosophy followed, and the importance of
the platform to functioning of other platforms in the vicinity. An overall
decision on the suitability for service of a platform at a level is then é}aggé on
a comprehensive assessment of its capacity {(expressed by RSR) and
consequences. An evaluation of feasibility of IMR program tc maintain the
safety level or to upgrade the safety level of a platform is then done.

The first step in the safety assessment process (screening cycle-1) is to

screen the platforms according to the need for an in-depth investigation of
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their suitability for service in continued use. At this step, it is an attempt to
approach such a decision using the same factors that would be evaluated by
an experienced otfshore engineer, yet the process is organized so that it can be
applied by a competent engineer in a methodical manner.

In Phase-A of the screening cycle-1, the emphasis is to look at the major
factors which individually may significantly affect the structural integrity and
safety of a platform, so as to require further investigation. The major criteria
which influence load and strength levels of a platform are evaluated in a
logical fashion. In case, there is likelihood of a significant increase in load
level or a significant decrease in strength level of a platform by a single
criteria, the platform exits the process and is further evaluated at screening
cycle-2. In Phase-B of screening cycle-1, a cumnulative influence of the various
major factors on the likelihood of reduction in capacity or increase in
consequence level of a platform is evaluated. The platforms which have 2
significant effect on their structural integrity and safety due to a cumulative
effect of various factors, are screened out for further investigation. This phase
is based on a qualitative assessment of the capacity and consequence levels.
Then based on these two parameters a subjective judgement of the safety of a
platform is done. The comprehensive capacity and consequence levels
obtained at the screening cycle-1 evaluation are subjectively categorized as:
very low, low, medium, high, or very high. Then these qualitative levels are
compared in a capacity-consequence diagram, to make a decision Q% overail
safety of a platform.

Screening cycle-2 of the process is based on application of simplified
{coarse) quantitative evaluation to determine if the piatform has sufficient
reserve structural and foundation capacity, when compared against the

reference level forces. The emphasis is to check the occurrence of possible




tailure modes and mechanisms in the three parts of a platform. The failure
modes which occurred in the past were identified from a detailed review.
The coarse quantitative evaluation of capacity is aimed at determination of its
‘lower bound” estimate. The lower bound estimate is based on component
strength of members and ignores the "system effect,” ie., the structural
redundancy in the platform. The simplified evaluation is based on
comparison of load and strength patterns for a platform, which are developed
by determination of load and ULS strength levels for each bay of the platform.

At screening cycle-2, the consequence level of a platform is evaluated
based on ‘utility theory-decision analysis” approach. The potential
mﬁsequences are assessed in monetary terms and converted to a utiiity scale.
The Fitness for Purpose evaluation at this screening cycle is based on
quantitative characterization, which includes: uncertainties in loading,
capacity, and consequences; acceptance criteria; expected maximum force and
reference level force on a platform. It permits the establishment of acceptable,
marginal, and unacceptable combinations of RSR and consequences for given
force ratios and loading-capacity-consequences uncertainties.

Screening cycle-3 applied on a reduced number of platforms is based on
essentially the evaluation process which would be empioyed by a verification
agent for a new platform. The capacity level at this cycle is evaluated by
conventional linear structural analysis. Upon evaluation of RSR by linear
structural analysis, a decision on overall safety of a platform is made based on
capacity-consequence diagram developed for the platform parameters.

Screening cycle-4 is the application of a system analysis, based on a non-
linear analysis, which determines the redundancy level of structure and post-
ultimate capacities of members to evaluate the possibility of progressive

collapse of the structure. At this stage, the degree of damage tolerance of the




system is emphasized. At the simplest, the analysis can be done by
performing member-replacement “static push-over analysis,” by
monotonically increasing the lateral load on the platform and determining
member response. The static push-over RSR does not give accurate results
due to neglect of transient, dynamic, and cyclic nature of wave loads, and due
to neglecting the potential degradation in capacity of elements during intense
cyclic loading. These deficiencies can be addressed through the use of time-
history non-linear analysis. However, such analysis is extremely difficult and
time consuming, and thus is used for selected platforms.

By such a 4-cycle screening process, a detailed evaluation of reserve
sizéﬁgth and consequence levels for the platforms is required only for a few
most likely to fail platforms. Upon classification of a platform as Marginal or
UFP, at each of the 4-cycles, the next step in the process is to make a decision
on the feasibility of the IMR program proposed for the candidate platform.
The IMR program plays a key role in maintaining the safety of a platform in
continued operations. A platform classified as Marginal or UFP at any level
will need revision of its IMR program and evaluation of its feasibility. If the
revised IMR program is found to be adequate, then the fitness of the platform
in its upgraded condition would be evaluated at the same or the next
screening cycle. If the revised program is insufficient, then the platfc;m may
be considered for decommissioning to avoid the negative consequences.

The safety level of a platform could be upgraded by several alternatives
to achieve desired variation in the mean capacity (RSR), reduction in
uncertainties in load, capacity, and consequences. The alternatives include
ioad reduction, structural strengthening, more refined estimates of load and
strength, and upgrading of the acceptability criteria due to avaiiability of

improved data for a platform, and reduction in risk level for storm lpading.
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The best solution depends upon the characteristics of the particular platform
considered.

An expert system provides an effective medium to implement the
methodologies developed at screening cycle-1 for screening of a very large

number of platforms according to their safety levels.

9.2 nciusion

The four cycle safety assessment process developed in this study would
provide a cost and time effective solution for assessment of the safety of a
very large number of platforms against storm wave loads. The cost and time
in;fz}%ved in its implementation on a platform would vary with its
characteristics.

Simplified techniques developed in this study, for assessment at
screening cycle-1 and screening cycle-2 are of special importance for
identification of the critical platforms by the government regulatory bodies.
Hence, these evaluation cycles would provide a mean with the regulatory
bodies or operators to make a routine assessment of very large number of
platforms operating in the Gulf of Mexico, in order to ensure the safety of
structures to public life, environment, property and loss of production.

The processes developed for the first two cycles are simpler but involve
heuristic knowledge of steel offshore platforms in the Gulf of Mexico and
worldwide, and the decision making incorporates reliability analysis aspects.
A detailed review of literature was done to form the basis, which also
involved establishing the behavior characteristics, and failure modes and
failure mechanisms of jackets against storm wave loads. The ‘experience

factor" has been exploited to develop this approach, which gives sufficiently



good first estimate of the safety level of a platform. This has been
demonstrated by three example platforms in Chapter 7

By the simplified method for capacity (RSR) evaluation at screening
cycle-2, the most likely to fail (MLTF) member in a bay of the platform could
be identified in many cases, as was demonstrated in Chapter 7. Therefore,
with little computation effort and without necessarily using the computers,
the "weak zone” of the platform could be approximately located. The results
achieved by the simplified method could be further improved by formation
of categories and sub-categories of platforms and establishing bias factors for
load and strength for each of these categories. Such bias factors could be
derived by implementation of this method on a large number of platforms.

The platforms which are identified as "Marginal” and "UFP (Unfit for
Purpose)” at the first two screening cycles would require either detailed
quantitative evaluation of their capacity and consequence at higher $creening
cycies or upgrading their capacity level or downgrading their consequence
level. Before moving on with more complex analyses, in some cases it may
be cost-effective to improve the state of knowledge of the platform by
implementation of an IMR {Inspection, Maintenance, and Repair) program.
it will also help to ensure that the assumptions made in more compl
analyses are correct and results are reiiable. This effort may be focussed on the
‘weak zone" of the platform which were identified in screening cycle-2, for
cost effectiveness. In addition, screening cvcle -2 would act like a ?Z‘é??é%fé%&?
due to aid in data acquisition for the platforms to be evaluated at higher
screening cycles.

The selection of an optimum alternative for upgrading of capacity or
downgrading of consequence would require a cost-benefit evaluation. The

safety level of a platform could also be improved by change in the



acceptability criteria used in the fitness for purpose evaluation, as presented
in Chapter 5. The acceptability criteria could be changed by reduction in the
uncertainty level or the risk level associated with the storm waves. The risk
level could be reduced by elimination of structural risk associated with other
load sources by removal of some equipment, or provision of additional safety
measures, or restriction of ship movement in proximity of platforms. The
level of bernefit achieved were presented in Chapter 5. In Chapter 7, the
benefit achieved by these measures were demonstrated.

Screening cycle-1 and -2 have the potential for development in the
form of an expert system. The basis for development of such an expert system
has been explored for screening cycle-1A in Chapter 8. The knowledge trees
developed provide a first step to prepare the rule base for expert system. The
maximum benefit of the process presented at the first two cycles could be
achieved in such a way, as to make the process relatively simple to apply on a
very large number of platforms on a routine basis.

The methods presented at the first two screening cycles should be
considered as evolving in nature with time due to the heuristic knowledge
involved, varying characteristics of the platforms, variations in the
acceptability criteria due to preferences of the parties involved. It is believed
that at the initial implementation of this methodology, a lesser number of
platforms would pass screening cvcles -1 and -2 due to lack of improved state
of knowledge of the platforms. With continued implementation, the safety
assessment of a larger number of platforms could be achieved at these
screening cycles. Therefore, these methods would provide a cost effective

approach in time.



9.3 Recommendations for Future Work

The methodology developed in this study needs to be tested on a
greater number of example platforms. At the next level of implementation,
the various platforms could be classified in categories and sub-categories on
the basis of their operational functions and structural characteristics, as were
presented in Chapter 1. Upon implementation of this methodology at
screening cycles-2 to -4 on the different categories of platforms, bias factors
associated with the capacity (RSR) assessment at screening cycle-2 and
screening cycle-3 could be established. This work will improve the confidence
level in this methodology.

| Screening cycle-1 should be applied on a very large number of
platforms to determine its effectiveness and to identify the next level of
heuristic factors involved. A working expert system should be developed for
screening cycle-1 as demonstrated through the knowledge trees. This expert
system will facilitate application of the process on a very large number of
platforms in a routine manner.

The method for capacity evaluation at screening cycle-3 as described in
Chapter 3 should be applied on additional example platforms, and the bias
factors associated with the nominal RSR, which is evaluated in an
approximate way, be established. Note that these bias factors would also vary
with different categories of platforms.

The consequence evaluation needs further work to develop consensus
on application between the regulatory bodies and operators. The basis for
evaluation of the consequence levels for different categories of platiorm
should be further refined.

Similar basis for evaluation of safety of platform against other load

sources (e.g., earthquake, ice, fatigue, accidental loads) and in different



geographical regions (e.g., California, Cook Inlet, Alaska) should be

developed.



APPENDIX-A

PLATFORM DATA SHEET

(To be filled up by the evaluator using the data supplied by the operator)

Evaluator name: Date:

PLATFORM IDENTIFICATION;

Name

Location:  Gulf of Mexico/S.California/Cook’s Inlet Block
Latitude : Longitude

Water Depth ft.. (Shallow/Intermediate/Deep)

Ensfallaf;z{em Date: Age(Years in service):

Owner : Orientation LN

DOCUMENTS AVAILABILITY CHECKLIST:

Jacket & Deck Drawings: Basic: Yes/No Detailed : Yes/No
Design criteria t Yes/No  Topside Facilities Details : Yes/No
API Code used : Yes/No  Design Report : Yes/No
Design Review Records : Yes/No Computer Models : Yes/No

Soil Borelogs Report : Yes/No  As-Installed Report t Yes/No
Pile/Conductor Driving Report : Yes/Ne

Periodic Survey Records : Yes/Ng Damage Reports : Yes/No

Platform Modifications Records :Yes/No

Designed by: _ Constructed by: __
Installed by : Operated by Period:
Period:
Inspected by: o Repaired by
Evaluator Date Page 1 0fé6
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Functions Drilling/Production/Living Quarters/ Compressor/PDQ/Support
Number of Men: Unmanned (Permanently)) Manned (Periodically)
Manned:  0-5/ 6-15 [/ 16-25 | more
Production Level: Crude Production: 0-5,000 BOPD/ 5,000-10.000 BOPD/
Processing Capability (own) : §-10,000 BOPDY/

Process Support to Other Platforms :

Importance to Other Platforms:

Independent Platform ¢ Yes/Na
Production Piped to a Central Platform : Yes/Neo
Supporting Platform for Manifolds : Yes/Ne

Production Piped to it from Other Platforms : Yes/Ng
Number of Platforms Connected fo it -1 1 2-5 [ >5 (Specify)

Number of Wells: As-Designed : As-Present

% Difference : % Size
No. of Risers/Flowlines: As-Designed: As-Present
% Difference : % Size
Operating Payload : No. of Men on Board
Storage on Board : Nil [ <20,000 bbl { 20,000 - 100,000 bbi [ > 100,000 bél
Deck Layout Changes s YesiNo
Equipment Added : Yes/ No Equipment removed :  Yes/No
Tonnage Added Tonnage Removed
Evaluator Date Page2ofé
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Safety Facilities:  Boat Landings :

nil /one [ two @Elev.: (T.0S.)

Early Warning System Tested
Safety Facilities Provided

Life Boats Operational

Survival Capsules

: Yes/No
: Life Boats/Life Rafts

TOPSIDE/STRUCTURAL DETAILS:
Deck Weight

Deck Dimensions

Equipment Size on Lower Deck

Yes/No

Changes in Truss Structure

Deck Structural Changes :

Cantilever Added

Deck Elev. (ro.s.)
Deck Type : Grated/Plated

: Small/Medium/Larce

Changes in Plating :

New Braces to Legs:

ENVIRONMENTAL LOADING:

Water Depth: "As-Design™

% Difference in "As-Design" and "As-Installed":

Wave Height: "As-Design™:

% Difference in "As-Design" and "Latest API" :

"As-Installed™
%
Latest API
S ]

Wave Crest (Best Estimate): B.C.S. Elevation of Lower Deck:

% Overlap: Nil (Airgap>5 ft.)/ Nil (Airgap <5 Ft.)] 0-25% /75-50% /

50-100% | >100%

Wave Theory: As-used in Design :

% Difference in Wave Loading:

Ideal Wave Theory:

Evaiggég}g

Date

Page 3of 6




QOn-Bottom Loads (100-year Design Loads):

Base Shear Overturning Moment:
Wind Speed : _ Current
Storm Tide

Possibility of Wave Load Increase during the Operating Period:
Increase in No. of Risers & Conductors
Wave Hitting the Deck

% Increase in Wave Load :

Soil Type-Near Seabed (General): Very Soft/ Soft [ Medium/ Hard | V. Hard

Pile Size: Diameter : Thickness
Pile Makeup : Steel Grads
No. of Piles: Main Piles - Skirt Piles

Pile Tonnage

Pile Penetration: As-Design: As-Instalied :

% Difference :
Pile Jacket Connection: Connected at Top | Grouted | Grouted & Weided
Conductors Considered as Axial Piles . Yes/No

Mudmat Provided : Yes/No
Pile Loads: Axial: __ Shear: Moment:
Spedial Geotechnical Conditions . Yes/No

Mudslide Zone : Bad Soil Zone:

Liquefaction Potential

Evaluator Liate Page dofé
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lacket Structural Configuration: Standard | Non-Standard Design

No. of Legs: Main Legs: Skirt Legs :
Leg Cans : Yes/No Can Steel : A36/Z-Property Steel
acket Tonnage :

Bracing Pattern:
Vertical Framings: Longitudinal only | Transverse only | Both Directions

Bracing Between Top Horz. & Lower Deck: Yes/No

Diagonal [ K-Bracing | X-Bracing
D/t Ratio
Kl/r Ratio

Horizontal Framings: Number of Levels

In Splash Zone : Yes / No

Outer Bracing : Yes [ No [ Only in One Direction
Inner Bracing : Diagonal | K | X
supports for Conductors and Risers : Adequate | Inadequate [ Damaged
Splash Zone Protection : Yes/No

Extra Thickness Provided : Yes/No Wrap Plate : Yes/No

Paint System

CONSTRUCTION/LOADOUT/INSTALLATION:

Any Unusual Conditions or Occurrences Noted: Yes/No

Evaluator Bate Page 50t 6
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Records Available : Yes [ No

Last Inspection Done (Years)  : None/0-1/1-2/3-5/>5¢( Specify)
Level of Inspection (APD) : I/ M/ IIl | IV / Other (Specify)

Next Inspection Planned (Years):

Post-Hurricane Survey : Yes/Ne  Report Available: Yes/No
General Appearance of Platform: Stable/ Damaged / Deflected | Rotated
Any Damages Reported : Yes / No Damages Repaired: Yes / No

Damage in/of : Splash Zone | Brace Damaged at | Leg Damaged/

Level of Maintenance : Regular/Intermittent/None

Repairs Recommended?: Yes/No Repairs Done?: Complete/PartialiNone

ZERFORMANCE HISTORY OF PLATFORM:
Hurricane Passed by the Platform Location:Yes / No

Any Unusual Responses Noted

Any Damages Reported

Corrosion of Members Reported : In Splash Zone : Yes/Ng

Corrosion Protection System : CPlImpressed Current

No. of Anodes
CP- Anodes Replaced : Yes /| No When

Marine Growth Accumulation : Heapy/Medium/Licht Cleaning:

Evidence of Settlement of Platform:

Deflection of Platform : Bending [ Torsion
Condition of Riser Clamps : Intact/Broken{Loose
Evaluator T Date Pageéofe
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APPENDIX - B
WAVE FORCE COMPUTATION FACTORS FOR BRACES

In this appendix, approximate factors are computed for wave load
evaluation for the diagonal braces in the vertical and horizontal frames. The
wave force for the diagonal braces in the vertical frames in line with the wave
direction could be approximately evaluated as follows:

Force /unit length of member, Fp=05p Cp D (uCos &2 h / Cos ¢,
represents the force perpendicular to the member.

' The unit force in X-direction = (Fp) Cos ¢
[05 p Cp D uZhj Cos2¢

i

i

[unit force on a vertical pile] Cos? ¢

where ¢ is the angle in degrees between the brace axis and the vertical axis.

¢ (in degrees) Cos2 ¢
30 0,75
45 0.50
60 0.25

The wave force for the diagonal braces in the vertical frames perpen-
dicular to the wave direction could be approximately evaluated as follows:
Force /unit length of member, Fy =[05 p Cp D u?] h/Siny,
= (Fp) [1/ Sin ]
= [unit force on vertical pile] [1/5in v}
represents the force perpendicular to the member. ¢ is the angle in degrees

between the brace axis and the vertical axis.
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s 1/ 5iny

30 2.000
45 1.414
50 1.305
55 1.220
50 1.155

The wave force in the diagonals in the horizontal frames could be
evaluated by the same expression given above for the diagonal braces in the

vertical frames. The angle ¢ represents the angle between outer horizontal

and the brace.
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APPENDIX-C
COMPONENT STRENGTH

The methods used for the evaluation of the ultimate strength of
tubular members, interconnecting joints, and welded connections are
reviewed in this Appendix. These methods are used for the evaluation of
component and system strengths, and the uncertainties in the strength
estimates made in Section 2.4 of this report. The component strength of
tubulars against the following failure modes is required, in order to evaluate
the s.‘%rength of a bay or of the complete platform:

1. Axial compression strength of a tubular.

2. Axial tensile strength of a tubular.

3. Ultimate moment capacity of a tubular.

4. Strength of damaged members.

5. Joint strength: leg-brace and vertical brace-horizontal brace joints.

6. Tensile strength of welded connection: deck-jacket connection.

C-1 Strength of Intact Tubular Members:

Ultimate Capacity under Primary Axial Loading: The ultimate capacity

of the members subjected primarily to the axial load is given by P, or P, for
the members in compression and by ?}, for the members in tension. The
following empirical formulation has been established based on the numerical
data obtained by inelastic analyses of the members with residual stresses, 1%

out-of-roundness, and 0.1% out-of-straightness [Toma & Chen, 1987].

Pu/ Py = 1.0~0091 4 -022 32 for 0<he1.41 (C-1)
= 0015 + 0834 / 32 for 1.41<i<20 G2
where: L = (1/m oy / ENS i/ AT
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where, L = Modified slenderness ratio
Py = Aoy AC-4}
The following formulation is given for the members with residual

stresses, 2% out-of-roundness, and 0.2% out-of-straightness [Toma & Chen,

1587].

Pu/Py = 10-0254-0.13 A for 0<icl41 - AC-5)
= 0.052 + 0.67/32 for 141<Ah<20  .(C-6)
where: & = (1/m (oy / B9 (Ki/p)

Fig. C.1 show the curves A & B based on the above formulations for
the ultimate compression load by Toma end Chen (1987) and &ompares them
with the CRC curve. The curves A & B would give conservative results
compared to the CRC curve.

API-RP-2A (1989) recommended practices specify the fabrication
tolerance limits as finite values instead of percentage of the member lengths.
As per API, beam-columns should not deviate from straightness more than
3/8 inch (10 mm) in total or 1/8 inch per 10 foot increment in length. All of
the braces in the horizontal plane should be held vertically within+ 1/2 in (13
mm) tolerance of the drawing dimensions. All other braces, where the end
points are dimensioned should be erected so that such points are within + 1/2
in (13 mm) of the planned dimensions. Thus, the ultimate capacity
expressions obtained by curve-A would meet the API fabrication tolerance
limits and would be typical for the fabricated tubular columns and braces used
in offshore platforms. Following are noted from curve-A for A3 steel |

(Fy = 45 ksi and E = 29,000 ksi. Hence, » = (KI/r) / 80):

Ki/r A Pu /Py
40 a.5 3.90¢
80 1.0 (.689

120 1.5 (.386
jiY 28 0724
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From this table, a significant reduction in the ultimate compression
capacity of a member is noted for an increase in its slenderness ratio (Ki/r). In
general, for the Gulf of Mexico platforms the Kl/r ratio is about 80-100 for the
braces and about 40 for the legs and piles.

For the less slender members, i.e., the members with KI/r ratio less
than 60, the reduction in the post-buckling compression load is lesser and the

buckling load would be closer to the compressive vieid load.

Ki/r <« 20 : Failure by compression yielding.
W< Kl/r <120 : Failure by inelastic buckling. Post-buckling behavior
of the member is of degrading tvpe.

RKifr > 126 : Failure by elastic buckling or post-buckling behavior.

Note that the ultimate compression strength of the tubulars is affected
by a number of parameters: yield strength, Young’s modulus (material stress
strain curve), residual stresses, geometrical parameters, out-of-siraightness
and out-of-roundness of the members, slenderness ratio, degree of restraint at
the ends and along the member, effect from other loads (flexural loads), and
hydrostatic pressure. The ultimate tensile strength (yield) is affected only by
the geometrical parameters and the yield strength.

The stress-strain relationship for the structural steel is assumed as
elastic-perfectly plastic. However, due to the presence of residual stresses and
other material-related nonlinearity and inhomogeneity, the buckling lcad of
the members with intermediate slenderness ratios would oceur at loads lower
than Per. This happens because the presence of residual stress causes the
fibers, with an initial compressive stress, to yield before the applied stress

reaches the yield strength of the material.
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The members which are not straight would have deflection even
before the load is applied or at zero load state. A perfectly straight member
(column) would show deflections only beyond the Euler load, whereas an
imperfect member would start to bend as soon as the load is applied. Thus, a
slender column with large initial imperfections will fail at loads considerably
below the Euler load, while the relatively slender columns will support the
axial loads only slightly less than the Euler load.

The out-of-roundness of a member would reduce its local buckling
strength, and would initiate the yielding process at lower load. |

The slenderness ratio (Kl/r) has the maximum influence on the
%ud;iing strength of a member. The buckling strength is inversely
proportional to the square of slenderness ratio.

The degree of restraint provided at the end of a member by the adjacent
members reduces the effective length of a member for evaluation of the
critical buckling load i.e., it would change the behavior of a brace from
usually considered pinned end state (K = 0.8) towards that for the fixed end
state (K = 0.5). Hence, the degree of restraint is important in the
determination of the critical buckling strength for a member.

Deflection of a member would increase when along with the axial load,
the lateral loads along its length or moment at its ends are also actiné on a
member. With an increase in the axial load, plasticization would occur in the
critical regions of the member and would cause its failure at & load
considerably below the Euler load.

A uniform hydrostatic pressure field would not reduce the theoretical
elastic buckling load. However, only the slender columns will buckle
elastically. Most members used in the steel jacket platforms have

intermediate slenderness ratios and they usually buckle beyond the elastic



limit of the cross-section. Thus, the bending rigidity (ED) and the buckling
strength of tubular would change.

Hydrostatic pressure in deep-water would have similar effect on the
buckling strength of a member as for a member subjected to the lateral load or
end moments. Hydrostatic pressure, , on a tubular member in the deep
water jackets induces compressive hoop stresses. The effect of hydrostatic
pressure, , on the maximum additional non-hydrostatic axial load capacity,
Py, of an imperfect long column, can be incorporated by the following
expression [Toma and Chen, 1987]:

Pug/ Py = [Pu/ Pyl [1+0.1250Q/ Qql 1~ (86 /331 (Q / Q*2) AC-7)

where, Qo = RE/ G -v (/DB C-8)

Hydrostatic pressure would have no effect on the theoretical elastic
buckling strength of a perfectly tubular column. However, due to imperfect
nature of most of the tubular members, the above relationship should be
considered to evaluate effect of the hydrostatic pressure on their ultimate
axial capacity. The effect of hydrostatic pressure on the strength curve of a
tubular column is shown in Fig. C-2.

As discussed above, in a tubular member the hydrostatic pressure,
geometric imperfections, and residual stresses would have the similar effect
as noted for the initial stresses in a member. These will induce momeﬁt and

the axial load capacity of a member would reduce.

Evaluation of the Yield Moment for 2 Beam-Column:

The capability of a member to allow development of a full plastic hinge
depends upon its D/t ratio, which represents the ductility ratio of a member
and its susceptibility to local buckling. The relatively stocky and compact

sections would have higher ductility and would be less vulnerable to local
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buckling. The load carrying capacity of a tubular member decreases sharply

when an elastic local buckling occurs. Fig. C-3 shows inelastic behavior of the

tubular sections for different D/t ratios. The detailed description of the

behavior of tubular sections for different D/t ratios is given below:

D/4 ratio Type of Section Bemarks
<8 Very stocky section ~ Local buckling would not occur
8t0 25 Compact section * Fuli My, can be reached.
* Section possess sufficient rotation capacity to
redistribute moments and to form a plastic mechanism.
* Failure mode: Plastic collapse
Do) Semi-compact section ».Limited curvature and rotation capacity,
60 o 190 * Failure in the plastic buckling range.
I Negligibie plastic rotation capacity.
> 150 * Failure in the elastic buckling range.

* Very sensitive to imperfections.

When D/t > 60, the possibility of buckling should be evaluated and the

allowable F; and Fy, be based on the allowable local buckling stress, Fy instead

of the yield stress, Fy in the AISC stress interaction formulae. The value of

plastic moment, Mp for the member will reduce its first yield capacity, M}, .

The following expressions have been recommended for evaluation of

the maximum moment capacity of tubulars [Sohal and Chen, 1987].

p
M, / My,

H

Mo / My = 0919 + 0393 (D/9 /100 - 0545 [(D/6 /1012 for36<D/t<?  ..(C.0)

LO37 - 01630/ 0 / 100

for72< Dt Ss 1010

where, D/t is the diameter/thickness ratio and Mp denotes the plastic

moment capacity of a tubular.

-
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The plastic moment capacity, M?, of thin walled tubulars could be

approximated by the following expression. My, indicates the moment at first

yield of the member.

M, =4 gy tR? ACA11)
My = oyt RE-15RD = maytR’ AC12)
My / My, = 0785 AC-13)
D/2 % 3 & ) 8 %
Mer /My 0.99 098 096 092 090 088

Full plastic moment capacity of a tubular member would reduce due to
the presence of external hydrostatic pressure, Q, and is given by the following

relationiship {Chen and Han, 1985}

gMpq/Mpl = 1"{(iR+3§f2(}§ G/ Qo AC-14)

= Plastic moment capacity reduced due to the

where: Mpq
external hydrostatic pressure
ig = Value of the out-of-roundness of a cross-section
and expressed in percent.
Qer = [2E/(1-v)] (/D ~AC-15)
For i = 1.0 (i.e., 1% out-of-roundness)
0/Q4 00 020 040 060 080 10
Mo, / My, 1.0 096 092 0.88 084 080

Interaction of Axial and Bendine oads:

The load carrying capacity of a circular tubular section under combinad

action of the axial and bending loads can be determined by the following exact

formula [Chen and Han, 1985].

IM /M) = Cos [ (n/2} (P /) Peyph ] L AC18)

LIRS




where Pcr and My are determined from the equations given earlier. The
interaction diagrams for the columns with different slenderness ratios are
shown in Fig. C-4, which are based on accurate theoretical analysis. In the
offshore platforms, the normal range of L/r ratio is 80-120 for the braces and
about 40 for the legs and piles. For the members in these ranges, the
interaction diagrams in simplified analyses can be approximately considered
as straight lines.

The lateral loads acting on a platform are primarily carried by the
inclined braces in the vertical frames. These braces are predo:ﬁinanﬂy loaded
in compression or tension along their axial direction and the flexure loading
on them are from the local transverse loads and the moment due to relative
bending stiffness of the member compared to the adjacent members in the
plane of the frame. The major vertical braces would normally have a
moment of the order of 0.05 to 0.10 of their plastic moment capacity, Mp. The
members in the wave zone would have higher moments. Fig. C-5, shows the
effect of moment on reduction in the axial capacity of members. _

The deck-legs, jacket-legs, and piles carry vertical loads from the deck
and the vertical load component of the overturning moment due to the
lateral loads. They also carry local lateral loads due to waves and winds,
which result in high bending moments. These members are usually of large
diameter and have high axial and flexural load carrying capacities. For the
Gulf of Mexico platforms with normal topside loads, the deck legs \wﬁuzé
have higher stresses due to the bending moments than due to the axial loads.

Therefore, the ultimate moment capacity of the deck legs will not reduce

much. Fig. C-6, shows the variation in M/ My for the different values of

axial loads.
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Thus, depending on the relative magnitude of axial and bending loads
on the members, and their ultimate load capacity the interaction diagram
shown in Fig. C-4 would change.

The strength interaction relation for the bending moment, M and an
external non-hydrostatic axial load, P, would be non-linear, as given by the
following expressions. The effect of external hydrostatic pressure on the

members is also included in these expressions.

M/Mpq = 1 - L18[P/Pygl? for 05 [P/ Pygl<0.65 -(C-17)

M / Mpg

i

143 (1 ~P/Pyg]  for065SP/Pyq < 1.0 .(C-18)

where, Mpgqis Full plastic moment capacity reduced for the presence of
external hydrostatic pressure, ; Pyq is a non-hydrostatic axial load at the fuli
yield condition, reduced for the presence of external hydrostatic pressure, Q.
Pyq is given by the following expression:

Pyq / Py = 1~[lR+761/33] [Q / Qul12 ~(C-19)

242
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C-2 Evaluation of the ultimate strength of a joink

The ultimate strength of a joint would be the lower of the nominal
brace load, at which a joint is likely to fail, and the ultimate strength of brace.
The ultimate strength of a joint in terms of the nominal brace loads are given

as follows.

Py = Qu Qf Fy T2 /Sing e {C-20)
where, Qy =34 + 198 T = Chord thickness
B=d/D D = Chord diameter
Qs = 1-hvA2 y=D/2QD

A= {2l + 1 + 5121 /Fy
A = 0.03 for brace axial stress
= 0.045 for brace in-plane bending
= 0.021 for brace out-of-plane bending
My = [Qu Qf Fy T2 /Sing] (08 d) o AC-21)

where, d = Brace diameter

In the above formulas, Qu is the non-dimensional factor for loads in
the individual braces and Qg is the non-dimensional factor for stresses in the
chord. Fig. C.7 presents the various configurations of the simple joints used
in jacket platforms. The load deflection behavior of T and double-T joints in
the cases of punching and pullout loads are shown in Fig. C.8. From this
.figﬁreg it is noted that these joints have a significantly high ultimate strength,
an order of magnitude 2 or more, under the axial pullout loads than for the

punching load case.
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APPENDIX- D

COMPLEMENTARY STANDARD NORMAL TABLE

This Table gives the N(0,1) distribution; &(-B) = 1 ~ &(B)
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APPENDIX-E
DETAILED COMPUTATIONS FOR EXAMPLE PLATFORM-A

The platform-A is a 8-legged platform located in 271 ft. water depth,
and was designed and installed to the practices followed during 1969. The
main legs of the platform are sized to provide support to the 42"® piles. The
physical features of Platform-A are given below and in Section 7.1.1,

The salient features of this platform were summarized in Section 7.1.1
in the main report, and are listed below:

. Grouted leg/pile annulus

- No joint cans on legs

- Severely damaged platform with 4-members ineffective

- Self-contained drilling platform

- Penetration of the 8-42" ® piles up to 270" below seabed

- Anodes used for cathodic protection system

- Grated deck used.

- 24-conductors of 22" ® x 0.5" and -risers

- 2-boat landings and 8-barge bumpers

- Manned platform with helideck and quarters, evacuated in aagvaﬁce

of hurricane.

The structural configuration of the platform-A is given in Fig. E.1.

In this Appendix, the detailed computations for RSR evaluation at the
screening cycle-2 are presented, to demonstrate the extent of computations
needed to the regulators and users. The results are summarized and

discussed in Section 7.1 of this study.
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E.l Development of the Lateral Load Pattern

The Airy's linear wave theory, stretched to the crest level has been

used to develop lateral load on a unit diameter vertical pile and the platform.

Water depth, d = 2711t

Storm tide, s = 2.5ft

d+s = 2735 ft.

H reference = 70 ft. and 1969 Hppyy = 58 1.

Let S=1/12, then Tpy = 1.53 (Hpy 05 = 1280 sec.

L =[gT2/2x] tanh @rd/ L)] = 83965 [tanh (1719/L}; L = 815.20 ft.

Let wave crest height =06 H = 0.6 70) = 42 fi. above m.s.l.

u = {(x H/THCosh [2ny/LYd /{d + 0.6 F}] / {Sinh (2nd /L))

17.18 Cosh [(2n/ 815.20) {273.5 / (2735 + 42} v} / Sinh { 21 2735 / 815.2()
17.18 Cosh {0.0067 v} / Sinh (2.108)

H

it

= 4.237 Cosh (0.0067 v}
F=Fp=Kpulul =[05pCpDlulul =[199/2106)ulul =06 ulul
y Uy Fpy/umit area Foonlft @ pile
(f) {ft/sec) =06ulul b/ Kips/ft
¢.00 4.237 10.77 -
61.0 4.600 ' 12.70 0.720
121.0 5.710 19.560 0.970
176.0 7.540 34.110 1.480
231.0 10410 65.020 2.730
271.0 13.360 107.090 3440
2810 14.240 121.670 1.140
291.0 15.190 138.440 1.300
300.0 16.100 155.530 1.320
3155 17300 190100 2680

5. =15.780 Kips/ft of ®

The wave force on a 1 ft @ vertical pile extending from the seabed to
the wave crest elevation is 15,786 Kips, by the Airy's wave theory. In this
estimate, the wave crest height has been assumed as 0.6 H above the mean sea
level.

The variations of wave velocity and unit wave force with depth, and

the shear force on a unit diameter vertical pile are shown in Fig. E2.
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D Wave load on Deck Bay;

The deck leg section varies from 36™® x 1 0 4270 x 1. The deck legs
elevation extend from {(+)10", topmost jacket horizontal framing, to (+)47.6",
center line elevation of the lower deck. The deck leg section is 42"® x 1" from
EL (+) 10" to (+) 20", transition from 42"» x 0.75" t0 36"® x 0.75" from El (+) 20
to (+) 29, 36"0 x 0.75" from EL (+) 29 to (+) 39, and 36"® x 1" from ElL (+) 39"
to {+) 47-6",

The wave force on a unit diameter vertical member in a deck bay
would be 5.30 Kips (= 2.68 Kips + 1.32 Kips + 1.30 Kips) and it will act at 23.4'
elevation.

Force onone deck leg = 268 (3) + 1.32 B3I5+070(35)+060(3.75) = 17.03 Kips,

Vertical Members Diarneter Number Force in Kips
Deck legs 36"Drds"e & 136.24 Kips
Conductors 22 24 233.20 Kips
Risers 167D i 7.10 Kips
0 2 8.83 Kips
Total B337Kips
Wind load on deck (assumed) = 80 Kips.
Total lateral load on deck bay = 80 + 385 = 465Kips.

The lateral load will act as 15.97 from EL () 10
Overturning moment @ EL (+) 10 = B0)60 + (385) 15.97 = 10,953Kips-ft.
Topside load = 13,430 Kips (= 6,100 Tons}

If, it is assumed that all the legs are equally loaded, vertical load on the

legs = [13450 / 8] « (10953 / 2 x 115} = 1,681 + 48 = 1,779 Kips.

e
e




1) Wave Load on Jacket Bays:

The marine growth thickness has been taken as 1" on the members
from the mean sea level (m.s.l) to elevation (-} 100" and to taper off to zero
from elevation (-) 100" to the seabed.

a) Jacket Bay-1: EL {+) 10’ to EL (-) 40"

The wave force on a unit diameter vertical member in the jacket bay-1,
is obtained from Fig. 7.2 as 4.58 Kips (1.14 Kips from ms.l to EL (£)10, and
3.44 Kips from ms.l to EL (-) 40'). The marine growth of 2” on diameter is

considered for the member parts from m.s.l. to EL (-) 40",

Vertical Members Diameter Nurmber Force in Kips
jacket legs 45"Q & 1435 Kips
Conductors 20 24 219.8 Kips
Risers 16"% 1 6.90 Kips
0P 2 9.16 Kips
Appurtenances;
Caissons/Casings/Barge Bumpers 60.00 Kips
Beat landings 50.00 Kips
Toed 489.36 Kips
eEnd-on Direction;

Wave force on vertical braces: 6 no. 20"¢ x (.438" braces have been

provided on the two side frames. The formulas developed in Appendix-B
have been utilized to evaluate the forces. These vertical braces are at b
(=55 for 4 braces and 40 for two braces) from the horizontal,

Force on side frames = & {unit force) (Dis. in ft) Sind ¥

4(4.58) (183 5in? 35 + 7 (4.58) (1.83) Sind 40

i

[

3175 Kips.
8 no. 18"¢ x 0.594" braces have been provided on the four front frames.

These vertical braces are at v (= 59.75) from the horizontal.



Force on front frames = 8 (unit force) (Dia. in ft.) {1/ Sin y)
= B4SRI20 /12 (1/ Sin 39.75) = 70.69 Kips.

Wave force on horizontal braces @ El, (+) 10'; When wave approaches

from the orthogonal directions, the effective horizontal braces would be
4-18"® x 0.375" {outer horizontal, 46' long), 4-8.625"® x 0.375" (diagonals, 23
width, y= 37.27), 8-8.625"® x 0.375" (12' width, vy = 61.92), 1-8.625"® x 0.375" (23’
width, v = 45).

(0.1217) {4 (20/16) 46 + (10.625/ 12) (4 (23) Cos2 37.27 +

it

Force on horizontals

8(12) Cos?61.92 + 1 (23) Cos? 45}

= 0.1217 (306.67 + 80.60) = 47.13 Kips.

‘veri:zs,a} tﬁ%pomeﬁis S 489.36 Kips

Vertical braces 102.44 Kips
Hortzonta! braces 47.13 Kips
Totad forge; 638.93 Kips

Broadside Direction:

Wave force on vertical braces: 6 no. 20"¢ x 0.438" braces have been

provided on the two front frames. These vertical braces are at Y (= 35 for 4
braces and 40 for two braces) from the horizontal.
Forceon front frames =4 (4.58) (22 / 12) (1/ Sin 55) + 2(4.58) (22/12) {1/ Sin 48)
= 763.62Kips.
8 no. 18"® x 0.594" braces have been provided on the four side frames.
These vertical braces are at v {= 59.75) from the horizontal.
Forceonsideframes = 8(4.58)(20/ 12)5in259.75 = 45.57 Kips.

Wave force on horizontal braces @ EL (+) 10"; When wave approaches

from the orthogonal directions, the effective horizontal braces would be




4-18"® x 0.375" (outer horizontal, 46" long), 4-8.625"® x 0.375” (diagonals, 23'
width, y= 37.27}, 8-8.625"® x 0.375" (12" width, v = 61.92), 1-8.625"® x 0.375" {23
width, y = 45).

i

Force on horizontals QI {206/1D 116+ 201475/ 12180+ (12.75/12) 355+ §

(10.625/ 12)22.5 Cos? 26 + 4 =(10.625/ 12) 18 Cos? 51.95]

i

01217 [309.3 + 196.7 + 37.7 + 12875 + 24.22] = 8478 Kips.
Total load on broadside - Jacket Bay-1:

Vertical components 489.36 Kips
Vertical braces 109.17Kips
Horizontal traces 84.78 Kips
Total force: 683,31 Kips

b} lacket Bay-2: ElL (-} 40 to EL {-) 95"

#

The wave force on a unit diameter vertical member in the jacket bay-2
is obtained from Fig. 7.2 as 2.73 Kips. The marine growth of 2" on diameter is

considered for the member parts from EL () 40' to () 95"

Yertical Members Eameter Nurnber Force in Kips
Jacket legs 45" 8 85.5 Kips
Conductors 2 24 131.0Kips
Risers 16"® 1 4.11 Kips
Je 2 546 Kips
Total 226.10 Kips

End-on Direction:

Wave force on vertical braces: 6 no. 24"¢ x 0.375" braces have been

provided on the two side frames. The formulas developed in Appendix-B
have been utilized to evaluate the forces, These vertical braces are at v
(= 53 for 4 braces and 50.71 for two braces) from the horizontal.
Force or side frames = 4 {2.73) (26/12) $in? 53 +2 (.73} (26/12) Sin 50.71 = 32.16 Kips.
8 no. 18"® x 0.457" braces, and 4- 18" have been provided on the four
front frames. These braces are at v (= 62.07) from the horizontal.

Forceon front frames = (273}(20/ 122 [8 {1/ Sin39.75) + 4] = 59.40 Kips.



Wave force on horizontal braces @ EL (-) 40 When wave approaches

from the orthogonal directions, the effective horizontal braces would be
4-18"® x 0.375" (outer horizontal, 46’ long), 4-8.625"¢ x 0.375" (diagonals, 23
width, y= 37.27), 8-8.625"® x 0.375" (12’ width, y = 61.92), 1-8.625"® x 0.375" (23’

width, v = 45).
Force on horizontals = [0.065 / 012171 (47.13) (16/20) = 20.14 Kips.

Total end-on wave load on Jacket Bay-2:

Vertical components 226.10 Kips
Vertical braces 81.58 Kips
Horizontal braces 20.14 Kips
Total force: 327.82 Kips

Broadside Direction:

Wave force on vertical braces: 6 no. 20"¢ x 0.438" braces have been

provided on the two front frames. These vertical braces are at v (= 55 for 4
braces and 40 for two braces) from the horizontal.

Force on front frames = (2.73)[4 (26 / 12)(1/ Sin 53)+2(26/12) {1/ Sin 50.7)] = 63. 12 Kips.

8 no. 18"® x 0.594" braces have been provided on the four side frames.
These vertical braces are at ¥ (= 59.75) from the horizontal.

Force onside frames = 8(2.73)(20/ 12)Sin2 62.07 = 28.41 Kips.

Wave force on horizontal braces @ FL () 40"

Force on horizontals = (0.065 / 0.1217) (84.78) (14/14) = 45.28 Kips
Total load on broadside - Jacket Bay-2:

Vertical components 226.10 Kips

Vertical braces 51.53Kips

Horlzonts] braces . 45.28 Kips

Total force: 42,91 Kig

<l facket Bay-3: ElL (-} 9% to EL {-} 150

The wave force on a unit diameter vertical member in the jacket bay-3,
is obtained from Fig. 7.2 as 1.48 Kips. The marine growth of 2" on diameter is

considered for the member parts from EL {-) 40' to () 95",



Vertical Members Diameter MNgmber Force in Kips

facket legs 45" E 46.35 Kips
Conductors 22"® 24 71.62 Kips
Risers 16" 1 2.22 Kips
1r'e 2 2,96 Kips
Total 122.60 Kips

End-on Direction:

Wave force on vertical braces: 6 no. 24"® x 0.375" braces have been

provided on the two side frames. These vertical braces are at Y (=486 for 4
braces and 30.71 for two braces) from the horizontal. |

Force on side frames = 4 (1.48) (26/12) Sin? 48.6 +2 {1.48) (26/12) Sin 30.71 = 11.06 Kips.

8 no. 20"® x 0.375" braces have been provided on the four front frames.
These braces are at v (= 56.80) from the horizontal.

Force on front frames =~ (1.48) (22 / 12)[ 8 (1/ Sin 36.80)] = 25.94Kips.

Wave force on horizontal braces @ ElL (-} 95"

Force on horizontals = [0.0341 / 0.1217] (47.13) = 13.21 Kips.

Total end-on wave load on Jacket Bay-3:

Vertical components 122.60 Kips
Vertical braces 37.00 Kips
Horizontal braces 1321 Kips
Total force; 172.81 Kips

Broadside Direction:

Wave force on vertical braces: 6 no. 24"® x (G.3753" braces have been

provided on the two front frames. These vertical braces are at v (= 48.6 for 4
braces and 50.7 for two braces) from the horizontal,

Force on front frames = (1.48) (26 / 12) 14 (1/ Sin 48.6) + 2 (17 S5in 50.74 = 25.39 Kips.

8 no. 20"¢ x 0.375" braces have been provided on the four side frames.
These vertical braces are at ¥ (= 56.80) from the horizontal

Force on side frames = 8(1.48/122/ 12)Sin? 56,50 = 15.20 Kips.



cl

Wave force on horizontal braces @ EL (-3 95'-

Force on horizontals = (0.0341 / 0.1217) (84.78) (18/18) = 26.72 Kips
Total load on broadside - Jacket Bay-3

Vertical components 122.60 Kips

Vertical braces 40.39 Kips

Horizontal braces 26.72 Kips

Total foroe 89.90Kips

Jacket Bayv-4: EL () 150" to EL {-) 210"
The wave force on a unit diameter vertical member in the jacket bay-4,

Is obtained from Fig. 7.2 as 6.97 Kips.

Vertical Members Diameter Nurrber Force in Kips
Jacket legs 45" @ g 30.38 Kips
Conductors 22" 24 46.35 Kips
Risers 16" 1 1.47 Kips
g 2 195 Kips
Total 8035 Kips

End-on Direction:

Wave force on vertical braces: 6 no. 24" x 0.375" braces have been

provided on the two side frames. These vertical braces are at Y (=4723 for 4

braces and 53.13 for two braces) from the horizontal.

Force on side frames = 4 (0.97) (26/12) 5in2 47.23 + 2 (0.97} (26/12) $in2 53.13 = 7.92 Kips.

8 no. 24"®» x 0.375" braces have been provided on the four front frames.

These braces are at v (= 54.50) from the horizontal.

Force on front frames = (0.97) (26 / 12) [ 8 (1/ Sin 54.50}] = 20.65 Kips.

Wave force on horizontal braces @ EL (-) 150"

Force on horizontals = [0.02 / 0.1217] 47.13)(32/ 20y = 8.52 Kips.
Total end-on wave Joad on Jacket Bay-4:

Vertical components 50.35 Kips
Vertical braces 27.87 Kips
Honzontal braces 8.52 Kips
Total force: 116.74 Kips
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Broadside Direction:

Wave force on vertical braces: 6 no. 24"® x 0.375" braces have been

provided on the two front frames. These vertical braces are at ¥ (= 47.23 for 4
braces and 53.13 for two braces) from the horizontal.

Force on front frames = (09726 / 12) [4(1/ Sin4723) + 2 (17 Sin 53.13)] = 16.71 Kips.

8 no. 24"® x 0.375" braces have been provided on the four side frames.
These vertical braces are at ¥ (= 54.50) from the horizontal.

Force on side frames = 8(0.97)(26/ 12) Sin? 5450 = 11.14 Kips.

Wave force on horizontal braces @ El (-3 150"

Force on horizontals = (0.02 / 0.1217) (84.78) (20/16) = 17.42 Kips
Total load on broadside - Jacket Bay-4:
Vertical components 80.35 Kips
Vertical braces 2785 Kips
Horizongl brages 17.42 Kips
Total forpe 125,62 Kips

e) facket Bay-5; EL (-} 210' to EL (-} 271"

The wave force on a unit diameter vertical member in the jacket bay-3,

is obtained from Fig. 7.2 as 0.72 Kips.

Vertical Members Diarneter MNumber Force in Kips
Jacket legs 45" 3 22.55 Kips
Conductors 2'P 24 34.55 Kips
Risers 16°% I 1.08 Kips
i 2 144 Kins
Tokad 59AL Kin

End-on Direction:

Wave force on vertical braces: 6 no. 20" x 0.438" braces have been

provided on the two side frames. These vertical braces are at ¥ (=4399 for 4
braces and 33.13 for two braces) from the horizontal.

: £ i os 3 ivmn o F s ey g - 2 - %
Force on side frames = 4 (0.72) (32/12) $in€ 43.99 + 2 (0,723 (32/12) Sin 53.13=86.16 Kips.



8 no. 24"® x 0.373" braces have been provided on the four front frames.
These braces are at y (= 50.53) from the horizontal.

Forceon front frames = (0.72) (26 / 12) [8(1/ Sin 30.53)] = 16.17 Kips.

Wave force on horizontal braces @ E|. {-1 95"

Force on horizontals = [0.0127 / 0.020] (8.52) (26/201 {101/ 45) = 15.80 Kips.

Total end-on wave load on Jacket Bay-5:

Vertical components 59.64 Kips
& Vertical braces 22.33 Kips
Horizontal braces 1550 Kins
Total forcer 97.77 Kips

B roadside Direction;

Wave force on vertical braces: 6 no. 30°¢ x 0.438"

%

praces have been

provided on the two front frames. These vertical braces are at 7 (= 43.99 for ¢
braces and 53.13 for two braces) from the horizontal.

Force on front frames = (0.72) (32 / 12y [4(1/ Sin 43.99% + 2(1/ Sin 53.13) = 1585 Kips.

8 no. 24"¢ x 0.375" braces have been provided on the four side frames.
These vertical braces are at ¥ (= 50.53) from the horizontal.

Force on side frames = 8(0.72)(26/ 12)Sin2 5053 = 7.44 Kips.

Wave force on horizontal braces @ E| {-y 210"

Force on horizontals = (0.0127 / 0.02) (17.42) (22/205 (171/ 115) = 18.09 Kips

Total load on broadside - Jacket Bay-5;

Vertical components 59.64 Kips
Vertical braces 2329 Kips
Horizongd braces 18.09 Kips
Total forees (2 Kips

Wave load on Mud-level Horizontal Framing:

Endon = [0.0108 / 0.0127] (15803 (117/ 101) 15.56 Kips.

#

Broadside = (D.0108/ 0.0127) (18.09) Q472 (1877 1713 = 18.35 Kips.
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SUMMARY OF LATERAL LOADS:

The summary of wave loads for each bay is given below:

160.00 Kips

Wind icadls S0.00 Kips
Wave Loads:
Deck Bay 385.40 Kips 38540 Kips
Jacket Bay-l 638.93 Kips 683.31 Kips
Jacket Bay-[l 32782 Kips 362.91 Kips
Jacket Bay-Iil 172.81 Kips 189.90 Kips
Jacket Bav-IV 116.74 Kips 125.62 Kips
Jacket Bay-V 97.77 Kips . 101.02 Kips
Mud-Level Framing 15.5 Kips 18.33 Kips
o= 1335 00Kips 2(126.50 Kips

The summary of loads on the basis of

components of Platform-A are given below:

the loads on different

Wind loads 8000 Kips 160.00 Kips

Wave Loads:
Main legs (8 No.) 464.60 Kips 464.60 Kips
Conductors (24-No.) 736.15 Kips 736.15 Kips
Risers (4-No.) 52.68 Kips 52.68 Kips
Appurtenances 110.00 Kips 110.00 Kips
Vertical Braces (6-Frames) 271.22 Kips 292.43 Kips
Horizontal Framings 12036 Kips 210.64 Kips

._,'.‘-.‘ t;-‘.-‘

T = 1835.0Kips 2026,50 Kips

The lateral load pattern for the platform has been developed based on

the above and is shown in Fig. E3.
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E2  Evaluation of Platform Strength Pattern

The strength pattern of the platform is obtained by evaluation of the
minimum strength of the individual bays. The first step in the
determination of the bay strength is to identify the failure modes and
mechanisms, which are likely to form in the different bays (deck, jacket, and
foundation piles sub-structures) against the imposed loads.

The primary failure modes and mechanisms, which are likely to form

under increasing lateral loads are as follows:
1. Deck bay: portal mechanism upon yielding of all the legs; failure of
deck leg-pile connection.
2. Jacket bays: individual failure or successive failure of several of the
vertical diagonal braces in the vertical frames: or failure of major
joint(s) before failure of vertical brace(s).
3. Pile bay: portal mechanism would form due to vielding of all the
piles and some conductors; the pile-soil contact may fail due to uplift
forces; or piles may fail due to plunging under compressive load.

E.2.1: Deck Bay
The plastic mechanism in the deck bay would form by yielding of the

sections at top and bottom of all of the eight main legs with a minimum

section of 36"d x 1. .

Sump deck elevatione = {4) 3%
Lower deck Elevy, = e} 46
Upper deck Elev. = (+} 63

1,323 Kips (600 Tons)
12,128 Kips (5,500 Tons)
13,450 Kips (6,100 Tons)
13450 / 8 = 1,681 Kips.

1]

Deck weight

i

Topside weight
Total load

Vertical load on one-leg

J03




Size of main legs is 36" @ x 1" from Elev. (+) 29 to Elev. (+) 46". The
main legs sections transition from 42" ® x 1" to 36" ® x 1", from Elev. (+) 15
to Elev. (+) 29". For section 36"® x 1", area (A) is 110 in2, moment of inertia

(I) is 16,851 in4, and radius of gyration (r) is 12.38 in.
The unsupported length of deck leg, 1is 31", and Ki/r = 24
A= (/m (g, / YOS (K = 0271
Pu/Py = u% where, Py =Gy A = 4,950 Kips
So, Py = 4752 Kips
My, = 40, tR? = 4860 Kips-fe

Y
moy,t R? = 3,817 Kips-ft. at first yield of a deck-leg section.

H

P
v

i

M
The allowable M, would depend upon the ratio of {Pf Py) for the deck
legs. For this example platform, the actual ratios of the vertical ioads on the
legs are not known. An approximate estimate of the compression load in the

legs can be made as below:

Total topside D.L. and L.L. = 13450 Kips

Wind lcad- End on = 80 Kips @EL (+) 65

Wind Load-Broad side = 160 Kips @ EL {+) 65

Wave load on the deck bay = 38537 Kips

Overtuming moment (OTM) = 10,933 Kips-ft.for end-on case.

= 16,554 Kips-ft. for broad-side case.

Assuming that all the legs are equally loaded, the

Total vertical load in the legs = 13451 /8 + 10953/(2x 115) = 1,729

Kips

Let the vertical load will be approximately 1,800 Kips. The ratio of
(P/Py) is approximately equai to 0.38 and the corresponding ratio @f M/M,,
wouldbe: M/ Mg = Cos[05 P/ P, ] = 0.83

These ratios would vary for the different legs. Therefore, approximate
estimates could be obtained by considering the average values. For D/t ratio

of 36, M/M., would be 0.99,
Therefore, M = (0.99) (0.827) 4,860

f
it

3,979 Kips-ft,

§

m
55
..,;s
¢

and = (0.99) (0.827) 3,817 = 3,125 Kips-ft. for first yield condition,




The ultimate lateral load capacity, Py=16 M?/‘L = 1643,1251/ 31 = 1,613 Kips and wiil
be 2,054 Kips at formation of a mechanism.

In case of large displacement at the top of the deck bay, the lateral
stiffness of the bay would reduce due to the moment induced by the vertical
loads on the legs. The reduction in the stiffness of the bay could be
determined as the ratio of the vertical load on the leg and the bay height (=
1,800/31 = 60 Kips /ft of displacement). This value for the stiffness reduction
1s very less to be of any significance o the strength against formation of a
rigid-plastic mechanism discussed earlier.

The net ultimate lateral load capacity at firse vield will be 1,613 - 60 =

1,553 Kips for the end -on direction and 1,994 Kips for the broad-side direction.

E.2.2 Jacket Bays

E.2.2.1 End-on Direction:

[acket-Bay 1;

Horizontal Braces: For the vertical brace of 14" & x 0.375" size, the area

(A) is 16.052 in?, the moment of inerta (I} is 372.76 in%, and the radius of
gyration (r) is 4.82". The local wave loads on the horizontal braces will reduce

the axial load carrying capacity of the brace.

Unsupported length of brace, L LS 45
Kl/r = 08(Lx12) /482 69.71 8244
A= (1w (o, /805 (Ki/n 0.8714 1.0308
Py/Py = 10-0091%,-02232 = 06 0.754 0.6725
Py =0y A = 722 Kips (Tensile Brace)

Moment in horizontal braces (Kips-ft), M = (0.122) (14/12) w2/ 17.43 2881
Mp = 4 o, tR? = 275.6 Kips-it.

M/ Mp 0.063 0.105
Corresponding to this, P/ Per (V) 0.96 0933
Py=XY P, 523 Kips 453 Kips.
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Vertical Diagonal Bracings: The size of vertical diagonals is 20" x
0.438" for which, area (A) is 26.92 in2, moment of inertia (I) is 12882 in4,

radius of gyration (r) is 6.92 in., and D/t ratio is 45.66.

Unsupported length of brace, L 61.03 67.27
Angle with horizontal, 8 35 48.01
Ki/r = 08(Lx12)/692 8470 9335
A= (/) (o, /E1OS 1/ 1.05% 1.167
Py/ Py = 10-00914-0232 = X 06575 0.5942

Py o= Oy A = 1211.4 Kips (Brace 3 in Tension)

s

Moment due to local wave loads,

M = (0.16) (14/12) (L2/ 10) Sin & 48.8 Kips-ft.

Mp = 4 a,tR2 657 Kips-ft.

M/ Mp 0.074

Corresponding to this, P/ Por @ (Y) 0.95

PyCose= XY Py Cos 8: Compression braces 434 Kips 457 Kips
Tensile braces (Pum) 660 Kips 770 Kips

lacket legs: The size of the jacket leg is 45" x 0.625" for which, area (A)
is 87.13 in2, moment of inertia (I} is 21,450.7 int, radius of gyration (r) is 15.69
in., and D/t ratio is 72. The unsupported length of leg is 50.4".

The pile section inside the leg is of 42" x 0.1.25" for which, area (A) is
160 in2, moment of inertia (I) is 33,248 in4. Therefore, for leg-pile annulus
grouted case, the combined section properties be used: area (A) of 247.16 in2,
moment of inertia (I) of 54,698 in4, and radius of gyration (r) of 14.88 in.

The D/t of the leg is more than 60, therefore the failure of leg will be in
the plastic buckling range and the section would have negligibie rotation
capacity. But the leg-pile annulus is grouted and the local buckling of the leg
wiil not occur.

The moment due to local wave loads, M = (0.36) (L2/ 10) = 90 Kips-ft.
and Mp =4 Oy t R2= 4,746 Kips-ft. Therefore, M/ Mp = 0.02, which is very

ow,
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Two cases of grouted and ungrouted legs have been studies in this example.

Lingrouted Crouted
Unsupported length of brace, L = 304"
Angle with horizontal, 8 = 82875
Area (A} in? 87.13 247 16
Moment of Inertia (I} in% 21,450.70 34,698.00
Radius of Gyration (r) in inch. 1569 14.88
Kifr = 08(Lx12)/r 38.55 40.65
L= (1/m oy / E)YOS /) 0.482 0.508
Py/Py = 1.0-0.0914-02222 = X 0.503 0897
P, =0y A in Kips 3,6209 11,122
Corresponding to M/Mp, P/ Per  : (D) (.98 1.0
PyCos@ = XY I’}, Cos 6 in Kips 431 1,237
PyCos8 inKips 476 1380

The lateral load carried by the battered jacket legs, and vertical braces
could be determined based on the relative stiffness contribution of the legs
and vertical braces in a bay.

Ko = YEA/L Cos2¢ + S 3EI/ 13

H

4EA1/L] Cos25328 + 4EA2/Ly Cos2 824 + 3EL/ (L3

E[4{26.92/(61.03 x 12} Cos2 55 + 2(26.92/(67.27 x 12)) Cos 48+

H

4{247.16/(50.4 x 12)} Cos? 82.875 + 8 (3 x 54,698/ (12 x 50.4)3 1

i

E4(0.012) + 2(0.0149) + 4 (0.0063) + 8 {0.60074)]

]

0.103 E for grouted leg case and 0.087 for ungrouted leg case.

Disiribution Factors: OF

Vertical braces- outer = 0012/ 0.103 = 0.117 {grouted) or 0.139 (ungrouted )
Vertical braces- inner = 0.0149/ 0.103 = 0,145 ¢ grouted) or 3172 (ungrouted)

Jacket legs = 00063/ 0.103 = 0.061 (grouted) or 0.025 {ungrouted)
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Most Likely to Fail Member (MLTF):

Component Purmn Ibay = [Ko/ Kom] Pum
Grouted Ungrouted
Compression Brace 434 Kips 3,709 Kips 3,122 Kips
Tensile Brace-1 770 Kips 5,310 Kips 4,477 Kips
Tensile Brace-2 860 Kips 5,641 Kips 4,748 Kips
lacket Jeg. 1237 Kips 49,480 Kips 20278 Kips

Note that in the above Table, Ppay represents the bay load at which that
particular component will fail. Therefore, from this Table, the vertical
compression brace is the most likely to fail first component. The minimum
strength of the bay in the load terms, at which the very first component of
this bay will fail is 3,122 Kips in case the legs are ungrouted and 3,709 Kips in
case the legs are grouted.

In the similar way, the MLTF components for the other bays and the
corresponding minimum bay strength (load) are determined. The results are
summarized below. In case of the jacket bay- II to jacket bay-V, the most likely

to fail member has been the vertical compression brace in each jacket bay.

jacket Bay Minimum Bay Strength (Kips)
Crouted Leg Ungrouted Log
Jacket bay-l 3708 3,122
Jacket bay-II 3598 3,349
Jacket bay-Ill 3,560 3,137
Jacket bay-IV 3,191 2778
iagkes baveV 555 4546

E.2.2.2 Broad-side Direction:
In a similar way as done for the end-on direction, the minimum bav
strength, which corresponds to the lateral load leve! for the bay at which the

MLTF component fails, is evaluated for the orcad-side load case. In the broad-
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side wave load case, the four-number, 2-leg, parallel frames would resist the
load and transfer it to the soil medium.

The results obtained by following the computations as described for
jacket bay-I, end-on load case have been performed and the results are
summarized below. In case of the jacket bay- I to jacket bay-V, the most likely

to fail member has been the vertical compression brace in each jacket bay.

Jacket Bay Minimum Bay Strength (Kips)
Grouted Leg Ungrouted Leg
Jacket bay-I 5,263 4,065
Jacket bay-II 3,506 2,632
Jacket bay-III 3,661 2,950
jacket bay-IV 4,907 3,890
jacketbay-V 5276 4011

E. 2.3 Foundation Bay

The overall resistance against the lateral loads or base shear would be
provided by the following elements of the jacket and its foundation:

i) Piles- 8 No. 279 x 1

ii} Conductors 24 No. A" dx5/8

a} Evaluation of ultimate resistance of soil, Py_(For Piles; 42 “® x 1"):

In soft clays: Py = 3¢ to 9¢ for X= otoXr
Xp =6D/{¥D/c)+ 03]
= 6{3} /1B5%x3 /16000 + 05} = 2984

For X = 0ip X
Py =3¢+ vy X +{e/200 X
=3¢+ X{y+ e/ 02D
For the extreme wave load condition, the pilehead displacements

would be very large. Therefore, the soil resistance developed at very large
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deflections {as in p-y curves) could be considered as a good approximation.
This will not require to develop the complete p-y curves for a pile.

P = 0‘?2 {X}Xg’i ?ﬁ

X, = 2984 D= 3ft Ps =P D
Pyu=3c+ Xiy+ce/02D
X ¢ ¥ Py Pu=9c¢ I Py
{fn Fsh Ksfy Kips/ft Kips/ft Kips/# Kips
it .4 0.050 1.20 . 0.00 0.00
5 G.4 (3.050 1.78 — 0.22 .66
10 0.4 (.050 2.37 - 0.59 - 1.77
15 1.6 {.0385 - . -~ -
20 1.6 G.055 11.23 -~ 5.58 1674
25 1.6 {8.055 12.584 -- 2.00 2400
30 i4 0.055 - 12.60 9.07 27.00
B 14 355 439 - agy 2050

bj Evaluation of ultimate resistance of soil pu

(For Conductors: 20 "® x 5/8"):

In softclays: Py = 3¢ to 9¢ for X= Dto Xr
X =6D/{(YD /¢y + 03]
= 6(Q0/12) /[155x20/12) / 1,600} + 03] = 18.00'
For X = 0to X%
Py =3ce+ ¥y X +[e/2D X

=3c+ Xiv+ o/ 2D
For the extreme wave load condition, the pilehead displacements
would be very large. The soil resistance developed at very large deflections
(as in p-y curves) could be considered as 2 good approximation and is given as
follows:
P =072 {X/ X1 Py

Xe = 18.00, D= 1676t

T



Py=3c+ Xy+c/any

X < v Py Py=9¢ P g
443} (Ksh) (Ksh Kips/it Kips/ft Kigs/ft Kips
i 0.4 .050 1.20 -- 4.00 9.00
HE .4 0,080 290 - 1.16 1.94
i8 1.6 0.055 i4.44 . 10.37 17.31
P 14 0ees 1440 - 1440 2405

<3 Evaluation of Ultimate Resistance:

The equilibrium equation at the level of formation of plastic hinge at

distance "L" from the pilehead could be formulated as below:

2Mp = RyL - 03 Pg (L-10ML-10) / 3 0
Ry = 0.5 Py (L - 100) 2
or L = IRy /P + 10

or L-10 = 2Ry /Py

Substituting in equation (1}, we get:

2Mp = Ru[2Ry /P +10] ~ (1/6) Ps[ 2Ry /]2
= QRy2 /P(1-2/6) + 10Ry

Mp = (2/3} (Ry? / Py + 5Ry

or2Ry2 + 15P5Ry-3PsMp = 0

or Ry = 0.25[-15 Ps + {225 Ps? + 24 Ps Mpj05]

Ry = 0.25[-15P5 + (225 P2 + 24 Py M,)0-5)

a) Piles: 36 "¢ x 1"

Area, A = 110.0in2 Section Modulus, Zp = 1,225 ind

it

Plastic moment, Mp 4,860 Kips-ft.

106,930 Kips

i

Base moment
Thus axial load due to OTM = 106,930 / [2(86)]

= 621 Kips for wave below deck.



The pile is laterally supported all along its length. Thus, there will not
be any reduction in Mp due to axial joad of 2,000 kips.

From last section, Py = 24 Kips/ft.

Ry = 025(-1524)+ {225 202 + 24 (24) (4,595)0.5] = 326.55 Kips

E =2 Ry / P + 10 = 3721 ft.

o) Conductors: 20 "® x 5/8"

Area, A = 110in2; Section Modulus, Zp, = in?
Plastic moment, Mp = 844 Kips-ft.

From the last section, P = 18 Kips/ft.

Ru = 025[-1508)¢ (2250182424 (18) 844)05] = 98 Kips

! =2Ry / Pg+ 10 = 209 ft

) Ultimate Lateral Load Capacity of the Foundation Bay:

Ry

4 (326.55) + 12007 « §(98)

[

i

1306.2 + 200 + 784 = 2,264 Kips



APPENDIX-F

DETAILED COMPUTATIONS FOR PLATFORM-B

The platform-B is a 4-legged platform located in 140 ft. water depth, and
was designed and installed as per the practices followed during 1962. The
main legs of the platform are sized to provide support to the 36"® piles. In
addition, a 30"® pile/conductor is provided in the middle of jacket to provide
sleeve for a well conductor. In addition, 8-conductors are provided near the
m}ddle part of the platform [Bea et al, 1988]. The age of the platform has been
more than 25-years. The salient features of this platform are reproduced here:

Structural Characteristics:

- The leg/pile annulus is ungrouted

- No joint cans have been provided con the legs

- The platform is severely damaged with 4-members completely
ineffective. However, in this study first it is assumed that the platform
is undamaged.

- The 36"® piles penetrate 170" below the seabed.

- The deck floor is grated.

Production characteristics:

- The platform is operated as a tender drilling & production platform

- The platform is used for production of gas and 9-wells and Z-risers
have been provided.

- The platform is unmanned, but provided with helideck. No living
quarters have been provided on it.

- 2-boat landings and 4-barge bumpers have been fixed to it.



IMR Features:

- The remaining economic life of the platform is 12 years

- Anodes have been used as cathodic protection system

In this Appendix, the detailed computations for evaluation of RSR at
the screening cycle-2 are presented, to demonstrate the extent of computations
needed by the regulator or users. The results are summarized in Section 7.2 of

this study. The configuration of platform is given in Fig. F.1.
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Figure F.10 Structural Qonfiguration - Platform B




F.1  Developemnt of Lateral Load Pattern;

Water depth, d = 140#t Storm tide, s = 441t
d+s = 144.4 ft H designereference = 657 ft
Let  S=1/12 then Tm = 153 (Hm)3 = 12.40 sec.
L = {gT2/2n) [tanh @nd /L) = 788 [tanh (507/L)] = 684.4 ft.

In the computations by Airy's theory, let us assume the wave crest
height as 0.6 H. The wave crest elevation would be [s + 0.6 H = 4.4 + 0.6 (65.7)]
~ 44 ft. The bottom of steel (B.O.S.) elevation of the lower deck is (+) 33-1.5".
Therefore, the wave will hit and inundate the lower deck by 11 ft.

uy = (& H/T) [Cosh (Qny/L)d /(d + 0.6 HI / [Sink 2rd/L)]

16.65 Cosh [(2n/ 684.4) {145 / (145 + 39.4)) vl / Sink ( 21 145 / 684 4)

it

fi

16.65 Cosh (0.00722 y) / Sinh (1.331)

it

946 Cosh (0.00722 v

v Uy Fpy/unit area Fpyon 1L & pile
ifi {ft/sec) =06ulul /A2 Kips/ft
0.00 9.46 33.70 -~
37.5 9.81 57.74 2.09

74.00 10.84 70.50 2.34
112.5 12.7% 97.7G 3.24
140.0 14.72 130.00 313
150.00 15.57 145.46 1.38
160.00 16.51 163.55 1.55
174.00 17.36 193.54 2.50
184430 18141 21821 206

2 =18.29 Kips/ftof &

The wave force on 1 ft @ vertical pile extending from seabed to elevation
above the wave crest is 18.29 Kips as shown in Fig. F.2.

1} Wave load on Deck Bav:

Wave load on lower deck: The load evaluation follows the formulas

given in Section 2.3 of the main text. The projected area (Ap) of the lower

deck, which is hit by the wave is:

Ap = (Deck width) (Deck height in wave) = (55) (11 = &05 st

375-a
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Total velocity = wave velocity + current velocity = 1834 +3 = 2154 ft/ sec. Note that
18.54 £t/ sec is the average wave velocity on the deck part.
Wave forceondeck, F =0.5p C Ap {uy)z = 0.5 {0.064/32.3) (2} (605) (21.54)%
= 556 Kips.

Wave load on deck bay: The deck leg section has been assumed as

36"®x 0.5". The deck legs elevation extend from (+)10, topmost jacket
horizontal framing, to (+)33'-1.5", B.O.S. of the lower deck. The wave force on
a unit diamter vertical member in a deck bay would be 4.05 Kips

(= 2.50 Kips + 1.55 Kips) and it will act at 23.4' elevation.

Force on one deck leg of 36" would be = 3 (4.05) = 12.15 Kips.

Vertical Members Plameter Number Force in Kips
Deck legs 38" 4 48.6 Kips
Central leg 33" 1 11.1 Kips
Conductors W 5 54 Kips
Risers 17'¢ 2 3.1 Kips
Total : 1218 Kips
Wind load on deck (assumed) = 50 Kips.

Wave load on lower deck = 536 Kips

Total wave load on deck bay = 50+ 55 + 1212 = 728 Kips.
Overturning moment @ EL (+) 1 = (121.8123.4 + (536141 + (30) 65

= 29,000 Kips-ft.
Topsideload = 3,500 Kips {(say)

If it is assumed that all the legs are equally loaded, the vertical load on

thelegs = [3,500 / 4] + [29,000 / (2x45)} = 875 + 321 = 1,196 Kips.

The marine growth on members has been considered as 2.5 on

diameter from m.s.l. to EL (-} 28, and it tapers off from EL () 28' to zero at the

seabed.



al  Jacket Bay-1: FL (+) 10" to EL (-) 276"

The wave force on a unit diameter vertical member in the jacket bay-1,
is obtained from Fig. F.2 as 4.51 Kips (1.38 Kips from m.s.l. to EL (+)10, and
3.13 Kips from mus.l. to EL (-) 27-6"). The marine growth of 2.5" considered

for the member parts from m.s.l. to EL (-} 27-5".

Yertical Mernbers Plameter Nurnber Force in Kips
Jacket legs 39" 4 61.24 Kips
Central leg 33"¢ 1 13.06 Kips
Conductors 20"® 8 65.40 Kips
Risers 12 2 1030 Kips
Appurignances:

Caissons/Casings/Barge Bumpers 50.00 Kips
ol 25000 Kips

Wave force on vertical braces: 4 no. 14"¢  x 0.375" braces have been

provided on the two side frames and the two front frames. The formulas
developed in Appendix-B have been utilized to evaluate the forces. In this

bay, the vertical braces are at v (= 36.73) from the horizontal.

4 (unit force) (Dia. in ft.) Sin2 y

B

Forece on side frames

= 4 (4.51) (165 / 12) Sin? 5328 = 15.93 Kips.
Force on front frames = 4 {unit force) (Dia. in ft.) (1/ Sin y)
= 4(4.51) (16,5 / 12) (1/ Sin 53.28) = 30.95 Kips.

Wave force on horizontal braces; When wave approaches from the
orthogonal directions, the effective horizonsal braces would be 2-14"9,
2-12.75"¢, and 2-9"¢. The length of outer horizontal is 45

Force on horizentals = (0.146)(2) [(14 + 12.75 + 97 / 12] (45) = 39.2 Kips,

5 R



Total wave load on Jacket Bay-1;

Vertical components 220.00 Kips
Vertical braces 46.88 Kips
Horizontal braces 3920 Kips
Toml foree: 336.08 Kips

b}  Jacket Bay-2: FL (-) 27'-6" tg EL () 66"

The wave force on a unit diameter vertical member in the jacket bay-2,
is obtained from Fig. F.2 as 3.24 Kips. The average marine growth of 2.08" on

diameter of the members in this bay has been considered.

Yertical Members Diameter Number Force in Kins
jacket legs 39" 4 44 4CKips
Central leg SN 1 9.50 Kips
Conductors Filie 8 47.70 Kips
Risers e 2 750 Kips
Tokal 10920 Kips

Wave force on vertical braces: 4 no. 16" x 0.375" braces have been

provided on the two side frames and the two front frames, The formulas
developed in Appendix-B have been utilized to evaluate the forces. In this
bay, the vertical braces are at v (= 49.22) from the horizontal,

4 (unit force) {Dia. in ft.) Sin2 v
4(3.24)(18.08 / 12) Sin? 49.22 = 11.20 Kips.
4 (unit force) (Dia. in ft.} {1/ Sin v
= 4(3.24) (18.08 / 12) (1/ Sin 49.22)

Force on side frames

i

it

i

Force on front frarmes

H

25.80 Kips.

Wave force on horizontal braces: When wave approaches from the

orthogonal directions, the effective horizontal braces would oe 2-16"%,

2-12.75"¢, and 2-9"¢. The length of cuter horizontal is 36",

Force on horizontals = (0.098) (2) [(18.08 + 14.83 + 11.08) / 121 (56} = 40.20 Kips.
Total wave load on Jacket Bay-2:

Vertical members 109.20 Kips

Vertical braces 37.00 Kips

Horizonta! braces 40.20 Kips

Total foroe _ 186,40 Ki:




¢h Jacket Bay-3: El (-} 66' to El (-} 102'-6";

The wave force on a unit diameter vertical member in the iacket bay-3,
is obtained from Fig. F.2 as 2.3¢4 Kips. The average marine growth of 1.25" has

been considered for this bay.

Vertical Members Dharmeter Nurmber Force in Kips
jacket legs LR 4 3140 Kips
Central leg 33" i 6.70 Kips
Conductors 0% 3 33.20 Kips
Risers 12'¢ 2 5.20 Kirs
Total 763 Kips

Wave force on vertical braces: 4 no. 16"® x 0.375" braces have been

provided on the two side frames and the two front frames. The formulas
developed in Appendix-B have been utilized to evaluate the forces. In this

bay, the vertical braces are at v (= 43.76) from the horizontal.

4 (unit force) {Dia. in ft.) Sin® ¥

i

Force on side frames

= 4 {2.34)(17.25 / 12) Sin® 43.76 = 6.44 Kips.
Force on front frames = 4 {unit force) (Dia. in ft.) (1/ Siny)
= 4 (2.34)(17.25 / 12 {1/ Sin 43.76) = 19.45 Kips.

Wave force on horizontal braces: When wave approaches from the

orthogonal directions, the effective horizontal braces would be 2-18"0,

2-12.75"¢®, and 2-9"®. The length of outer horizontal is 66",

Force on horizontals = (0.0705) (2) [(19.7 + 14.45 + 10.7) / 121 (68) = 34.78 Kips.

Total wave {gad on Jacket Bay-3:

Yertical members 76.50 Kips
Yertical braces 25.59 Kips
Horizontal braces 34.78 Kips
Total forve 137317 Kips




d} Jacket Bay-4: El (-} 102'-6" to El (-} 140"

The wave force on a unit diameter vertical member in the jacket bay-4,
is obtained from Fig. F.2 as 2.09 Kips. The average marine growth of 0.42" has

been considered for this bay.

Vertical Members Diameter Nugrber Force in Kips
facket legs v 4 27.50Kips
Central leg 3" i 5.80 Kips
Conductors 2079 8 28.50 Kips
Risers 12 2 430 Kips
Totl 66,10 Kips

Wave force on vertical braces: 4 no. 18"® x 0.375" braces have been

provided on the two side frames and the two front frames. The formulas
developed in Appendix-B have been utilized to evaluate the forces. In this
bay, the vertical braces are at v (= 40.98) from the horizontal.

4 {unit force) (Dia. in ft.) Sin ¥

#

Force on side frames

= 4 (2.09) (18.42 / 12) SinZ 40.98 = 5.53 Kips.
Force on front frames = 4 (unit force} (Dia. in ft.) (1/ Sin y)
= 4(2.09) (18.42 / 12} {1/ Sin 40.98) = 19.57 Kips.

Wave force on horizontal braces: When wave approaches from the

orthogonal directions, the effective horizontal braces would be 2-20"®,
2-12.75"¢, and 2-9"®. The length of outer horizontal is 76", |
Force on horizontals = {0.058) (2 [(20.84 + 13.59 + 9.84) / 12] (76} = 32,50 Kips.

Total wave load on lacket Bav-d:

Vertical components 66.10 Kips
Vertical braces 25,10 Kips
Horizontal braces 32.50 Kips
Total force; 123.70 Kips




e} Summary of Lateral Loads:

1) Summary Based on Bay Loads:

Wind loads A Kips
Wave Loads:

Deck bay 678.00 Kips

Jacket bay-1 336.08 Kips

Jacket bay-2 186.40 Kips

Jacket bay-3 13717 Kips

jacket bay-4 123.70 Kips

Mugd Level Horizontal Framing 33.00 Kips

Toml wave load .=1494 Kips

Foal Lateral Lo 1.344 Kips
it} Summary Based on Component Loads:
Wind loads 3 Kips
Wave Loads:

Lower deck 536 Kips

Main legs (4 No 213 Kips

Central leg 46 Kips

Conductors (8-No.) 229 Kips

Risers {2-No.) 35 Kips

Vertical braces (4-Faces} 137 Kips

Horizontal braces 178 Kips

Appurterances 100 Kips

Total wave load X =149 Kips
w088} Lateral Load 1.344 Kips

Total overturning moment at seabed = 30 (140 + 65) + 556 (140 + 40) +

938 (140) = 241,650 Kips-ft for base shear of 1,544 Kips.
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F.2  Deveiopment of Strength Pattern:

The strength pattern of the platform is developed by considering the
various failure modes, which are likely in the different bays of the platform.
For all of these failure modes and mechanisms, the lower bound of structural
strength or the lateral load level at which the first member in a bay would fail
is determined. Then based on this, RSR of the platform at failure of the first
component {lower bound) is evaluated.

The major types of failure modes and failure mechanisms for the
dominant lateral loads considered in this example platform are as follows:

Deck leg mechanism

-

P

- jacket leg-brace mechanisms {(for each bay)
3. Pile yield mechanism
The other important failure modes are as given below:

4. Plile capacity in axial tension

L

Pile capacity in axial compression

Strength of deck leg-pile top connection

Moo

Punching strength of major joints in splash zone and at seabed

Y Deck Bay: It is assumed that a plastic mechanism would form in the
deck bay by yielding of the sections at the top and bottom of the four main
legs. The yielding of the central leg is not considered as in the deck bay, the
central leg would not exist beyond EL (+) 17 and only the smaller diameter
conductor would pass.

The size of main legs has been assumed as 36" ® x 0.5 for which:
Area, A = 53.76 in?; Moment of Inertia, | = 8786 in%; Radius of gyration, r =
12.55 in.

The unsupported length of the deck leg, ] = 23"

109




KI/r =22 and & = (t/m (0, / 805 (Ki/n) = 0271

For A=0271, P,/ f’}, = .96, where ?y =g, A = 2509 Kips

S0, Py = 2409 Kips

Mp = 40, tR? = 2430 Kips-ft. and the moment at first yield of a
section would be, My = n o, tR? = 1,909 Kips-ft.

The allowable momemt (M) would depend upon the ratio of (P/P,) for
the deck legs. In this example, the actual distribution of the vertical loads on

the legs is not known. An approximation estimate has been made here by

considering that all the legs are equally loaded.

_ Total topside D.L. and L.L. = 3,500 Kips (say}
Wind load = 530 Kips @ EL {(+) &5’
Wave load on lower deck = 412 Kips @ El (+) 41
Wave load on deck legs = 122 Kips @ El (+} 2¢'
Overturning moment {(OTW) = 50x85+412x41 +122x 234 = 23,000 Kips
Compressive load in leg due to OTM = 23,000 / (2 x 45) = 235 Kips
Total compressive load in leg = 3,500/ 4+ 255 = 1130 Kips

The ratio of (P/Py) is equal to 0.47 (1130 / 2409) and the corresponding
ratio of (M/Mp) would be (0.74), by using the following equation .

M/ Mer = Cos [05 P/ P} = Cos [0.5 r (0.47)] = (.74

For D/t =72, the ratio of Mecr/ Mp = 0.92,

0.68 Mp

i

Therefore, M = (0.92) (6.74) Mp
= (.68 (2,430} = 1,634 Kips.
or M = 0.68 (1,909} = 1,300 Kips-ft. at the first yielding of any section.
The ultimate moment carrying capability of these sections would vary for
different legs, and an average value could be taken to obtain approximate

(nominal) estimate.




Rigid Plastic Mechanism:

The ultimate lateral load capacity upto yielding of first section in any

deckleg, Py, = 8Mp / L = 8(1,300) / 23 = 452 Kips at first vield, or
= 8(1,654) / 23 = 375 Kips at formation of a mechanism.

At large deflections at upper end of the deck leg bay, the lateral stiffness
of the bay would reduce due to the additional moment produced by the
vertical loads on the legs. The reduction in stiffness of the bay due to this
additional moment can be approximately determined as the ratio of the
vertical load to the bay height.

The stiffness reduction would be = 1,130 / 33 = 34 Kips/ft of
deformation. This value is very less compared to the ultimate load capacity
determined earlier.

[11] facket Bays:

a} Jacket Bay-1: Elev {(+) 10' to Elev, {-) 27.5"

The size of horizontal and vertical braces in this bay is 14" @ x 0.375",
for which the Area (A} = 16.052 in?, Moment of Inertia (I) = 372.76 in%, Radius
of gyration (r) = 4.82 in.

Horizontal braces 1&2;

Unsupported length of horizontal braces, I = 22.92
Kl/r = 0.8(22.92x12) / 482 = 45.81
A= (1/n) (0,/E)05 (Kl/1) = 0.565

Py/P, = 10-00914-02242 = (0.878

#

Py, =0, A = 722 Kips (Brace 2 in Tension)
Py = 0.878F, = 634 Kips (Brace 1 in Compression)

Vertical diagonal braces 3&4:

Unsupported length of brace, | = 46.8'

Ki/r = 08(468x12) /482 = 925



A= (1/m (o, / E)0S (KI/1) = 1.134

Py /Py =10-0091%-022542 = 0,602

Py =0, A = 72234 Kips (Brace 3 in Tension)

Py = 0.602P, = 435 Kips (Brace 1 in Compression)
Horizontal component of brace capacity:

Brace 3: Py, = 722 Cos” 37° = 461 Kips

Brace 4: P, = 435 Cos?37° = 277 Kips

Ultimate Strength of Leg-Brace Ioint:

Ultimate load in brace, P, = Q, Q; Fy T?/Sin g

Qu =34+19p = 1022, where § =d /D = 14/39 = 0.359

Qe=1-27A%=1 (say); where X = 0.03

Py = (10.22) (1) (45) (0.5)* / Sin 82.4° = 116 Kips

The capacity of the leg-brace joint is the lowest and it would be the first
to fail against the increasing level of the lateral load. Therefore, the
maximum Joad level in the vertical and horizontal braces would be limited
due to the lower joint strength. The loads in the vertical braces and legs just
before failure of the joint would represent the component strength (C5). This
would represent the lower bound value of RSR, which is the reserve strength
ratio at failure of the first component.

Case-1: Before failure of the leg-brace joints,

The horizontal braces which are connected to the jacket legs would
transfer loads from the legs to the vertical braces. The verfical mm?éﬁgms of
the loads at the joint at middle of the outer horizontal should balance for
equillibrium. Due to symmetrical configuration and loading, the axial loads
in the vertical braces within a bay are likely to be equal.

The lateral load capacity of the vertical braces just before failure of a

joint could be approximated as ~ 4 (116} = 464 Kips.



In addition, the battered legs would also contribute to the lateral ioad
carrying capadity in addition to the capacity of the vertical braces. The leg-pile
annulus is ungrouted, thus we can neglect the effect of pile in evaluation of
the contribution of legs to the lateral load carrying capacity of the bay.

The size of jacket leg is 39" @ x 0.50", and it is 38.2" long. Its Area (A) =
60.48 inZ; Moment of Inertia (I) = 11,207 ind ; Radius of gyration (r) = 13.61 in.

Mg, = (2,852 Kips-ft.) (Axial Load Factor} = 0.7 (2,852) = 1,996 Kips-ft,

The jacket legs carry significant axial icad from the topside loads, and
due to the vertical load component from the overturning moment of the
waves.

Before failure of the first joint, the horizontal brace would carry the
load effectively equal to the punching capacity of joint. In this example, it will
be 116 Kips. The lateral load carried by the battered jacket legs could be
determined based on the relative stiffness contribution of the legs and braces
at the node A.

Ko ZEA/L Cos?¢ + S 3EI/ L3
4EA1/L1 Cos253.28 + 4EA5/L> Cos282.4 + 3EIy/ (Lg)3
E [4{16.052/(46.8 x 12)} Cos2 53.28 + 4{60.48/(38.2 x 12)} Cos? 82.4

i

i

+ 4 {3x 11,207/ (12x 38.2)3} + {3 x 6742/ (12 x 38.213 1}
E[4(0.01022) + 4 (0.00231) + 4 (0.00035) + 0.0002]

i

#

0.0517 E

DF brace = 0.198 for ungrouted legs and 0.183 for the grouted legs.

i

Pum = 116 Kips for the ungrouted legs.

Pbay = 386 Kips.

i

EA/Lofleg 0.133 E and

G058 E

#

EA/L of horizontal brace



0.133 ECos 82.4°

H

Horizontal component of axial stiffness of leg

= 00176 E
Relative stiffness of leg = 0.0176 / (0.0176 + 0.058) = 0.233
Relative stiffness of brace = 1 - 0.233 = (0.767

Thus lateral load carried by leg = 116 [0.233 /0767 ] = 34 Kips
Le., Axial load in leg corresponding to this lateral load = 34 / Cos 8249
= 257 Kips

The ultimate lateral load capacity of legs could be determined as

follows:
Ki/r = 3526 A = (.435
Py/Py = 0919 Py =0y A = 2,721 Kips
P, = 2,501 Kips
P/P,=801/2501 = 032

Thus before failure of first member, the jacket will be moderately
loaded. The lateral load on the jacket could be approximated as follows:
Lateral load on Jacket = 4(116) + 4(34) = 600 Kips.

Case-2: Upon failure of joint(s):

Upon buckling failure of a compression member, it will shed
compression load on the member at buckling with increase in deflection. At
large deflection, the buckled member could only carry about 0.10 to 0.20 of the
buckling capacity of the member.

At the stage of formation of a mechanism, the deflections would be
very high. Thus the buckled braces would carry about 33 to 70 Kips of the
ultimate lateral load on the bay. Then the adjacent compression members

would attract some of the load shed by the compression member depending

on the ultimate capacity of the tension members,

501 = (.42

[

Thus, P / P, = 1,050 /




The ultimate capacity of the bay would also have some contribution
due to the plastic hinge formations in the legs due to large deflections of the
bay. Atsuch a stage, the ratio of P / Puin leg = 0.42.

Thus M/ My, would be limited to 0.70.

Mp = 2,852 Kips-ft.

Therefore, M = 0.70 (2,852) = 1,996 Kips-ft., which would correspond

to lateral load of (2 Mp /L) = 2(1,99) / 38 = 105 Kips,

Thus, lateral load capacity provided by legs = 4(105) = 420 Kips.

Case-3: Upon failure of intermedi racin

Upon failure of the intermediate bracings, the two bays would act as a
gaaz'*%:ai frame, in the exireme case. The leg has an interior pile of 36 "& x 1.
The hinges would first form in the interior piles just under the deck.

Mp = 3,888 Kips

Thus, the ultimate load level at (-) 27.5" Elevation would be about 506
Kips.

b Bay 3: Elev (-) 27,5 to {-) 66";

The sizes of the horizontal and vertical braces is 16"® x 0.373" for
which A = 18.408 $q.in; I = 562.08 int

loint strength;

Ultimate load in brace, P, = Q, Q; Fy T2/ Sin 8

Qu =34+1903 = 11.19, where § =4/ = 16/39 = 0.410
Qf =1-AvAl=i (say), where & = (.03

Py = (1119 (1) 45057 /Sin824 = 127 Kips

Load carried by leg = {024 /076) 127 = 40 Kips

Total lateral load just before joint failure = 4[ 127 + 40] = 668 Kips.
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<) Bay 4: Elev (-} 66 tg (-} 102.5"

i Eu F i T

The sizes of the horizontaland vertical braces is 18'® x 0.375 , for
which area, A = 20.7645q. in.; I = 806.63 in*

loint strength;

Ultimate load in brace, P, = Q, Q; Fy T2/ Sin 6

Qu =34+193 = 1217, where § =d /D = 18/39 = 0.462
Qr  =1-xvA%=1 (say), where & = 0.03
Py = (1217(D (45 (057 / Sin824 = 138 Kips

Load carried by leg = (0.24 / 0.76) 138 = 49 Kips
Total lateral load just before joint failure = 4[ 138 + 49] = 748 Kips.

d) Bay 5: Elev (-} 102.5' to (-} 140%

The size of the Horizontal and vertical braces is 20°® x 0.375", for
which A =23.12 sq.in.; 1=362.08 in?

loint strength;

Ultimate load in brace, P, = Q, Q; Fy T®/Sin 8

Qy =34+198 = 13.14, wheref = d /D = 20/39 = 0513
Qf =1-%iyA% =1 (say), where & = 0.03

Py = (13.14) (1) (45) (0.3)* / Sin82.4 = 149 Kips

Load carried by leg = (0.24 / 0.76) 149 = 523 Kips

Total lateral load just before joint failure = 4[ 149 + 52] = 804 Kips.

3} PILE - YIELD ME NISM:

The overall resistance againsi the lateral load or base shear would be

provided by the following elements of jacket and its foundation:

i} Piles- 4 No. 36 "D x 1"
ii) Central conductor 1 No. 30" & xs5/8"
i1} Conductors 2 No. 20" & x 578"



al

Evaluation of ultimate resistance of soil, pu_{For Piles: 36 "® x 1"):

Insoftclays: Py = 3¢ to 9¢
6D/ {(yD/c) + 05}

Xe

it

i

for

6(37 /{(535x3/1,600) + 0.5]

For X = 0t X,

Py

It

For the

Je+ vy X+ /2D X
3c+ Xy+c/02D)

X = otoXr

= 29,84

extreme wave load condition, the pilehead displacements

would be very large. Thus the soil resistance developed at very large

deflections {(as in p-y curves) could be considered as a good approximation.

This would not need development of complete p-y curves for a pile.

Thus P = 072 [ X/ X ] Py

Xe = 29.84, D=3 P =P D

Pyo=3c+ Xly+c/02D)
X C Y Pu P‘J =9¢ P pg
1§49, (Ksf) (Ksf) Kips/it Kips/ft Kips/ft Kips
0 0.4 0.050 1.20 - 0.00 0.00
5 0.4 0.050 78 - 0.22 0.66
10 0.4 0.050 2.37 - 0.59 1.77
15 1.6 0.0535 - - - -
20 1.6 0.055 11.23 - 5.58 16.74
25 1.6 0.055 i2.84 - 8.00 24.00
30 1.4 0.055 - 12.60 $.07 27.00
35 1.4 0.055 14.29 - 9.07 27.06

b

Evaluation of ulfimate resistance of soil

1

{(For Central Pile 30 "® x z/5"):

Mp = 2,109 Kips-ft.

Xe

6D/YyD/cy + 03]

625 /[(35x 23/ 1,600) « 03] = 2560°

For X = 0w Xr



Py 3c+ vy X +{c/02DN X

3o+ Xy + c/ 2Dy

H

it

For the extreme wave load condition, the pilehead displacements
would be very large. Thus the soil resistance developed at very large
deflections (as in p-y curves) could be considered as a good approximation,
This would not need development of complete p-y curves for a pile.

Thus p = 0.72 {X/ Xr] Py

Xe = 2560, D =254 Py =p D

Py =3c+ X[y+c/@n

X C Y Py Py=9c P P

() {Ksh (Ksf) Kips/ft Kips/ft Kips/ft Kips
0

10

15

20

25 1.6 0.055 14,18 14.40 9.97 24.90

<) Evaluation of ultimate resistance of soil, pu

(for Conductors: 20 "® x 5/4"):

Insoft clays: Py = 3¢ to 9c for X= 0to Xr
6D/[(yD/c) + 03]
6(20/12) /[(55x 20/ 12) / 1,600} + 0.5] = 18.00'

Xe

it

]

For X = 0to X,

Py =3{:+-*5X+{s{{ZB}}Xm%:+}{§*§@C;fi?;§§§

For the extreme wave load condition, the pilehead displacements
would be very large. Thus the soil resistance developed at very large
deflections (as in p-y curves) could be considered as a good approximation.
This would not need development of complete p-y curves for a pile.




Py=3c+ X[¥v+c/02D

X c ¥ Py Pu=9c P P
(ft) (Ksf) ~ (Ksh Kips/ft Kips/ft Kips/ft Kips
0 0.4 0.050 1.20 - 0.00 0.00
i0 0.4 0.050 290 - 1.16 1.94
18 1.6 0.055 14.44 - 10.37 17.31
25 15 0.055 1440 - 14.40 24.05

di Evzluation of Ultimate Resistance:

The equilibrium equation at the level of hinge formation af distance

"L below seabed could be formulated as given below:

2Mp = RyL - 0.5 Pg (L-10) (L-10y / 3 )

Ry = 0.5 Ps (L - 100} o A2)

or L = 2Ry /Py + 10

or L-10 = 2Ry /Ps

Substituting in equation (1}, we get:

2Mp = Ru{2Ru/Ps +10] - (1/6) Ps[2R, / Ps]2
= (2Ry? /Py (1-2/6) + 10Ry

Mp = (2/3) (Ry2/ Py + 5Ry

or Ry = 0.25[-15 P + {225 P2 + 24 Py M,,}03)

Ry = 0.25[-15 P + {225 P2 + 24 P M,}05]
B

i} Piles: 36 "® x 1"

Area, A = 110.0in2
Section Modulus, Zp = 1,225 ind

4,860 Kips-ft.

i

Plastic moment, My

H

Base moment 106,930 Kips

106,930 / [2{86)] = 621 Kips for

i

Thus axial load due to OTM

wave below deck.



Axial load, when wave hit the deck = [106,930 + 230 x 180]/ { 2 (86)] =
862 Kips

The pile is laterally supported all along its length. Thus, there will not
be any reduction in Mp due to axial load of 2,000 kips.

From last section, Ps = 24 Kips/ft.

Ry = 025[-1524) + {225(24)% + 24 (24) (4,595]03] = 326.55 Kips
i =2 Ry / Ps + 10 = 3721 ft.
ii) "D x 58"
Area, A = 57.68 in?
Section Modulus, Z; = 414.93 in3
Plastic moment, M, = 2,109 Kips-ft.
From last section, P = 24 Kips/ft. _
Ry = 025(-15(24) + {225 (24)2 + 24 (24) (2,109}05] = 200 Kips
1 = 2 Ry / Ps + 10 = 25 ft
iliy  Conductors: 20 "® x 5/8"
Area, A = 110 in?
Section Modulus, Zp = 178.7 in3
Plastic moment, Mp = 844 Kips-ft.
From the last section, P = 18 Kips/ft.
Ry = 0.25[-15(18) £ {225 (18)% + 24 (18) {844}05] = 98 Kips
I =2 Ry / P + 10 = 209 f
iv) tmat ral Lo apacity of the Foundation Bay;
Ru = 4(32655) + 1(200) + 8(98)

= 1,306.2 + 200 + 784 = 2,264 Kips
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