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1.0 Introduction

1.1  Objective

The objective of this joint United States - Mexico cooperative project is to develop and verify Risk
Assessment and Management (RAM) based criteria and guidelines for reassessment and
requalification of marine pipelines and risers. The project is identified as the RAM PIPE
REQUAL project. This project was sponsored by the U. S. Minerals Management Service (MMS),
Petroleos Mexicanos (PEMEX), and Instituto Mexicano del Petroleo (IMP).

1.2  Scope

The RAM PIPE REQUAL project addressed the following key aspects of criteria for
requalification of conventional existing marine pipelines and risers:

e Development of Safety and Serviceability Classifications (SSC) for different types of marine
pipelines and risers that reflect the different types of products transported, the volumes
transported and their importance to maintenance of productivity, and their potential
consequences given loss of containment,

e Definition of target reliabilities for different SSC of marine risers and pipelines,

¢ Guidelines for assessment of pressure containment given corrosion and local damage including
guidelines for evaluation of corrosion of non-piggable pipelines,

e Guidelines for assessment of local, propagating, and global buckling of pipelines given corrosion
and local damage,

e Guidelines for assessment of hydrodynamic stability in extreme condition hurricanes, and

e Guidelines for assessment of combined stresses during operations that reflect the effects of
pressure testing and limitations in operating pressures.

Important additional parts of this project provided by PEMEX and IMP were:

¢ Conduct of workshops and meetings in Mexico and the United States to review progress and
developments from this project and to exchange technologies regarding the design and
requalification of marine pipelines,

e Provision of a scholarships to fund the work of graduate student researchers (GSR) that assisted
in performing this project, and

e Provision of technical support, background, and field operations data to advance the objectives
of the RAM PIPE REQUAL project.

1.3 Background

During the period 1996 - 1998, PEMEX (Petroleos Mexicanos) and IMP (Instituto Mexicanos del
Petroleo) sponsored a project performed by the Marine Technology and Development Group of the
University of California at Berkeley to help develop first-generation Reliability Assessment and
Management (RAM) based guidelines for design of pipelines and risers in the Bay of Campeche.
These guidelines were based on both Working Stress Design (WSD) and Load and Resistance Factor
Design (LRFD) formats. The following guidelines were developed during this project:

e Serviceability and Safety Classifications (SSC) of pipelines and risers,

e Guidelines for analysis of in-place pipeline loadings (demands) and capacities (resistances), and



e Guidelines for analysis of on-bottom stability (hydrodynamic and geotechnical forces),
This work formed an important starting point for this project.

During the first phase of this project, PEMEX and IMP sponsored two international workshops that
addressed the issues and challenges associated with development of criteria and guidelines for
design and requalification of marine pipelines.

14  Approach

Very significant advances have been achieved in the requalification and reassessment of onshore
pipelines. A very general strategy for the requalification of marine pipelines has been proposed by
DNV and incorporated into the ISO guidelines for reliability-based limit state design of pipelines
{Collberg, Cramer, Bjornoyl, 1996; ISO, 1997). This project is founded on these significant
advances.

The fundamental approach used in this project is a Risk Assessment and Management (RAM)
approach. This approach is founded on two fundamental strategies:

1) Assess the risks (likelihoods, consequences) associated with existing pipelines, and
e Manage the risks so as to produce acceptable and desirable quality in the pipeline operations.

It is recognized that some risks are knowable (can be foreseen) and can be managed to produce
acceptable performance. Also, it is recognized that some risks are not knowable (can not be foreseen,
and that management processes must be put in place to help manage such risks.

Applied to development of criteria for the requalification of pipelines, a RAM approach proceeds
through the following steps:

e Based on an assessment of costs and benefits associated with a particular development and
generic type of system, and regulatory - legal requirements, national requirements, define the
target reliabilities for the system. These target reliabilities should address the four quality
attributes of the system including serviceability, safety, durability, and compatibility.

e Characterize the environmental conditions (e.g. hurricane, nominal oceanographic, geologic) and
the operating conditions (installation, production, maintenance) that can affect the pipeline
during its life.

e Based on the unique characteristics of the pipeline system characterize the ‘demands’ (imposed
loads, induced forces, displacements) associated with the environmental and operating
conditions. These demands and the associated conditions should address each of the four quality
attributes of interest (serviceability, safety, durability, compatibility).

e Evaluate the variabilities, uncertainties, and ‘Biases’ (differences between nominal and true
values) associated with the demands. This evaluation must be consistent with the variabilities
and uncertainties that were included in the decision process that determined the desirable and
acceptable ‘target’ reliabilities for the system (Step #1).

e For the pipeline system define how the elements will be designed according to a proposed
engineering process (procedures, analyses, strategies used to determine the structure element
sizes), how these elements will be configured into a system, how the system will be constructed,
operated, maintained, and decommissioned (including Quality Assurance - QA, and Quality
Control - QC processes).

e Evaluate the variabilities, uncertainties, and ‘Biases’ (ratio of true or actual values to the
predicted or nominal values) associated with the capacities of the pipeline elements and the
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pipeline system for the anticipated environmental and operating conditions, construction,
operations, and maintenance activities, and specified QA - QC programs). This evaluation must
be consistent with the variabilities and uncertainties that were included in the decision process
that determined the desirable and acceptable ‘target’ reliabilities for the system (Step #1).

e Based on the results from Steps #1, #4, and #6, and for a specified ‘design format’ (e.g. Working
Stress Design - WSD, Load and Resistance Factor Design- LRFD, Limit States Design - LSD),
determine the design format factors (e.g. factors-of-safety for WSD, load and resistance factors
for LRFD, and design conditions return periods for LSD).

It is important to note that several of these steps are highly interactive. For some systems, the
loadings induced in the system are strongly dependent on the details of the design of the system.
Thus, there is a potential coupling or interaction between Steps #3, #4, and #5. The assessment of
variabilities and uncertainties in Steps #3 and #5 must be closely coordinated with the variabilities
and uncertainties that are included in Step #1. The QA - QC processes that are to be used throughout
the life-cycle of the system influence the characterizations of variabilities, uncertainties, and Biases
in the ‘capacities’ of the system elements and the system itself. This is particularly true for the
proposed IMR (Inspection, Maintenance, Repair) programs that are to be implemented during the
system’s life cycle. Design criteria, QA - QC, and IMR programs are highly interactive and are very
inter-related.

The RAM PIPE REQUAL guidelines are based on the following current criteria and guidelines:
¢ American Petroleum Institute (APIRP 1111, 1996, 1998),

o Det Norske Veritas (DNV, 1981, 1996, 1998, 1999),

¢ American Gas Association (AGA, 1990, 1993),

¢ American Society of Mechanical Engineers (ASME B31),

e British Standards Institute (BSI 8010, PD 6493), and

¢ International Standards Institute (ISO, 1998).

1.5 Guideline Development Premises

The design criteria and guideline formulations developed during this project are conditional on the
following key premises:

¢ The design and reassessment — requalification analytical models used in this project were based
in so far as possible on analytical procedures that are founded on fundamental physics, materials,
and mechanics theories.

e The design and reassessment — requalification analytical models used in this —project were
founded on in so far as possible on analytical procedures that result in un-biased (the analytical
result equals the median — expected true value) assessments of the pipeline demands and
capacities.

e Physical test data and verified - calibrated analytical model data were used in so far as possible
to characterize the uncertainties and variabilities associated with the pipeline demands and
capacities.

e The uncertainties and variabilities associated with the pipeline demands and capacities will be
concordant with the uncertainties and variabilities associated with the background used to define
the pipeline reliability goals.



1.6

1.7

Pipeline Operating Premises

The pipelines will be operated at a minimum pressure equal to the normal hydrostatic pressure
exerted on the pipeline.

The pipelines will be maintained to minimize corrosion damage through coatings, cathodic
protection, use of inhibitors, and dehydration so as to produce moderate corrosion during the life
of the pipeline. If more than moderate corrosion is developed, then the reassessment capacity
factors are modified to reflect the greater uncertainties and variabilities associated with severe
corrosion.

The pipelines will be operated at a maximum pressure not to exceed the maximum design
pressure. If pipelines are reassessed and requalified to a lower pressure than the maximum design
pressure, they will be operated at the specified lower maximum operating pressure. Maximum
incidental pressures will not exceed 10 % of the specified maximum operating pressures.

Schedule

This project will take two years to complete. The project was initiated in August 1998. The first
phase of this project was completed on 1 July, 1999. RAMP PIPE REQUAL Report 1 (Part 1) and
Report 2 (Part 2) document results from the first year study. The second phase of this project was
initiated in August 1999 and will be completed during July 2000. This report, Report 3, documents

the

results of Part 3 of this study.

The schedule for each of the project tasks is summarized in Table 1.1.
Table 1.1 - Project Task Schedule

Task Part 1, Year 1 Part 2, Year 1 Part 3, Year 2 Part 4, Year 2
1 Classifications | -------emem-e- X
2Buckling | ceeeeceeceennes X
3 Pressure | —-mescccmemeeee. X
4 Op. Pressures | =---eecseceeeee- X
SPipeChar. | | ceecccmececenas X
6Stability | | cemeeememenne. X
7BucklingGl. | | ceeeeeeeeeeen. X
8Press.GL. | | e X
9Stab.GL. | | | cesemcemeneeaaas X
10Requal. GL. | | | ecmeceeacmecaen- ), G X
11 Workshops. X X X X X X
12GSR | eecececemanennas ). S ). S ), S X
13 Review ), G —— 5, G X | cecemcceccmcane- ) O X




1.8  Project Reports

A report will document the developments from each of the four parts or phases of this project. The
reports that will be issued at the end of each of the project phases are as follows:

¢ Report 1 - Requalification Process and Objectives, Risk Assessment & Management
Background, Pipeline and Riser Classifications and Targets, Templates for Requalification
Guidelines, Pipeline Operating Pressures and Capacities (corrosion, denting, gouging -
cracking).

e Report 2 - Pipeline characteristics, Hydrodynamic Stability, Geotechnical Stability, Guidelines
for Assessing Capacities of Defective and Damaged Pipelines.

¢ Report 3 - Guidelines for Assessing Pipeline Stability (Hydrodynamic), System Reliability
Considerations, More on Corrosion Effects, Preliminary Requalification Guidelines.

e Report 4 - Guidelines for Requalifying and Reassessing Marine Pipelines.



2.0 RAMPIPE REQUAL

2.1

Attributes

Practicality is one of the most important attributes of an engineering approach. Industry experience
indicates that a practical RAM PIPE REQUAL approach should embody the following attributes:

2.2

Simplicity — ease of use and implementation,
Versatility — the ability to handle a wide variety of real problems,
Compatibility — readily integrated into common engineering and operations procedures,

Workability — the information and data required for input is available or economically
attainable, and the output is understandable and can be easily communicated,

Feasibility — available engineering, inspection, instrumentation, and maintenance tools and
techniques are sufficient for application of the approach, and

Consistency — the approach can produce similar results for similar problems when used by
different engineers.

Strategies

The RAM PIPE REQUAL approach is founded on the following key strategies:

2.3

Keep pipeline systems in service by using preventative and remedial IMR (Inspection,
Maintenance, Repair) techniques. RAM PIPE attempts to establish and maintain the integrity of
a pipeline system at the least possible cost.

RAM PIPE REQUAL procedures are intended to lower risks to the minimum that is
practically attainable. Comprehensive solutions may not be possible. Funding and technology
limitations may prevent implementation of ideally comprehensive solutions. Practicality
implicates an incremental investment in identifying and remedying pipeline system defects
in the order of the hazards they represent. This is a prioritized approach.

RAM PIPE REQUAL should be one of progressive and continued reduction of risks to
tolerable levels. The investment of resources must be justified by the scope of the benefits
achieved. This is a repetitive, continuing process of improving understanding and practices. This
1s a process based on economics and benefits.

Approach

The fundamental steps of the RAM PIPE REQUAL approach are identified in Figure 2.1. The steps
can be summarized as follows:

Identification — this selection is based on an assessment of the likelihood of finding significant
degradation in the quality (serviceability, safety, durability, compatibility) characteristics of a
given pipeline system, and on an e¢valuation of the consequences that could be associated with
the degradation in quality. The selection can be triggered by either a regulatory requirement or
by an owner’s initiative, following an unusual event, an accident, proposed upgrading of the
operations, or a desire to significantly extend the life of the pipeline system beyond that
originally intended. ISO (1997) has identified the following triggers for requalification of
pipelines: extension of design life, observed damage, changes in operational and environmental
conditions, discovery of errors made during design or installation, concerns for the safety of the
pipeline for any reason including increased consequences of a possible failure.

6
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Figure 2.1 — RAM PIPE Approach

Condition survey - this survey includes the formation of or continuance of a databank that
contains all pertinent information the design, construction, operation, and maintenance of a
pipeline system. Of particular importance are identification and recording of exceptional events
or developments during the pipeline system history. Causes of damage or defects can provide
important clues in determining what, where, how ,and when to inspect and/or instrument the
pipeline system. This step is of critical importance because the RAM PIPE process can only be
as effective as the information that is provided for the subsequent evaluations (garbage in,
garbage out). Inspections can include external observations (eye, ROV) and measurements
(ultrasonic, eddy current, caliper), and internal measurements utilizing in-line instrumentation
(smart pigs: magnetic flux, ultrasonic, eddy current, caliper, inertia — geo).

Results assessment — this effort is one of assessing or screening the pipeline system based on the
presence or absence of any significant signs of degradation its quality characteristics. The defects
can be those of design, construction, operations, or maintenance. If there appear to be no
potentially significant defects, the procedure becomes concerned with engineering the next IMR
cycle. If there appear to be potentially significant defects, the next step is to determine if
mitigation of these defects is warranted. Three levels of assessment of increasing detail and
difficulty can be applied: Level 1 — Qualitative (Scoring, Muhlbauer 1992; Kirkwood, Karam
1994), Level 2 — Simplified Qualitative — Quantitative (Bea, 1998), and Level 3 — Quantitative
(Quantitative Risk Assessment, QRA, Nessim, Stephens 1995; Bai, Song 1998; Collberg, et al
1996). ISO guidelines (1997) have noted these levels as those of simple calculations, state of
practice methods, and state of art methods, respectively.

The basis for selection of one these levels is one that is intended to allow assessment of the
pipeline with the simplest method. The level of assessment is intended to identify pipelines that
are clearly fit for purpose as quickly and easily as is possible, and reserve more complex and
intense analyses for those pipelines that warrant such evaluations. The engineer is able to choose
the method that will facilitate and expedite the requalification process. There are more stringent
Fitness for Purpose (FFP) criteria associated with the simpler methods because of the greater
uncertainties associated with these methods, and because of the need to minimize the likelihood
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of ‘false positives’ (pipelines identified to FFP that are not FFP).

e Mitigation measures evaluation — mitigation of defects refers to prioritizing the defects to
remedied (first things first), and identifying practical alternative remedial actions. The need for
the remedial actions depends on the hazard potential of a given pipeline system, i.e., the
likelihood that the pipeline system would not perform adequately during the next RAM PIPE
REQUAL cycle. If mitigation appears to be warranted, the next step is to evaluate the
alternatives for mitigation.

e Evaluating alternatives — mitigation alternatives include those concerning the pipeline itself
(patches, replacement of sections), its loadings (cover protection, tie-downs), supports, its
operations (pressure de-rating, pressure controls, dehydration) maintenance (cathodic protection,
corrosion inhibitors), protective measures (structures, procedures, personnel), and its information
(instrumentation, data gathering). Economics based methods (Kulkamni, Conroy 1994; Nessim,
Stephens 1995), historic precedents (data on the rates of compromises in pipeline quality), and
current standards of practice (pipeline design codes and guidelines, and reassessment outcomes
that represent decisions on acceptable pipeline quality) should be used as complimentary
methods to evaluate the alternatives and the pipeline FFP. An important alternative is that of
improving information and data on the pipeline system (information on the internal
characteristics of the pipeline with instrumentation — ‘smart pigs’ and with sampling, information
on the external characteristics of the pipeline using remote sensing methods and on-site
inspections).

e Implementing alternatives — once the desirable mitigation alternative has been defined, the next
step is to engineer that alternative and implement it. The results of this implementation should be
incorporated into the pipeline system condition survey — inspection databank. The experiences
associated with implementation of a given IMR program provide important feed-back to the
RAM PIPE REQUAL process.

e Engineering the next RAM PIPE REQUAL cycle — the final step concluding a RAM PIPE
REQUAL cycle is that of engineering and implementing the next IMR cycle. The length of the
cycle will depend on the anticipated performance of the pipeline system, and the need for and
benefits of improving knowledge, information and data on the pipeline condition and
performance characteristics.

The ISO guidelines for requalification of pipelines (1997) cite the following essential aspects of an
adequate requalifcation procedure — process:

e Account for all the governing factors for the pipeline, with emphasis on the factors initiating the
requalification process

e Account for the differences between design of anew pipeline and the reassessment of an existing
pipeline

e Apply a decision-theoretic framework and sound engineering judgement
o Utilize an approach in which the requalification process is refined in graduate steps

e Define a simple approach allowing most requalification problems to be solved using
conventional methods.

The proposed RAM PIPE REQUAL process, guidelines, and criteria developed during this project
are intended to fully satisfy these requirements. A Limit State format will be developed based on
Risk Assessment and Management (RAM) background outlined in the next section of this report.




3.0 Pipeline Requalification Formulations & Criteria

The following tables summarize the pipeline requalification guidelines for determination of pipeline
strength — capacity characteristics developed during the first phase of this project for in-place
operating and accidental conditions. While the tables are not complete at this time, these tables will
provide the format that will be used to compile requalification formulations and criteria developed as
a result of this project. At this stage, one SSC has been identified for requalification strength criteria.
This SSC represents the highest reliability requirements for pipelines and risers for the SSC
evaluated during the first phase of this project. The SSC annual Safety Indices are summarized in
Table 3.3.

Table 3.1 - Pipeline Capacities

Loading States Capacity Data Bases Capacity Analysis Capacity Analysis
Analysis Eqn. Eqn. Median Bias Egn. Coef. Var,
09 ) 3 ()] (&)
Single

Longitudinal
* Tension - Td 1 1.1 1.0 0.25 -
» Compression -Cd
local - Cid 2 1.2 1.0 0.25
« Compression
global - Cgd 3 1.3 1.0 0.25
Transverse
* Bending - Mud 4 14 1.0 0.25
Pressure
* Burst - Pbd 5 1.5 1.2 0.25
 Collapse ~ Pcd* 6 1.6 1.0 025
* Propagating-Pp* 7 1.7 1.0 0.12 \

Combined |
T-Mu 8 2.1 1.0 0.25
T - Pc* 9 2.2 1.0 0.25
Mu - Pc* 10 2.3 1.0 0.25 |
T-Mu-Pc* 11 24 1.0 0.25
C-Mu-Pb 12 2.5 1.0 0.25
C-Mu-Pc* 13 2.6 1.0 0.25

* Accidental Limit State (evaluated with 10-year return period conditions)



Table 3.2 - Pipeline Loadings & Pressures Biases and Uncertainties

Loading States In-Place Loading In-Place Loading
Median Bias Annual Coefficient
By of Variation Vg
@ 2) 3
Single

Longitudinal
* Tension - Td 1.0 0.10
» Compression- Cd
local - Cid 1.0 0.10
» Compression

lobal - Cgd 1.0 0.10
Transverse
* Bending - Mud 1.0 0.10
Pressure
¢ Burst - Pbd 1.0 0.10
¢ Collapse — Pcd* 0.98 0.02
* Propagating-Pp* 0.98 0.02

Combined

T-Mu 1.0 0.10
T — Pc* 0.98 0.02
Mu - Pc* 0.98 0.02
T — Mu - Pc* 0.98 0.02
C-Mu -Pb 1.0 0.10
C-Mu -Pc* 0.98 0.02

* Accidental Limit State (evaluated with 10-year return period conditions)
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Table 3.3 — Pipeline Design and Reassessment Ultimate Limit State Annual Safety Indices

Loading States Annual Safety Annual Safety f
Index Index
In-Place ULS In-Place ULS
1) Pipelines Risers

2) 3)

Single

Longitudinal

e Tension - Td 34 3.8

* Compression -Cd

local - Cld 34 3.8

* Compression

global - Cgd 3.4 3.8

Transverse

* Bending - Mud 34 3.8

Pressure

* Burst - Pbd 34 3.8

* Collapse — Ped* 1.7 1.7

* Propagating-Pp* 1.7 1.7

Combined

T - Mu 3.6 38

T - Pc* 2.0 2.0

Mu - Pc* 2.0 2.0

T - Mu - Pc* 2.0 2.0

C-Mu-Pb 3.6 3.6

C - Mu - Pc* 2.0 2.0

*Accidental Limit State (evaluated with 10-year return period conditions)
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Table 3.4 -In-Place Reassessment Working Stress Factors

Demand/| Demand & In-Place Pipelines In-Place Risers
Capacity Capacity
Median | Uncertainty V ULS -t ULS-f
Bias

Tension 1.00 0.27 0.40 0.36
Compression (local) 1.00 0.27 0.40 0.36
Compression (global) 1.00 0.27 0.40 0.36
Bending 1.00 0.27 0.40 0.36
Burst Pressure (no corrosion) 0.91 0.27 0.44 0.39
Burst Pressure (20 yr corrosion) 0.83 0.27 0.48 0.43
Collapse Pressure (high ovality)” 0.98 0.31 0.60 0.60
Collapse Pressure (low ovality)” 0.98 0.27 0.64 0.64
Propagating Buckling® 0.98 0.12 0.83 0.83
Tension-Bending-Collapse Pressure 0.98 0.27 0.64 0.64
Compression-Bending-Collapse Pressure” 0.98 0.27 0.64 0.64
Compression-Bending-Burst Pressure 1.00 0.27 0.40 0.36
*accidental condition with 10-yr demands

Table 3.5 — In-Place Reassessment Loading Factors

Demand Demand In-Place Pipelines | In-Place Risers

‘ edian Bias| Uncertainty V LRFD - vy LRFD -y
Tension 1.00 0.10 1.29 1.33
Compression (local) 1.00 0.10 1.29 1.33
Compression (global) 1.00 0.10 1.29 1.33
Bending 1.00 0.10 1.29 1.33
Burst Pressure (no corrosion) 1.00 0.10 1.29 1.33
Burst Pressure (20 yr corrosion) 1.00 0.10 1.29 1.33
Collapse Pressure (high ovality)* 0.98 0.02 1.01 1.01
Collapse Pressure (low ovality)* 0.98 0.02 1.01 1.01
Propagating Buckling* 0.98 0.02 1.01 1.01
Tension-Bending-Collapse Pressure* 0.98 0.02 1.01 1.01
Compression-Bending-Collapse Pressure” 0.98 0.02 1.01 1.01
Compression-Bending-Burst Pressure 1.00 0.10 1.29 1.33
*accidental condition with 10-yr demands
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Table 3.6 — In-Place Reassessment Resistance Factors

=] Capacity Capacity Pipelines | Risers
. | Median Bias | Uncertainty V | LRFD-¢ | LRFD-¢
Tension 1.00 0.25 0.53 0.49
Compression (local) 1.00 0.25 0.53 0.49
Compression (global) 1.00 0.25 0.53 0.49
Bending 1.00 0.25 0.53 0.49
Burst Pressure (no corrosion) 1.10 0.25 0.58 0.54J
Burst Pressure (20 yr corrosion) 1.20 0.25 0.63 O.ng
Collapse Pressure (high ovality)* 1.00 0.25 0.73 0.73 |
Collapse Pressure (low ovality)* 1.00 0.25 0.73 0.734)
Propagating Buckling® 1.00 0.12 0.86 0.86 |
Tension-Bending-Collapse Pressure* 1.00 0.25 0.73 0.73
Compression-Bending-Collapse Pressure” 1.00 0.25 0.73 0.73
Compression-Bending-Burst Pressure 1.00 0.25 0.53 0.49J
]
*accidental condition with 10 yr demands j

13



Table 3.7 -Analysis Equations References

Loading States Analysis Eqn. Capacity Analysis Equations References
1) 2 3
Single - Design
Longitudinal Andersen, T.L., (1990), API RP 1111 (1997), DNV96 (1996), ISO (1996),
¢ Tension -T 1 Crentsil, et al (1990)
« Compression -C API RP 2A (1993), Tvergaard, V., (1976), Hobbs, R. E., (1984)
e Jlocal - Cl 2
« Compression API RP 2A (1993), Tvergaard, V., (1976), Hobbs, R. E., (1984)
e global-Cg 3
Transverse BSI 8010 (1993), DNV 96 (1996), API RP 1111 (1997), Bai, Y. et al
* Bending - Mp 4 (1993), Bai, Y. et al (1997a), Sherman, D.R., (1983), Sherman, D.R.,
(1984), Kyriakides, S. et al (1987), Gresnigt, A.M., et al (1998)
| Pressure Bea, R. G. (1997), Jiao, et al (1996), Sewart, G., (1994), ANSI/ASME
* Burst - Pb 5 B31G (1991), APIRP 1111 (1997), DNV 96 (1996), BSI 8010 (1993)
* Collapse - Pc 6 Timoshenko,S.P., (1961), Bai, Y., et al (1997a), Bai, Y., et al (1997b), Bai,
Y., et al (1998), Mork, K., (1997), DNV 96 (1996), BSI 8010 (1993), API
RP 1111 (1997), ISO (1996), Fowler, I.R., (1990)
Single - Reassessment
Longitudinal Andersen, T.L., (1990)
* Tension - Td W 7
+Compression -Cd | Loh, 1. T., (1993), Ricles, J. M., et al (1992), Taby, J., et al (1980), Smilm
| » local - Cld 8 C.S.,etal (1979)
* Compression Loh, J. T, (1993), Ricles, J. M., et al (1992), Taby, J., et al (1980), Smith,
» global - Cgd 9 C.S.,etal (1979)
Transverse Loh, J. T., (1993), Ricles, J. M., et al (1992), Taby, J., et al (1980), Smith,
* Bending - Mpd 10 C.S.,etal (1979)
Pressure 11 Kiefner, J. F., (1974), Kiefner, et al (1989), Chouchaoui et al (1992), Bea,
« Burst - Pbd R. G., (1997), Bai, et al (1997c), ASME B31G (1991), Klever, F. J., (1992),
Jones, D. G., (1992), Gresnigt, AM. et al (1996)
* Collapse - Ped 12 Bai, et al (1998)
*Propagating-Pp* 13 Estefen, et al (1995), Melosh, R. , et al (1976), Palmer, A.C., et al (1979),
Kyridkides, et al (1981), Kyriakides, S. et al (1992), Chater, E., (1984),
| Kyriakides, S. (1991)
Combined -Design
T-Mp 14 Bai, Y., et al (1993), Bai, Y., et al (1994), Bai, Y., (1997), Mork, K et al
(1997), DNV 96 (1996), Yeh, M.K., et al (1986), Yeh, M.K., et al (1988),
Murphey, C.E, et al (1984)
T-Pc 15 Kyogoku, T., et al (1981), Tamano, et al (1982) B
B-Pc 16 Ju, G. T, et al (1991), Kyriakides, S., et al (1987), Bai. Y., et al (1993), Bai,
Y., et al (1994), Bai, Y., et al (1993), Corona, E., et al (1988), DNV96
(1996), BSI 8010 (1993), APIRP 1111 (1997), Estefen, S. F. et al (1995)
T-Mp-Pc 17 Li, R, et al (1995), DNV 96 (1996), Bai et al (1993), Bai, Y. et al (1994),
Bai, Y. et al (1997), Kyriakides, et al (1989)
( C-Mp-Pb 18 DNV 96 (1996), Bruschi, R., et al (1995), Mohareb, M. E. et al (1994)
C-Mp -Pc 19 Kim, H. O, (1992), Bruschi, R., et al (1995), Popv E. P., et al (1974),
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Table 3.8 — Capacity Database References

Loading States Database Capacity Analysis Equations References
1) 3
Single - Design
Longitudinal Fowler, J. R., (1990)
* Tension -T 1.1
* Compression -C Ostapenko, A. et al (1979)
e Jocal - Cl 1.2
* Compression Chen, W.F., et al (1978),
e global - Cg 1.3
Transverse Schilling, G. S. (1965), Jirsa, 1. O., et al (1972), Korol, R. M., et al (1979),
* Bending - Mp 14 Sherman, D.R., (1984), Steinmann, S.L., et al (1989), Fowler, J. R., (1990),
KyRiakides, S., et al (1985), Johns, T. G., et al (1983)
Pressure Sewart, G, et al (1994)
* Burst - Pb 1.5 B
* Collapse - Pc Kyriakides, et al (1984), Kyriakides, et al (1987), Fowler, J. R., (1990), Johns,
J 1.6 T. G, et al (1983) J
Single - Reassessment
Longitudinal Taby, ., et al (1981)
* Tension - Td 2.1
* Compression -Cd Loh, J.T., (1993), Ricles, J. M., et al (1992), Taby, J., et al (1981)
e Jocal-Cid 2.2
» Compression Loh, I.T., (1993), Ricles, J. M., et al (1992), Smith, C.S., et al (1979)
e global - Cgd 2.3
Transverse Loh, J.T,, (1993), Ricles, J. M,, et al (1992), Taby, J., et al (1981)
* Bending - Mp d 2.4
Pressure DNV (93-3637)
* Burst - Pbd 2.5
* Collapse - Pcd
2.6
* Propagating-Pp* Kyriakides, S., (1984), Estefen S. F., et al (1995), Mesloh, et al (1976)
2.7
Combined -Design
T-Mp 3.1 Dyau, 1.Y., (1991), Wilhoit, Jr. J.C., et al (1973)
T-Pc 3.2 Edwards, S.H., et al (1939), Kyogoku, T., et al (1981), Tamano, T., et al
(1982), Kyriakides, S., et al (1987), Fowler, J. R., (1950)
B-Pc 33 Kyriakides, S., et al (1987), Fowler, J. R., (1990), Winter, P. E., (1985), Johns,
T. G., (1983)
T-Mp-Pc 34 Walker, G.E,, et al (1971), Langner, C.G., (1974)
[C-Mp-Pb 35 Walker, G.E., et al (1971), Langner, C.G., (1974) 1
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Table 3.9 - Formulations for Single Loading States

Loading States Formulation Formulation Factors
@ 2 3)
Longitudinal

* Tension - Td

Td =1.1SMYS(A - A)

* Compression- Cd

Cl=1.1s SMYS(2.0-028(D/1,,)"*|s As Kd

Kd=1+3fd(D/1)

local - Cld
* Compression P . P, AY Lo
global - Cgd Cg =1.1SMYS(1.2~0.254*)e A P | % ] M,
Ed
0.5 05
X=£L—[SMYS jl A =(Pud/Ped)
r
P,=P A F, exp[—0.08éj
" 1
Transverse
. M, =exp ——0.06é
* Bending - Mud M, t
Pressure P = 22010 SMTS s
[ o —— _ .
Burst — Pbd (D-1t)e SCFc SCFc=1+2(d/R)
Corroded Pby = — 210 SCFp= 1+ 0.2 (H/t)®
(D—-1)e SCF,
Dented . 2t SCFg=1+2(h/n)"
e e —
Gouged (D—1) SCF; SCFpg =
2to -d/it- -dO1!

Dented & Gouged | Pby; = - [1-d/t-(16H/D)(1-d/1)]

(D-1)e SCF,,;

* Collapse - Pcd

High Ovality
Pipe* (f 50 = 1 OA))

Low Ovality
Pipe* (f 50 — 0.1
%)

4 i Wi

5 05
F = O'S{R«i +FP K, —[(Ed + ede) - 4[':,46de] }

. , 0.5
P= o.s{P,, +PK,=| (B + BK,) - 4Pm,1-':de] }

p =51l
¢]
2E [td T
PE=_2 —_
1-v° D,
K=1+3f[D°J
P _ 2SMTSt
ud —
D,

* Propagating-Pp*

0

2.5
Pp=34e SMYS(t"ﬂj
D

|

* Accidental Limit State (evaluated with 10-year return period conditions)
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Table 3.10 — Formulations for Combined Loading States

Loading States Formulation Formulation Factors
1) 2 3)
2 5,105
T-Mu Mu Tu
T-Pe Y,
Pc Tu
Mu - Pe L + M 1.0 (load controlled)
Pc Mu
PY (MY
(Fc-) +(m] =1.0(displacement cont.)
T ~Mu - Pc Yz (pY (sz 03
— |+ = +] = <1
M, P. Tu
C-Mu -Pb g(k _1 0, )
2
MC = Mpr fM =kl €os 2 13 SMTS
1
M, =SMYSe D%(l - 0.0012) -
t k= \[l 3( o
MY (Y T 'T\ 4\ sMTS
P M C P M M C P C
R R G et
e S
? meSMTSe Dt
C-Mu -Pc 2 2
M + —P— <1 Mm-:MCOS El
MCO PCO ! 2 7:

[[;]%ﬁ%[% -z;{i-—"bﬂ-ii-iﬂ <1 MP=SMYSOD§tmm(1-O.OOI—D‘L]
o W/ o M, % '

nom

P, : Timoshenko Ultimate or
Elastic equation
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Table 3.11 - Formulations for Hydrodynamic Loadings

Formulation Factors
@ 2)

F,=Cp(p/2)D’ (Uw+ Uc)? See Fig. 3.1
F,=C.(p/2)D (Uw + Uc)? Co=10

F,=CypV Aw C.=05

F,=F,+F Cu=25

Ru2F; x FS FS=1.0

W 2>F, x FS

D’ = vertical effective (unburied) height of pipe

D = pipe diameter

V = vertical effective (unburied) volume (per unit
length) of pipe

Ru = lateral soil — pipeline sliding resistance

W = vertical effective weight of pipeline

FS = factor of safety for 100-year conditions

Uw = maximum wave velocity normal to pipe
axis

Uc = maximum current velocity normal to
pipe axis

Aw = maximum wave acceleration normal to
pipe axis

4
Uo=0.10 sl
il . . v, Uc=0.18 jwel = ]
Sr * ’v'- -, oy ]
28 - T 1
2t ~ & "= = +
S . [ ] * [ ] ]
15} - » - L 4 4
-
b
0.5(
0
0 10 20 30 & 50
Ke
3
Uew0.10 fwi) +
28} Ucs0.18 e} &
*
2F
* M M
3 15F -— T +* +
gt . *> .ﬁ -“-- - -. . 4
- -
o8t
0 —
[} 10 2 » 40 50
[
3
Uos0.10 prie} +
28} Uon0 18 [ie] » 1
2t J
| L 4 * J
33 18 - T *
1t il *
e p "™ } g * fa v
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0
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Ke

Figure 3.1 - Pipeline hydrodynamic loading coefficients (Neill and Hinwood, 1998)
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4.0 Hydrodynamic Loadings

Wave forces on a fixed horizontal pipeline segment under the combined action of directionally
spreading waves and currents are estimated utilizing a directional wave spectrum. The analysis
includes the effects of reduction in forces due to three-dimensional seas, associated spatio-temporal
correlation of water particle velocity field and the orientation of pipeline segment. These results are
expressed in terms of biases for design applications. The final product includes biases for the
hydrodynamic drag and inertial forces that result from the pipeline orientation and spatio-temporal
correlation of directionally spreading seas. The analysis presented here can be applied to
directionally spreading wave conditions experienced during hurricanes in the Gulf of Mexico and
Bay of Campeche. A follow-up study will focus on developing simplified close-form expressions for
codification and improved hydrodynamic loading models for drag and lift in the presence of pipeline
movement in surrounding water-soil medium that results from bedload sediment transport under
wave action.

4.1 Introduction

In the Gulf of Mexico and the Bay of Campeche, the integrity of thousands of miles of pipeline is
threatened each year by the potential of hurricane activity in the region. The performance of pipeline
is not only judged by its capacity to withstand pressure and impact of corrosion, but also by its
ability to withstand movements of sea floor soils. The soft sea floor soils are known to develop
significant motions during the passage of hurricanes. The wave and current induced hydrodynamic
loads and movement of the sea floor influence the stability of the pipeline. Hurricane Roxanne, the
most severe hurricane to affect the Bay of Campeche during this century inflicted major damage to
offshore pipelines in the region (Valdex et al., 1997; Bea et al., 1998a; Cardone et al., 1998). Morris
et al. (1988) and Bea et al. (1998a) have reported risk assessment and management (RAM) based
criteria for the design and requalification of pipelines and risers in the Bay of Campeche. Their paper
summarizes various possible loading scenarios on the pipeline, based on the specifications laid down
by Instituto Mexicano del Petroleo (IMP) and guidelines developed by American Gas Association
(AGA, 1993).

It is noted by Bea et al. (1998a) that the specified design loads will generally result in a significant
conservative bias in the computed design loads. The bias is defined in terms of the ratio between the
expected maximum loading and the design maximum loading. Based on the orientation of the
pipeline, Bea et al. (1998a) developed biases in terms of the ratio between the current and wave
induced particle velocities. Bea et al. (1998a) correctly pointed out another bias introduced by the
space-time variation in the wave kinematics, associated hydrodynamic loads, and the transient nature
of these loads. The spatial variation in hydrodynamic loads may not only reduce the effective
loading on a section of pipeline, but may also influence the support conditions of the pipeline by
shifting the soil support, thus limiting the displacements or deformations experienced by the
pipeline.

It is noted in this discussion that the space-time variability of wave kinematics and variations in the
currents can have a major influence on the design and performance of a pipeline. Several studies in
the literature have addressed this topic at different levels of detail and modeling sophistication
(Grace and Zee, 1981; Lambrakos, 1982; Zimmerman et al., 1986; Jacobsen et al., 1989; Lambrakos
et al., 1987; Lammaert et al., 1989; Borgman and Hudspeth, 1992; Collins et al., 1995; Hale et al.,
1989; Soedigdo et al., 1999). In light of the importance of the problem and a lack of unified
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information on the hydrodynamic load effects, accurate assessment of these effects for risk based
design standards and guidelines are needed.

This study examines the space-time variation of hydrodynamic loads acting on pipelines for a range
of orientations with respect to the local bathymetry. The coherence modeling plays a central role in
the analysis of structures exposed to wind, wave or seismic load effects (Kareem et al., 1997). A
single point representation of the stochastic field concerning wind, wave, or seismic effects may be
employed for structures smaller than a typical scale. However, partial correlation over larger or
longer structures such as pipelines necessitates the use of multipoint stochastic field statistics to
accurately ascertain dynamic load effects. The level of correlation is generally expressed in terms of
a coherence function whose form depends on the characteristics of the stochastic field under
consideration (Mitwally and Novak, 1989; Kareem and Song, 1998). Although the importance of
directional distribution of ocean waves has been acknowledged in offshore engineering (Borgman,
1990), the directional wave spectra is not widely used in design practice due to its complexity and
added computations.

The main feature of a directional wave system is that the total first order wave force on a structure is
less than that of a unidirectional wave system having the same total energy. The lack of correlation
may be accounted for by using a coherence function and cross-spectrum of the wave height and
water particle velocity fluctuations between locations of interest. Therefore, associated
hydrodynamic loads can be expressed in terms of this coherence function. This coherence function
can be expressed in terms of spreading function. Once loads are expressed in terms of the coherence,
several simplifications in the load description can be introduced. These simplifications are similar to
those for wind effects, which are very attractive for inclusion in design specifications or other
guidelines.

In this study, wave forces on a horizontal pipeline segment under the combined action of
directionally spreading waves and currents are investigated using a directional spectrum. The effects
of directional spreading are manifested in terms of an overall reduction of energy in the direction of
wave propagation and lack of spatio-temporal correlation in the wave surface field. They have a
direct influence on the water particle kinematics. The biases in the hydrodynamic drag and inertial
forces due to pipeline orientation and spatial correlation are studied.

4.2 Water Particle Velocity

In this study, a Cartesian coordinate system is used with the origin at the mean water level (Fig. 4.1).
The water depth, h, is assumed to be constant. The sea surface is denoted as z =& (x, y, ¢) , in which ¢
is time, and can be treated as a stationary stochastic field.

Assuming that sea water is an incompressible, inviscid fluid and that the wave motion is irrotational,
the velocity potential @ (x, y, z) can be represented in the form of the Fourier-Stieltjes integral
which leads to the surface elevation & (x, y, 1)

B{z,y, 2, t) = —ig / /: w::iig(;-h;')]ezp{ik(zwsﬂ-{-ysin@]—iwt]dA(w, ) 4.1
&=,y t) = —l(?;)z_u = / / explik(z cos8 + y8in 8) — iwtjdA(w,0) “4.2)

in which the wave number & is related to wave frequency @ by the dispersion relationship
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w? = gk tanh({kh) (4.3)

Fd + SeaSuface Elevation

F_ ANy 5
/ ‘1* Water Depthh

Fig. 4.1 Cartesian coordinate system

The angle 6 denotes the direction of wave propagation of an elementary wave relative to the x-axis,
A(®,0) is the spectral amplitude, and is related to the two-dimensional energy spectrum (two-side)

of the surface elevation Sgg (@,6) as

< dA(w,0)dA" (w1, 0) >= Seelw, 0)8(w — w1 )8(0 — 8))dwdundddth (4.4)
in which §( ) is Dirac's delta function; * denotes the complex conjugate operator; and < > represents
the statistical averaging. The two-sided spectrum Sgz(@,6) is related to the one side spectrum
S¢d @, 6) (extending from 0 to o) by

See(w, 8) = 28 (w, 8) (4.5)
The water particle velocity can be represented as
2 Hypblk !
o(t) = /_ | wcw)—"f%ﬂexp[ik(zms0+ysino)—mm(w,o) (4.6)
in which C(6) is given by
cos  for 1//X
C(#) = sin® for 1//Y 4.7)
1 for 1//Z
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in which 1//X indicates the velocity component in the x-direction, with analogous definitions for 1//Y
and 1//Z; and

‘ _ | coshik{z + h)] for 1//X or 1//Y
Hypb{k(z + h)] *{ —isinhlk(z + h)]  for 1//Z (4.8)

4.3 Directional Wave Surface Spectrum
Within a storm-generation area, the sea surface elevation can be described by the directional
spectrum in the form

See(w,8) = Sge{w)D{w, 0) (4.9)

in which S;“(w) is the unidirectional one side spectrum; and D(w,6) is the directional spreading
function which satisfies the condition

" D(w.0)do =1 (4.10)

R

Various analytical expressions for the wave spectrum have been proposed. Some of them describe
fully developed seas, while others depend on the fetch and duration. Without loss of generality, the
Pierson-Moskowitz (1964) spectrum is used in this study, and it is given by

2
4
St (w) = Zr-exp

—0.74(3)4] @.11)

in which a=0.0081 is the Phillips constant; g is gravity acceleration; @=g/U; and U is the mean
wind velocity.
Alternatively, in terms of the peak frequency of the spectrum @, ( ®,=1.14®)

2
ag w,
Stw) = 2 exp [—0.125(—‘5)4] 4.12)
The variance of the wave elevation is given by
o0 2
o= [ Shiw)dw =L (4.13)
3 /(; & 5(&4

Assuming that the wave height follows the Rayleigh distribution, the significant wave height H, is
related to the root-mean-square (RMS) surface elevation o as

H, = 40 (4.14)

The most probable maximum wave height (H,,,.) for a given number of wave cycles (N) in a record
can be estimated from the significant wave height H, as

1 0.5772
Hos = 3 [VIRN + = |, (4.15)

when N=1000, gives H,,,.=1.86H..

The wave spectrum describes only the mean square statistics of the surface elevation, whereas
information about the directional waves (wave energy spreading) is described by the directional
spreading function. If directionality is neglected, it implies that the total energy is traveling in one
direction as in the case of a unidirectional wave system. Thus, directionality means spreading of
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energy, with an apparent reduction in the along-wave force component and an increase in the lateral
wave force component, which is normal to the mean direction of wave propagation.
The directional spreading function given by Donelan et al. (1985) is used in this study

D(w,0) = 3B ccah~2((0 — )] (4.16)

in which 6, is the mean direction of wave propagation.
Using high-frequency stereo photography, Banner (1990) proposed a formulation for 3 as

2.61{w/wp)!3  for 0.5 < w/uwp <0.95
B=13 228(w/wp)'? for 0.95 < w/fuwp < 1.60 (4.17)
10¥ for wjw, >16

in which
y=—04+0.8393 exp [—0.567111(5—)2] (4.18)
P

The preceding spreading function is a function of frequency to account for the fact that longer period
waves (swell) are almost unidirectional, whereas the short period waves have directional features.
However, the spreading function is often approximated by a frequency-independent format for storm
waves. A wrapped normal distribution has also been used in this study for comparison

1 6 80)?
D(w, 8) = T exp Py 4.19)

in which &°;, is the standard deviation of spreading.
The cross spectrum (one-side) of sea surface elevation at points 1 and 2 can be given as

Stues () = S5(w) [ D(w,0) exp{ikl(zs — 22)cos8+ (g1 — pa)sin O]}d0 (4.20)

in which x,, y, and z, and x,, y, and z, are the Cartesian coordinates of points 1 and 2, respectively.
The coherence of sea surface elevation is

cohe(Az,Ay,w) = [ Diw,0) explikl(z1 — z2)c08 0 + (g1 — o) i O]} 0 @21)

—

in which Ax=lx,-x,l, Ay=ly,-y,l.
For the unidirectional wave system, it is assumed that the total energy is traveling in the direction of
wave propagation, i.e. the spreading function takes the form

D{w, ) = §(8 — 69) (4.22)
Thus, the coherence of sea surface elevation for the unidirectional system is
cohg (Az, Ay,w) = exp{ik[(z1 — z2)cosby + (11 — y2) sin o]} (4.23)

The unidirectional sea elevation has spatial periodicity at a particular frequency and does not display
loss of spatial correlation even for large values of separation. For separations that are across the
wave front or along the water depth, the sea surface elevation is fully correlated even for large value
of separation.
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4.4  Power Spectra of Water Particle Velocity

To evaluate the resultant wave forces on a structure, the auto and cross spectral densities of the water
particle velocity field are needed. After some manipulations, the power spectral density of the water
particle velocity for the directional wave system, S, (@), is obtained as

5% (w) e ,
Sou(w) = wzﬁ%flypbz [k(z + )] f_ _D(w,0)C*(0)ds (4.24)

and the cross spectrum (one-side) of water particle velocities at points 1 and 2 can be expressed as

‘9‘
Sum(@) = o B Hyph K + H)|Hpblb(aa + )]
[ D, 0)C0)Gx0) exp (21 — )00 + (1 — ) sin ]}t @.25)

in which C,(8) and C,(8) are defined like C(8) for the velocity components at points 1 and 2; Hypb,
is defined like Hypb for point 1 and Hypb, is defined as

Tk .. } coshk(zy +h)] for 2//X or2/]Y

The coherence function of the water particle velocity at two locations of interest is
ch(Az, Ay, w) = Suw(w)/ \/ Ssv (W) Svyey (W)

J%, D(w,8)C(0)Co(8) exp{ik|(zs — 22) 058 + (3 — ya) sin]}ah
= J2, D(w,8)C1{6)C2(8)d8

4.27)

For a unidirectional wave system propagating with an angle 6, , the auto and cross spectra as well as
coherence function of the water particle velocities can be given by

s Sge(w) v
u — 2_’3_ 2 H 3
Swlw) = e © (%) pt el + 1) (4.28)

Sy
S v (w)___ w? —fi(i)-cl (66)Ca(8o)Hypbi [k(z1 + h)] Hypby[k(zz + h))

sinh? kh
exp{ik]{z) — z5) cas8g + {y1 — y2)sin b} (4.29)
coh™(Az, Ay,w) = exp{ik{{z1 — z2)cos @ + {11 — y) sin ]} (4.30)

in which C,(6,) and C,(8,) are given in Eq. 4.7 with 8, substituted for 6.

4.5 Hydrodynamic Forces on a Horizontal Pipeline due to Combined Current and Wave
Action

The hydrodynamic loads on a pipeline are derived from hurricane wave and current kinematics. The
current velocity and water particle kinematics normal to the pipeline axis are of primary significance
to these loads. In this study, for the sake of illustration the bias in the hydrodynamic forces due to
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directional wave spreading effects, traditional Morison type formulation is utilized to estimate the
drag and inertial forces. The lift force component is not addressed here.

4.5.1 Current and Water Particle Velocity and Acceleration near the Sea Bottom

Consider a fixed horizontal pipeline segment of length L which is parallel to the x-axis. For any two
locations on the segment, y,=y, and z,=z,, the power spectral density and the coherence functions of
the water particle velocity and acceleration normal to the axis of the pipeline for directional seas near
the bottom are

Suvlw) = w ﬁ%ﬁ f D(w, #) sin® 6d8 4.31)
See(w) = w 1—;‘%’1—[:‘ D(w, 8) sin” 8d6 (4.32)

B =, D(w,8) sin’® Gexp{ik(z; — z2) cas 0}d0
coh(bz,w) = |7 D(w,0)sin? 0d0 (4.33)

The transfer functions between the wave surface elevation and water particle velocity and
acceleration near the sea bottom are given by

- )
Hye(w) = siuh{kh)\/ . D{w, 6) sin? 640 (4.34)
w? 2
Hye(w) = m\ﬁ D(w, 8) sin® 640 (4.35)
Similarly, for the unidirectional seas, the preceding quantities are
5 Spe{w) .
— 42 §§ 2
Soelw) = w sinh*(kh) sin" (4.36)
See{w)
% () = Wt in2
Sti(w) = w E%sm & (4.37)
cohu(Az,w) = exp{ik(z1 — z2) cos G} (4.38)
H:,‘c(w) h(kh) ———sinfy (4.39)

w o
H:,%(W) = mﬁ—) sin 00 (440)

Defining R’(w) as the ratio between the power spectra for unidirectional and directional seas as

R2(w) = Suu(w)/S%, (w) = [ " D(w, 8) sin® 848/ sin? 6 4.41)
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and defining the bias in the water particle velocity and acceleration due to wave directional
spreading, B,and Bv, as

B =dfoh = [ * Sye(w)dw/ I " 5 (w)dw (4.42)
B} = o/oh = [ A Slwldu [ " WP S (w)dw 4.43)

The relationship between the transfer functions for the directional and unidirectional wave systems is
given by

Hug(w) = H@)R(W);  Haglw) = His(w)R() (4.44)

It is obvious that the bias B, and Bv is generally dependent on spectrum of the water particle
velocity and the spreading function. When the spreading function is approximated as frequency-
independent function, the bias B, and Bv are identical and only dependent on the spreading function,
and equals the frequency-independent coefficient R. For cosine spreading function, the reduction is
approximately 10%, i.e. B, is approximately 0.9, for relatively large spreading as given in the design
guideline developed by American Gas Association (AGA, 1990).

Generally, in shallow water (less than 80 m) the principal direction of waves for extreme hurricane
conditions will be approximately normal to the bathmetry. However, the principal direction of the
near sea bottom currents is typical parallel to the bathymetry. Thus, the vectorial addition of water
particle and current velocities should be used to take into account the lack of alignment between the
principal direction of wave propagation and the near sea floor current direction relative to the
pipeline axis (Bea et al., 1998a)

The design maximum horizontal current velocity (U,,) relative to the design maximum water particle
velocity (U,,) near the sea bottom is defined as a ratio

U = Uyi/Usd (4.45)
in which U, is given as
oo Shlw)
Vwa = gav"lﬁngo deg = g\j/(; w‘!;ljlflg(—kh)dw (446)
and g is peak factor given as
L5772
9=Vv2InN + 0,__25;7N (4.47)

and for most probable maxima in 1000 wave cycles, g is 3.72.

It is assumed that the design of the pipeline has been based on the analysis that takes into account the
orientation of the design water particle and current velocity relative to the pipeline axis. The current
velocity and water particle velocity in the direction normal to the pipeline axis is given by

Ue = Ugyconbp; Uw = ByU,48in 6 = go, (4.48)

Thus, the ratio between the current and the RMS water particle velocity normal to the pipeline axis is
identified as

r="Ufay = g¥cot6s/B, (4.49)
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For the unidirectional wave, it is
oy == Uc./a‘,m = g\Ilcotﬂe (450)

When the orientation of the current and water particle velocities relative to the pipeline axis is
neglected

ro = gUca/Una = g¥ (4.51)

4.5.2 Hydrodynamic Drag Force

According to the Morison equation, the hydrodynamic drag force per unit length due to combined
wave and current actions can be expressed as

fo(zt) = %pDCNU (z,thU (=, ) (4.52)

in which p is the density of sea water; D is the diameter of the pipeline segment; C, is the drag
coefficient; and

Ux,t)= U .+ v(x,1) (4.53)

in which U, and v(x,t) are current velocity and fluctuating water particle velocity components normal
to the pipeline axis. The drag coefficient C, is generally dependent on the Reynolds Number,
Keulegan-Carpenter Number, the strength of currents relative to the wave velocities, the proximity
of the pipeline to sea floor, and the roughness of the pipeline. In this study, emphasis will be placed
only on the bias in hydrodynamic forces due to wave spreading, therefore, typical values of the drag
coefficient will be used for simplification.

The term U(x,t) in the hydrodynamic drag force is nonlinear. A statistical linearization of this term is
required for pursuing spectral analysis, because it is based on a linear superposition over the
frequencies described in the sea-state. Assuming that the water particle velocity is a stationary
Gaussian process, the nonlinear drag forces can be linearized as (Kareem et al., 1995)

fo(z,t) = %pDC‘D[aoa?J + a1oyv(z,1)] (4.54)
in which
o0 =202 +rba+ b); o = by + B) (4.55)
and
_ 1 Vo b emn(iToy g Ue
b = \/—2‘;/‘:&?( 2)dy1 b2— ‘/2—“&?( 2)7 r= Py (456)

If the current velocity component normal to the pipeline axis is zero, i.e. r=0, yields a,=0

The total drag force F,(t) on the pipeline segment of length L is given by

L
Fot) = [ fola.t)ds 4.57)

The mean value of total drag force is
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Fip = 5pDCpaodiL (4.58)
The power spectral density of total drag force, Spy(w) , is expressed as
SFa() = (3pDCpa1L)’ fom Sou(w) P (w)dw (4.59)
in which the J(w) is the joint acceptance function and takes the form

. R e
Jiw) - F-/o /0 coh(Az,w)dz1dzy

2 [T D{w,0)tan® 0]l — cos(kL cos 0))d8
(kL)? f* D{w, 6) sin? 040 (4.60)

The joint acceptance function describes the hydrodynamic force reduction due to a lack of spatial
correlation of water particle velocity. It can be readily confirmed that when the dimensionless length
kL approaches zero, the joint acceptance function concomitantly reaches unity. When the spreading
function is approximated as a frequency-independent function, the joint acceptance function is only a
function of the dimensionless length kL.

Defining the bias (B,.) in wave particle velocity due to spatial correlation for the spreading wave as
> &} o0
BL= [ Sulw)P()dof [ Suufw)ds @61)

The RMS value of total force is then given as

1
Fpema = EpDCnmaﬁBﬂcL (4.62)

The maximum value of the total drag force for the combined current and directional wave actions
can be expressed as

- 1 .
Fpmazr = Fp + gFDrms = §PDCDU§L(C!0 + gﬂ'lec) (463)

Similarly, for the unidirectional wave system, and neglecting the spatial correlation of water particle
velocities, the maximum drag force is given by

1
FBumaz = F§ + 9FBrms = 5pDCpo Laou + gouy) (4.64)

in which ¢, and «,, are given in Eq. 4.55 with r, substituted for r.
The bias in the drag force between the directional and unidirectional system is

- BQ g+ galec
Y apy + gony

It is noted that the bias B, also affects the linearization coefficients a, and ¢, , which in turn
influences the bias in the drag force. When the steady current component is zero, it yields

B,'=BB,, (4.66)

Thus, the bias in the drag force can be separated into a component due to the overall reduction of
energy and a component due to the spatio-temporal correlation of water particle velocity explicitly.
It was specified by IMP that the analysis of hydrodynamic loadings for design of pipelines should be

BY. = Fpmaz/Flmas (4.65)
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based on the assumption that the currents are aligned with the waves and that these currents and
wave kinematics are normal to the axis of the pipeline. In this design approach, the bias due to the
orientation of design wave kinematics and current relative to the pipeline axis should be further
included.

The design maximum drag force is given as

5 1
FBumaz = F) + 9Fbems = 5pDCp0%0(000 + gano) L (4.67)

in which o, and o, are given in Eq. 4.55 with r, substituted for r; and

—/ b (kh dw = o [ sin® 8o (4.68)
Thus, the bias in the drag force is
. ag + gog Buc
B?‘-'D = FD'M:/Fgmnz = Bs Slll2 8y ml—o— (469)

If the current is zero, it yields

By, = BEBucsin’ o (4.70)

4.5.3 Hydrodynamic Inertial Force

According to Morison equation, the hydrodynamic inertia force per unit length due to combined
wave and current actions can be expressed as

fi(z.t) = %pD2CMﬂ(z,t) 4.71)

in which C,, is the inertia force coefficient; and v(x,r) is the water particle acceleration normal to

the pipeline axis.
The maximum inertia force is given by

Froge = gFer = ;;‘PDQCMUéBi'cg (472)

in which By, is defined as the bias in the water particle acceleration due to spatial correlation of the
directionally spreading wave

- fo Sio(w) P2 (w) /0 Sie(w)dw (4.73)

For the unidirectional wave system in which the spatial correlation of the water particle acceleration
is generally neglected, it yields

m v
Flmaz = 9Ffrms = ZPDICMU!"'Q 4.74)
The bias in design inertia force between the directional and unidirectional wave systems is given by

B;J = Fimaz [ Fiipar = BioBse 4.75)

If the orientation of the water particle acceleration relative to the pipeline axis has not been included
in the design approach, the bias due to the orientation should be further included as
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BY. = ByBgcsinfo (4.76)

4.6  Numerical Results and Analysis

An example is presented to delineate the influence of different sea states characterized by water
depths, significant wave heights, directional spreading features and current velocities on the pipeline
loads. These are summarized in Table 4.1.

__ Table 4.1 Calculating conditions

Sea type Type 1 | Type 2 | Type 3
Water depth 2 (m) 10-15 | 40-50 100
Significant wave height H, (m) 6 8 9
Wave elevation spectrum P-M P-M P-M
Current velocity Uy (m/s) 0-1.05 | 0-70 | 0-0.35
Mean wave direction 6, (deg) 0-90 0-90 0-90
Length of pipeline segment L (m) | 0-1000 | 0-1000 | 0-1000

The frequency dependent Donelan type spreading function and frequency-independent normally
distributed spreading function are used to describe the wave spreading features. For the latter, two
different values of the o, are assumed to be 30 deg and 40 deg for the sake of comparison. The
Pierson-Moskowitz spectrum is used in this study. The mean direction of wave propagation relative
to the axis of a pipeline segment (6,) is assumed to vary between 0 and 90 degrees. The length of the
pipeline segment (L) is assumed to vary between 0 and 1000 m. The sea surface elevation spectra for
different sea conditions are shown in Fig . 4.2.
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33
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Fig. 4.2 Sea surface elevation spectra
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Figure 4.3a demonstrates the frequency dependent Donelan type directional spreading function for
8,= 90 deg and w/w,=0.9, 1.0 and I.1. Figure 4.3b shows the frequency-independent normally

distributed spreading function for 6,=90 deg, and 6,=30 deg and 40 deg.

15 — T —T 1 T T T
: : : — og=30deg | :
— o =10 | : 0.8 e e
& P ; el IR X
2 _ oo =1.1 i & =8 m: :
a8 th - F— e .l ......... a h=45m5 :
c =8 m. ] T 503-60=90m ......... S
£ h=45m A 89 : ; PN
5 | %900 2 : £
e : ?04- ......... I D ]
- . '8 d . .
[+ ] 0.5}. .......... : .............................. W g. X :
g. ; ) o \
9 ; 02b - Y 7 ST v
[ A
V7 N
. . - ¥ ‘ / '7
L R R
-180 -90 0 20 180 -180 =90 0 80 180
6 (deg) 8 (deg)
a) Frequency dependent, §;=90 deg b) Frequency independent, =90 deg

Fig. 4.3 Directional wave spreading function

The power spectra of water particle velocity components normal to the pipeline segment in
unidirectional and directional wave systems at different mean directions of wave propagation are
shown in Figs. 4.4 and 4.5. The RMS water particle velocities and accelerations are presented in
Figs. 4.6 and 4.7. The near bottom water particle kinematics decrease with the increase in the water
depth. For the unidirectional wave system, the variation in the water particle kinematics
corresponding to the changes in the mean wave direction follow the sine law. For the directional
wave system, due to the directional spreading of energy, the loss of energy is identified, when the
mean wave direction is close to the direction normal to the pipeline segment (6,=90 deg). On the
contrary, the increase in energy in comparison with unidirectional case is significant when the mean

wave direction nears the pipeline axis (6,=0 deg).
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directional spreading wave
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Fig. 4.7 RMS values of water particle accelerations

Figures 4.8 and 4.9 show the bias in the water particle velocity and acceleration normal to the
pipeline axis due to wave spreading (Eqs. 4.42 and 4.43). B, sin8, and B sin8, represent the

ratios of water particle kinematics relative to the maximum derived from the unidirectional wave,
thus they always have a value less than unity. For the frequency-independent spreading functions,
the bias in the water particle velocity and acceleration B, and B, are identical, and only dependent

on the spreading function used. Results indicate that even using the frequency dependent spreading
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function, due to the narrow-banded property of the random water particle kinematics, B, and B, are

very close and can be assumed to be the same. It is noted that the bias in the water particle velocity,
B, sinf,, is between 0.45 to 0.9 depending on the spreading function and the orientation of the

pipeline segment. Accordingly, the bias in the maximum water particle velocity is between 0.8 to 0.9
depending on the spreading function. Water depth and wave height have insignificant influence on
these biases since these biases are strongly influenced by the spreading function. It is emphasized
that the bias in the water particle kinematics is significantly dependent on the orientation of the
pipeline segment.
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Fig. 4.9 Bias in water particle acceleration due to wave spreading

Figure 4.10 shows the coherence function of the water particle velocity for a range of separation
distances (Eqgs. 4.33 and 4.38). In general, the coherence function has a spatial periodicity and
decays with an increase in the separation distance between the points of interest. For a directional
wave system, the coherence function is in general a function of the dimensionless separation
distance, pipeline orientation and the frequency. When the spreading function is assumed to be
frequency-independent, the coherence becomes a function of only the dimensionless separation
distance and orientation. This feature in the coherence model for the wave loads separates it from the
generally used coherence models for wind and seismic load effects.
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Fig. 4.10 Coherence functions of unidirectional and directional water particle velocities

Figures 4.11 and 4.12 show the joint acceptance functions for pipeline segments as a function of the
dimensionless lengths and segment lengths, respectively (Eq. 4.60).
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Figures 4.13 and 4.14 indicate the bias, B, in water particle velocity due to spatio-temporal
correlation for unidirectional and directional wave systems, respectively (Eq. 4.61). This bias also
represents the bias in the hydrodynamic drag component without the current action, and the bias in
the inertial force, due to the spatio-temporal correlation. It is noted that the effect of spatio-temporal
correlation is highly influenced by the orientation and the wave environment (water depth and wave
height, etc.).
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Figure 4.15 shows their comparison with different spreading function models. Almost identical
results have been obtained for different spreading models assumed in this study. Figures 4.16 and
4.17 demonstrate that the bias in the water particle acceleration is almost the same as in the velocity
component. The bias in the hydrodynamic forces under the combined action of currents and waves
exhibits dependence on the ratio of the steady current to the fluctuating water particle velocity. In
this study, for the sake of illustration, the effects of the ratio between currents and water particle
velocities on the force coefficients have been neglected, since the emphasis is only placed on the
directional wave spreading effects. In Fig. 4.18, the ratios between the current velocities and the
RMS water particle velocities normal to the axis of the pipeline segment for unidirectional (Eq.
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4.50) and directional spreading waves (Eq. 4.49) are presented. Figure 4.19 shows the statistical
linearization coefficients o, and ¢, associated with the mean and fluctuating components of the drag
force as functions of the ratio between the current velocity and the RMS water particle velocity.
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Figures 4.20 and 4.21 show the bias, B," and Bj,’, in the drag forces (Eqs. 4.66 and 4.76) computed
by using the components of the water particle kinematics and current velocity normal to the pipeline
axis, or by employing simply their amplitudes regardless of direction, respectively. In Fig. 4.22, the
results similar to Fig. 4.21 without currents are presented. In Fig. 4.23, the bias in the inertial force
component is shown. Since the inertial forces do not dependent on the current velocity, therefore, the
bias without currents is the same as with the currents. It is noted that the biases in the hydrodynamic
drag and inertia forces are strongly dependent on the wave environment, orientation and the length
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of the pipeline segments. Figure 4.24 presents the influence of the ratio between the design current
and the water particle velocity on the bias in the drag forces. The ratio between the components of
the current velocity and water particle velocity normal to the pipeline axis is affected by the pipeline
orientation. This is reflected in the bias in the wave forces through the changes in the mean and
fluctuating components of the hydrodynamic forces.

35! h=12l'|1 ..... - 90520699 4
; =0.0'ﬁ:0'.’ —5- 8,230 deg
yﬁa D N —x— §,=40deg |.
: ; —a- 9,750 deg
E 2-5 ..................... =
u .....................
il
h-
E 1‘5 A N
@ ¢
eI N S
0.5}
o HE H —_ HE
0 200 400 800 800 1000
Length of the pipeline segment L {m)
a) H,=6 m, h=12 m, ¥=0.0707
4 - 90=20 deg % - QD:30 deg
—5- 8,30 deg S THsO W s B;=40 deg
3.5 —w— 8,=40 deg | ;h=100m s 8,50 deg
—&- 8,=50 deg ol ¥e00%98 | o =60 0eg
%:u_u at-- . 90=80 deg | 24 n - 80270 deg
é . +90=8Odeg i§ b | SR IETREREE R _&Bmgeiodeg
o AP 2 : ;
g 8
=
':',:', 1‘51'. -
8 3
m ﬂ T @
D.5
o i P : ; 0 : : P L
0 200 400 800 800 1000 4] 200 400 800 800 1000
Length of the pipeline segment L (m) Length of the pipaline segment L (m)
b) H,=8 m, h=45 m, ¥=0.0763 c) H,=9 m, h=100 m, ¥=0.0598

Fig. 4.20 Bias in drag force under combined wave and current action (w/ consideration of the
pipeline orientation in the design foree, op=30 deg)

46



Bias in drag forces B

0 H H —_— H
0 200 400 600 800 1000
Length of the pipeline segmeant L (m)

a) H,=6 m, h=12 m, ¥=0.0707

—0;~10-deg—
——8-=40-deg— o —B— 90=20d59
-o— 8,520 deg
1 T T -8 e°=30 deg 1
He=8m ) . 9,40 deg
0.9t ------- RE4S - - O_ !
L @=0.0763 |- 8,=50deg
no_a ........E........:...... _e_eo,—_GOdeg 1
U 0. T g b = OOT?Odeg I
0 i —— 90-80 deg |
B g 9,=90 deg
E 0.5 B, R R ERRL,
< 0.4
g 0. . b ¢
02} - el B g T _;
1R ] TR T TS ey S )
0 200 400 600 BO0 1000 0 200 400 600 800 1000
Length of the pipeling segmant L {m) Length of the pipeline segment L (m)
b) H,=8 m, h=45 m, ¥=0.0763 ¢) H,=9 m, h=100 m, ¥=0.0598

Fig. 4.21 Bias in drag force under combined wave and current action (w/o consideration of
the pipeline orientation in the design wave force, =30 deg)

47



1 Hs=6 m -5~ 8,720 deg |
08t - - h=12m...... — 30_30 deg
0- ,.q.’.;io.. ‘e ] —— ea,':‘o deg
‘i:i"ao ................. ~& 9,250 deg
n ~o— §,=60 deg
g 06 F ™Ry oe b - : =;g :eg
_____ —k— 8,00 deg
§ zj —— 9n=9.0d°g
E 0 TS —
[ U 3 =
02
) ™
0 ; )
]

0 200 400 600 800 1000
Length of the pipeling segment L (m)
a) H,=6m, h=12 m, ¥=0

0720069~
—5- §,=20 deg
—g- 0,30 deg
1 Hs=8 m —— 6,740 deg
09l hed5 .- - -- | —— 8,250 deg
w=0 —o— €,=60 deg
o 7| —g- 9,=70deg
W o cteeed L 6,=00 deg
g 06t -V == enm deg
2 :
E 0 5 ..................
-
‘s 0.‘ ............................
5
2 (o3 T - P 1
0_2 ................. ;
01| ;
D i — i HE 0 H H M —
0 200 400 600 800 1000 0 200 400 600 BOO 1000
Length of the pipeline saegment L (m) Length of the pipeline segment L (m)
b) H,=8 m, h=45 m, ¥=0 ¢) H,=9m, h=100 m, ¥=0

Fig. 4.22 Bias in drag force under wawe action (w/o consideration of the pipeline orientation
in the design wave force, op=30 deg)

48



—fg=tbdeg
1 ; ; 8,520 dag ||
' He=6 m - 9
0.9 -~ -het2m - —=— 90=30d09 !
0N e, | ¥ Bp™40deg |
I — Bo=50dag
l: 0.7 RN e e - 3;30@9 1
g 0.8 2 AN J —— 90=70d‘9 1
] 0 -] —— 90=80d89 |
i1 _- 8,790 deg
& 0.4 5, - R SO
£
g 03
B
0.2 ;
DA} 3
0 i i H i
0 200 400 600 80O 1000
Length of the pipeline segment L {m)
a) H,=6 m, h=12 m, ¥=0.0707
‘=95"“9'd’9"
—:90‘_49‘%—\ —£- 90=20d39
-g— 8,=20 deg —=~ 9,=30deg
—a— 6,30 deg e 3°=452 :g
1 T "y 8,.=40 deg —&— Y= g
© Hg=8 m e 0 : : =
Ll hedSm. ... —&- 8,=50deg ! He=8m | O 29-383';"
5 i | - 8,760 deg 095 - b It
R B feoe| g 8G=T0 deg 0B | 7 000 deg
® ' — 9,=80deg i 07 _ - "0~
3 . i o P o g
5 2 e T N
i = :
‘; g O.5F g - B Ty
&
'§ :E g‘: .......................
2 g0
02 - Fl T oo ™y onaa
0.1
0.1! —i : - — 0 . ; N o
0 200 400 600 800 1000 0 200 400 600 BOO 1000
Langth of the pipeline sagment L. (m) Length of the pipeline segment L (m)
b} H,=8 m, b=45 m, ¥=0.0763 ¢) H,=9 m, h=100 m, ¥=0.0598

Fig. 4.23 Bias in inertial force under combined wave and current action (w/o consideration of
the pipeline orientation in the design forece, #5=30 deg)

49



Bias in drag forces BY

0 02 04 0.6 0.8 1
Ratio of current to waler particle velocity W

e
o

D
o
n

Bias in drag forces Bg
o o
3 o

o
N

0.1t --

20 40 60 80 100
Angie of pipeline to mean wave (8,)

Fig. 4.24 Bias in drag forces for different ratios of currents to water particle velocities ¥
(H,=8 m, h=45 m, L=300 m, ¢;=30 deg)

50



47  Concluding Remarks

This study provides an overall analysis framework to estimate the hydrodynamic loads on marine
pipeline supported on sea bed under directionally spreading seas. This condition is very prevalent in
hurricane prone areas of the Gulf of Mexico and Bay of Campeche, and impacts the development of
oil field in the U.S. and Mexico. The analysis procedure developed here is used to conduct a detailed
parameter study to delineate the influences of the directionally spreading seas and the pipeline
orientation with respect to the mean direction of wave propagation. The results are expressed in
terms of biases for convenient design application.

The key findings from this study are summarized as follows:

e The near sea bottom water particle kinematics are strongly influenced by the directional wave
spreading and the orientation of the pipeline with respect to the direction of wave propagation.
Both water particle velocity and acceleration exhibit similar biases due to wave spreading.

e The directional wave effects are described in terms of a coherence function commonly used in
the representation of turbulence and ground motion. For frequency domain loading analysis, the
coherence is described in terms of a joint acceptance function (a transfer function), which is a
function of the spreading features. Since the spreading function may be a function of the
frequency, accordingly this dependence on the frequency is reflected in the coherence/joint
acceptance function. The frequency dependency of the coherence function in directionally
spreading waves separates it from the coherence models of turbulence and ground motion
characteristics, which can be conveniently expressed in a dimensionless frequency.

e The bias in water particle kinematics due to spatio-temporal correlation is strongly influenced by
directional spreading, spectral description of wave elevation, and the pipeline orientation. Both
water particle velocity and acceleration exhibit similar biases.

e The frequency dependence of the spreading function has insignificant influence on the biases in
water particle velocity, thus the use of frequency independent function is suggested for
computational efficiency.

e The analysis of hydrodynamic forces acting on a fixed pipeline segment under the combined
action of waves and currents suggests that the bias in forces depend on the bias in particle
velocity due to wave spreading and also on the current velocity. The influence of currents in
directionally spreading seas is also affected by the orientation of the pipeline segment.

e The formulation presented in this study provides a definite improvement over current design
approaches. It helps to quantity the biases present in various design quantities. Future work
would focus on developing close-form expressions for biases. This would facilitate introduction
of these improved estimations of wave load effects in codes and standards.

e In the current work, the hydrodynamic loads are estimated utilizing the Morison equation. A
follow-up work is needed to develop improved hydrodynamic loading models for stationary and
mobile pipeline segments and to capture the influence of water-soil surrounding medium on the
pipeline stability.
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4.8 Future Work

The completion of the initial phase of this study has enabled an accurate estimate of the various
biases introduced under different wave surface environments for fixed pipeline. In the following,
immediate extensions are suggested which would aid in developing a complete design approach for
the pipeline to ensure its integrity under hurricane conditions. This would not only contribute to the
hydrodynamic loading, but would also provide guidance on the indirect loading introduced by the
translation of the embedment medium around the pipeline under wave action. This aspect of pipeline
load effects needs a broader understanding as not only the hydrodynamic forces on pipelines are
substantially altered when the seabed becomes mobile under the wave action, but also the pipeline
resistance in soil. Some of the specific items for future work are listed below:

2) In order to validate the wave force model in directional seas presented in this study, laboratory
and full-scale experiments are essential. The experiments may be performed in two phases. The
first part may concern quantifying the coherence models for the wave surface fluctuations in
directional seas, and the second may focus on assessing the forces on a pipeline in unidirectional
and directional seas. These experiments would also shed light on our understanding of the
mechanisms involved in the complex phenomenon of wave-sea bottom-pipeline interaction.

3) Develop close-form expressions for various biases reflected here under the assumption that the
coherence can be expressed in terms of a frequency independent spreading function.

4) Refine hydrodynamic loading models based on experimental observations and theoretical
considerations. The loading models would include both drag and lift components for a stationary
pipeline segment.

5) Develop simple equivalent models that capture the essence of hydrodynamic loading on pipeline
due in part to the dynamic water-soil medium surrounding the pipeline.

6) Develop uncertainties associated with the problem parameters, propagate uncertainties, and
access their impact on the pipeline safety and integrity. This information will be invaluable
towards the development of a probability based design of pipeline.
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4.10 Symbols

Superscripts

u - Unidirectional wave

0 - Unidirectional wave without the orientation of pipeline

Subscripts

u - Unidirectional wave

€ - Sea surface elevation

D - Drag force

| - Inertia force

ms - Root-mean-square value

max - Maximum value

General

A - Spectral amplitude

B, - Bias in the water particle velocity due to wave spreading

B, - Bais in the water particle acceleration due to wave spreading

By - Bias in water particle velocity due to spatio-temporal correlation for spreading
wave

Brp - Bias in darg force

Bri - Bias in inertial force

Cum - Inertial force coefficient

Cp - Drag force coefficient

coh - Coherence function of water particle velocity

D - Directional spreading function

b - Hydrodynamic drag on the pipeline per unit length

Fp - Hydrodynamic drag on the pipeline segment

g - Peak factor

h - Water depth

H, - Significant wave height

Hinax - Maximum wave height

Hy, - Transfer function between sea surface elevation and water particle velocity
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- Joint acceptance function

- Wave number

- Length of the pipeline segment

- Ratio between the normal components of the current velocity and RMS water
particle velocity to the pipeline axis

- Ratio between the power spectra for unidirectional and directional seas

- Power spectral density

- Time

cd - Design maximum current velocity

- Design water particle velocity

c - Current velocity normal to the pipeline axis

- Water particle velocty normal to the pipeline axis

- Water particle velocity

- Cartesian coordinate

- Water particle velocity potential

- Ratio between the design maximum current velocity and water particle velocity

- Direction of wave propagation of an elementary wave relative to the x-axis

- Mean direction of wave propagation relative to the x-axis

- Variance of spreading

- Variance of the wave elevation

- Wave velocity

- Peak frequency of spectrum

- Sea surface elevation
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5.0 Pipeline System Considerations

S.1 Systems and Elements

In development of RAM PIPE REQUAL, it was important to discriminate between pipeline
“elements’, ‘segments’ and ‘systems’ (Fig. 5.1). A pipeline system can be decomposed into sub-
systems of series and parallel elements (Melchers, 1987; Orisamolu and Bea, 1993; 1999). A series
sub-system is one in which the failure of one of the elements leads to the failure of the system.
Examples of a series sub-system would be a pipeline that is comprised of joints of pipe (segments).
The cross section of these segments could be idealized as a series of elements.

A parallel system is one in which the failure of the system only occurs when all of the elements have
failed. An example of a parallel system would be several pipelines that serve the same distribution
point, given that the pipelines can all carry the required production.

5.2 Series Systems Series of Segments l

HHHHaRHEEEE-

A series (weak-link) system fails when any single —
element fails. In probabilistic terms, the probability of

failure of a series system can be expressed in terms of

the unions of the probabilities of failure of its N

elements as (Madsen, Krenk, Lind, 1986; Melchers,

1987; Orisamolu, Bea, 1993): —-

Pf =(Pf1)u(PR2)uU..(PIN) Series of Elements

system
For a series system comprised of N elements, if the Fi85-1. Pipeline system comprised of
elements have the same strengths and the failures of Segments and elements
the elements are independent (p = 0), then the probability of failure of the system can be expressed
as:

Pfsystem=1- (1 - Pfj) N
If Pfi is small, as is usual, then approximately:
Pfsystem = N Pfj

If the elements are independent and have different failure probabilities:
N
Pfsystem = zpfl <1
=1

Note that the last two equations are only applicable when the probabilities of failure of the elements
are very small.
If the elements are perfectly correlated then:

Pfsystem = maximum (Pfj)
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53 Correlations

There can be a variety of ways in which correlations can be developed in elements and between the
segments that comprise a pipeline system. Important sources of correlations include:

e capacity and demand correlations,
s clement to element characteristics correlations, and
e failure mode correlations.

The correlation coefficient, p, expresses how strongly two variables, X and Y, are related to each
other. pmeasures the strength of association between the magnitude of two variables. The
correlation coefficient ranges between positive and negative unity (-1 < p < +1). If p = 1, they are
perfectly correlated, so that knowing X allows one to make perfect predictions of Y. If p = 0, they
have no correlation, or are ‘independent,’ so that the occurrence of X has no affect on the occurrence
of Y and the magnitude of X is not related to the magnitude of Y. Independent random variables are
uncorrelated, but uncorrelated random variables (magnitudes not related) are not in general
independent (their occurrences can be related).

The correlation coefficient can be computed from data in which the results of n samples of X and Y
are developed (X and Y are the mean values of the variables X and Y):

YXY-nXY

Q. x2-0X2)Q Y2-nY2)

The term in the numerator of this expression is the covariance (CoV) between the two marginal
distributions, X and Y. The terms in the denominator are the standard deviations of the two
distributions, X and Y.

Frequently, the correlation coefficient can be quickly and accurately estimated by plotting the
variables on a scattergram that shows the results of measurements or analyses of the magnitudes of
the two variables (Fig. 5.2, 5.3, 5.4). Two strongly positively correlated variables will plot with data
points that closely lie along a line that indicates as one variable increases the other variable
increases. Two strongly negatively correlated variables will plot with data points that closely lie
along a line that indicates as one variable increases, the other variable decreases. If the plot does not
indicate any systematic variation in the variables, the general conclusion is that the correlation is
very low or close to zero.

In general, paired pipeline elements and segments are strongly positively correlated (Fig. 5.2, 5.3,
5.4). These test data were taken from samples of delivered pipeline joints and were not intentionally
paired from the same plate or runs of steel. High degrees of correlation of pipe properties were also
found by Jaio, et al (1997) for samples of the same pipe steel plate.

These results have extremely important implications regarding the relationship between the
reliability of a pipeline system and the reliability of the pipeline system elements and segments. The
probability of failure of the pipeline system will be characterized by the probability of failure of the
most likely to fail element — segment that comprises the system.
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There can be a correlation between the strength of
the elements and the loadings imposed on or
induced on the elements. Frequently, this source of
correlation is either ignored in the reliability
characterization (through the assumption of
independent — non-correlated demands and
capacities), or introduced through an evaluation in
which the performance characteristic/s of the
element are evaluated conditionally on the
occurrence of the demands. For Lognormally
distributed correlated demands and capacities, The
Safety Index is determined as follows:

B= In(R4, /Ss,)
\JOmR? +0is’ =20, OnrGins

Positive correlation of the demands (S) and
capacities ( R) results in an effective decrease in
the total uncertainty and an increase in the Safety
Index. Positive correlation implies that as the
loadings increase, the capacities increase. This is a
beneficial effect. However, for negative
correlation between R and S, there is the opposite
effect; the Safety Index decreases. In this case
ignoring the demand - capacity correlation would
result in ‘unconservative’ estimates of the Safety
Index.

Correlations can also be developed between the
failure modes of the elements — segments that
comprise a system. Cornell (1987) has developed a
useful expression to determine the approximate
correlation coefficient between the probabilities of
failure of a system’s components (or correlation of
failure modes) as:

Vs
T VR LV

where V% and V7, are the squared coefficients of
variation of the load (S) and capacity (R),
respectively. It is often the case for pipeline
systems that the coefficients of variation of the
loadings are equal to or larger than those of the
capacity. Thus, the correlation of the probabilities
of the failure of the system’s components are
generally very close to unity, and there is a high
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degree of correlation between the system’s failure modes. Again, this indicates that the probability of
failure of the system is well approximated with the probability of failure of the system’s most likely

to fail segment or element.
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5.4  Fully Probabilistic Approach

The fully probabilistic approach represents the most formal and rigorous framework for the
propagation of uncertainties through engineering analytical or numerical models (Orisamolu, Bea,
1993; 1999). It provides a methodology via which the probabilistic attributes of the output variable
can be accurately derived directly from those of the input variables.

XX, Xy, Xq5000s X,

2 =2(X) that depends on several random variables (~ "/. Then z is

Consider a function
also itself a random variable. In the most general case, the independent random variables, x', would
have different probabilistic attributes, namely: probability distribution function, statistical
parameters, and possibly a correlation between the random variables. In the full probabilistic
approach, there are two broad categories of methods that are employed to derive the probabilistic
attributes of z from those of its dependent variables.

These methods include the simulation methods and the probability integration methods. Simulation
methods generally rely on the generation of sample values of the random variables that are then
substituted into the functional expression for z(x), and later processed to establish the probabilistic
attributes for z(x). The probability integration methods, on the other hand, utilize an integration
approach to compute a series of point probability values of the function z(x) by evaluating the
integrate:

P=P(z<z)=[ | f(x)dx
Z(x)<0
where f(x) is the joint probability density function (pdf) of the random vector and the integrand is
defined over the region 2(¥) =2(x)=2 <0

Several probability reliability algorithms are available for carrying out the operation defined in the
foregoing Equation. These are well documented in classical monographs such as the book by
Madsen et al.(1986). Fig. 5.5 illustrates most of the different techniques that have been developed

and applied in the reliability engineering community.
FULL PROBABILISTIC APPROACH

1

1
I__L_I’ . PROBABILITY INTEGRATION
- SIMULATION METHODS l 0L :METHODS .- @
|

] i
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SIMULATION MONTE CARLO TNTEGRATION {(FPI).
SIMULATION
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FIRST-ORDER RELIABILITY METHODS (FORM)
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Fig. 5.5. Different techniques of the full probabilistic approach
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5.5  Probabilistic Relationship Between < START >
Experimental and Numerical Databases

In development of probability based guidelines
for requalification and design of pipelines, it has
become popular to utilize numerical databases in
which Finite Element Analysis (FEA) results are
used in lieu of physical experimental results. This
approach has much appeal because it is much less
expensive to generate FEA results to cover a wide

Tdentifv FFM Canfigurtion with Corresnonding
Exrerimental Results

Comnie Realizatiors of Bur=BEexe/Rrem

Fstahlish Prohahlistic Chaacteristics of Bur from

range of many important parameters than to x

perform the same number of physical tests. This 3

approach requires development of a probabilistic Annlv By Oftained to Infer Redizafions 0fRexy
relationship between a limited experimental Corresnonding toFFM Resylts.
database and a more extensive numerical ¥

database. Annlv Amalutical Farmibe tn Cnmnne Valiae nfRaxa for
The probabilistic modeling uncertainty factor, By,, Fmﬁft&E

is typically defined as follows: Commire Realizations of Bu=Rex/Rana

B = BEXP
Y B
ANA Fstahlish Prohakilisic Characteristics of By from
where Bzyp represents the ‘experimental’ value izating

(e.g. burst pressure) of interest and B,y is the
value predicted using the analytical models. In
this case, the set of experimental values are

generated using FEA. Fig. 5.6. Development of probabilistic basis for

Now, we have a set of numerical results generated e of simulated test data in development of
via the use of advanced FEA methods. Although . iteria

these values are generally believed to be more

accurate than the explicit analytical models, there are still some differences between the results and
the true (experimental) results. We introduce a new modelling uncertainty random variable, B,;,
which is defined as:

B — BEXP‘
Y B
FEM'
where By, represents the subset of finite element values and Bexp represents the corresponding

experimental values. The random variable B, is used to ‘correct’ the entire FEA data set B and
the result can be written as:

B EXP — B MF B FEM
This approach hinges on using representative experimental results to establish the probabilistic
characteristics of the random variable, B). Once B, has been established, the population of Bgyp
that is available for the characterization of By, can be expanded to the same number as the number of
FEA results. This process is schematically illustrated in Fig. 5.6.

In the case that will be illustrated here, one-to-one comparisons of FEA results with experimental
results were not available. However, one-to-one comparisons could be developed between the
analytical model that was proposed for the pipeline collapse pressure criteria (identified as
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Timoshenko elastic formulation) and the

experimental data. Similarly, one-to-one S DL B A L BN AL B R
comparisons could be developed between the oo
analytical model and the FEA results. In this case :'5
the FEA results are ‘corrected’ with a random 53
variable that represents the error between the g}} . i
experimental results and the analytical model: ..% ool - J
2= o.gb -
MF B 0.6 ' T T I O N N I U N R B
FA .01.1 1 51®B805078MO5 999998.99
where: Percent <
B, Fig. 5.7. Bias in Timoshenko Elastic
B, = 'B_, and formulation based on results from seamless pipe
A tests (Logarithmic Normal distribution scales)
Br
By, =—
BA

A database of 74 collapse pressure tests on
seamless pipeline test specimens was assembled
(Bea, et al, 1998). The collapse pressure analyses
were performed using the Timoshenko Elastic
formulation. The results are summarized in Fig.
5.7. The median bias is Bg,, = 1.0 and the
Coefficient of Variation of the Bias is Vg, = 12.4
%.

Because of its importance in determining the l
collapse pressures, the ovality of the seamless 01.1 1 51®@80507608599993.99
pipeline test specimens were evaluated. The Percent <

results are summarized in Fig. 5.8. The median Fig- 5.8. Measured ovalities of seamless
ovality is f;, = 0.1% and the ovality of the test Pipeline test specimens (Logarithmic Normal
specimens has a Coefficient of Variation of V, = distribution scales)

90 %.

A database of 44 simulated ‘tests’ on collapse pressures of X-52 and X-77 pipe were provided by
Igland (1997). This database included only those simulations that did not include residual stresses.
The simulations that included residual stresses produced results that were ‘unusual’ when compared
with physical test data.

-1

Ovality (seamless pipe)

T N U U U TN N O B B | ]

Figure 5.9 summarizes results from the statistical analysis of the simulated test data Bias. The
Timoshenko Elastic model was used to calculate the collapse pressures. Four ovalities were used in
the calculations: f = measured, f = 0.001 (e.g. high quality seamless pipe), f = 0.01 (low quality
fabricated pipe), and f = 0.005.

The formulation based on f = 0.005 produced a median Bias Bg,s, = 1.0 and a coefficient of variation
of the bias of Vg, = 4.0 %. The formulation based on the measured ovalities and SMYS times 1.1
produced a median Bias of B,s, = 0.96 and Coefficient of Variation of the Bias of Vg, = 4.1 %.
The formulation based on the measured ovalities and the simulation mode! yield strengths produced
a median Bias of Bg,s, = 0.90 and Coefficient of Variation of the Bias of Vg, = 8.7 %.
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If one used the seamless pipeline test data, a 1.5

median bias of Bg,, = 1.0 and Coefficient of i

Variation of the Bias of 12.4 %. The simulation E"f

data analyzed in the same way as the test data gi

developed a median bias of By,, = 0.90 and E2& 1 |-

Coefficient of Variation of the Bias of 8.7 %. £g3 0.9}

Given that the requalification analysis would be ::; o.sf v jomeasured

based on f = 0.005,. Beaso = 1.0 and a coefficient 28 , .| - = 4 S . ;:82885

of variation of the bias of Vg, = 4.0 %. R . . |aee==sym, fm
0.6 1 [ L1 1 1 i1

To develop the required model bias, the .01.1 1 51®805078®O5999999.99

simulation based test data median bias would Percent <

have to be multiplied by a median Bias correction Fig: 5.9. Bias from Simulated Test Data for
factor of B,y = 1.11; thus, By = 1.11. The Various Ovalities (Logarithmic Normal

model bias Coefficient of Variation would be: distribution scales)
Vi, = [0.122 4 0.04]° = 12.6%

It would not be correct to use the results directly from the FEA model. If this were done, it would
result in an under-estimate of the model bias and the model bias uncertainty.

5.6  Example of Full Probabilistic Approach

The full probabilistic approach can be generally applied to establishing the probabilistic response
(i.e. the full cumulative distribution function) or for reliability assessment with reference to a design
(or performance) limit state condition. Here, we employ the burst design equation to illustrate the
application of the approach.

The burst design equation for a pipe segment of diameter D, wall thickness t and ultimate tensile
strength can be expressed as:

20
P, = -——Y
D

where Py is the burst pressure predicted by the analytical expression, and Gy, is the ultimate tensile
strength (UTS). The particular value of UTS to be employed is usually stipulated as the specified
minimum tensile strength (SMTS). Failure with reference to this formulation occurs when the

applied (operating) pressure, P, exceeds the burst pressure, that is, the limit state condition is given
by:

g(x)=P, — P,

_[By,*2to, }
g(X)—{ D PA

where B, is the modelling uncertainty factor associated with the fact that the burst pressure
formulation does not give perfect predictions. The parameter By, is a random variable whose
realisations are given by the various values of the ratio of the actual (experimental) burst pressures to
the predicted burst pressures.

or

The probability of failure is given by:
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P, =Probig(x)< 0}

and is computed herein using advanced reliability analysis algorithms: FORM (First Order
Reliability Method) and SORM (Second Order Reliability Method) (Madsen, et al, 1986; Melchers,
1987). First, however the rigorous probabilistic characterisation of B, and & are performed using a
software system called PRADAC: Probabilistic Data Characterisation Program.

Based on the pipe burst test data base, it was established that By, is best-fit modeled with a
Lognormal probability distribution. A summary of the probabilistic attributes for the burst data is
given in Table 5.1. It can be seen that the mean value is B, = 1.1, the variance is 0.168E-02 (or the
Coefficient of Variation is 3.73%). Applying this information to the calculation of P, for various
values of the operating pressure (for a given wall thickness) is shown in Fig. 5.10. Similar plots for
different values of thickness for a given operating pressure are also illustrated in Fig. 5.11. It is
important to note that the FORM and SORM results are very close to those from the RAM PIPE
REQUAL approach summarized earlier in this report.

Table 5.1. Summary of statistical analysis of pipeline burst pressure data
(Number of Records: 14, Number of Selected Distributions: 3)

Selected Distributions and Their Bounds

Type Lower Bound
Normal

Lognormal 0.000E+00
Weibull 0.000E+00

Estimated Distribution Parameters (MOM —Method of Moment)

Type Mean Variance | Parl Par2 Par3 Par4
Normal 0.111E+01 | 0.168E-02 | 0.111E+01 | 0.409E-01 0.000E+00 |{ 0.000E+00
Lognormal 0.111E+01 | 0.168E-02 | 0.000E+00 | 0.368E-01 0.105E+00 | 0.000E+00
Weibull 0.111E+01 | 0.168E-02 | 0.000E+00 | 0.113E+01 | 0.341E+02 | 0.000E+00
Confidence Intervals of Mean

Conf. Level | Alpha value | Lower limit | Upper limit

0.8000 0.2000 0.10970E+01 [ 0.11265E+01

0.8500 0.1500 0.10950E+01 [ 0.11285E+01

0.9000 0.1000 0.10923E+01 | 0.11311E+01

0.9500 0.0500 0.10881E+01 [ 0.11354E+01

0.9900 0.0100 0.10788E+01 | 0.11447E+01

Confidence Intervals of Variance

Conf. Level | Alpha value | Lowerlimit | Upper limit

0.8000 0.2000 0.11159E-02 | 0.33715E-02

0.8500 0.1500 0.10717E-02 | 0.38514E-02

0.9000 0.1000 0.10192E-02 | 0.47255E-02

0.9500 0.0500 0.94799E-03 | 0.72512E-02

0.9900 0.0100 0.83408E-03
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Fig. 5.10. Failure probability as function of applied pressure (Logarithmic scale) for various pipeline
diameters and thicknesses

Fig. 5.11. Failure probability as function of pipeline wall thickness for various pressures

5.7  Pipeline System Reliability Modeling Using a Fully Probabilistic Approach

The application of system reliability modeling capabilities is warranted when there are multiple
defects and/or multiple failure modes to consider for a given pipeline segment or series of segments.
If one thinks about a pipeline structure that is in service, most practical analyses to determine the
probability of failure would fall into this category. Typically, a pipeline has several defects (e.g.,
corrosion) along its length which may cause structural integrity concerns from several failure mode
considerations (e.g., burst, compressive local buckling, collapse, etc). For such structures, several
approaches have been employed. Some approaches erroneously ignore the correlations arising from
these multiple defects and/or failure modes: correlations that are naturally induced by virtue of the
commonality of material properties, loading and operational conditions, and the models employed
for failure prediction.

This_@ction summarizes the features of system reliability modeling within the framework of a fully
prohabilistic approach. The next section demonstrates its application to assessment of the reliability
charagteristics of the burst pressures of corroded pipelines.

-

The 'system reliability problem consists of one that is aimed at the computation of probabilities of
multgple events. In general, system models are classified as either series or parallel systems.
Commplicated systems usually consist of a combination of both series and parallel systems. A series
systemn is defined as a system which fails if any of its components fails. It failure event is hence the
union of the individual component failure events. A parallel system however, fails only if all its
components fail, and its failure event is the intersection of component failure events. Detailed
expositions of these models and the algorithms that are used for probability calculations were briefly
summarized in Orisamolu and Bea (1993; 1998).

For pipeline structural reliability modeling under multiple defects and/or multiple failure modes, a
series system reliability model is the suitable probabilistic model. The series system model can be
envisioned to consist of several pipeline segments, each with one or more defects, and the integrity
being evaluated with reference to limit state criteria such as burst, collapse, compressive local
buckling, etc. In reliability language, the evaluation of a particular defect on a given segment with
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reference to a particular limit state condition is a component. As such the model for the evaluation of
given section of a pipeline with several defects along many of the segments that make up the
pipeline is given by a series system of components as shown in Fig. 5.12.

Fig. 5.12. Pipeline series system configuration

The system probability of failure for a series system of n components, Pfs, is given by:
O EMBED Equation.3 00O

For any two components whose limit state functions are defined by gi and gj with failure defined as
events Ei and Ej, respectively, the system failure probability is given by:

O EMBED Equation.3 OCO
in which the last term in the equation accounts for the equation correlations between the two events.

The expression EMBED Equation.3 is explicitly given by:
Prob E ﬂE H fg .88 )dg dg = (—ﬁ,,—ﬁj, py)where f..g is the joint probability density function

ENE,
of the resultant random variables g; and g, @ is the two-dimensional standard normal CDF, J3; and Bj
are the reliability indices for the components variables gi and gj, and pjj is the correlation coefficient
between the two components.

Several techniques are available for the computation of P; just as there are several methods for the

estimation of component failure probabilities. Using first-order reliability methods (FORM) for
example, it can be shown that the system failure probability for a parallel system of n components is
given by:

Pf, =0, ("E [P,-,-])

where @, is the n-dimensional standard normal CDF, B is the n-dimensional vector containing all

reliability indices of components, and L)'J] is the correlation coefficient matrix of the various
components. The series system problem which is of relevance to the pipeline configuration
illustrated in Figure A.5 is usually treated as the complement of the parallel system problem, and the

corresponding 7, is given by
P, =1-@,F.lp, )

With the exception of some few special cases, the evaluation of the foregoing equations is difficult,
especially when a large number of components (n) is involved. Approximate techniques are
available to handle this complicated problem. These techniques were summarised by Orisamolu and
Bea (1993) in a previous effort, and include probability bounding techniques, and improved bimodal
bounds (Ahamed, Koo, 1990), as well as the probabilistic network evaluation technique (PNET).
More advanced system-based FORM and SORM methods are also available (Orisamolu, Bea, 1993).

stem Reliability Example for Corroded Pipeli

In this development, we employ improved bimodal bounds that take into effect the intersection of
joint failure probabilities to demonstrate the application as well as the importance of using system
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reliability models in pipeline reliability assessment. The examples involve the reliability assessment
of a pipeline segment with several corrosion defects with reference to burst and pressure collapse.

In this development, the burst pressure of corroded pipe is given by (Bea, et al, 1998):

2.2to,
D.SCF

The pressure collapse equation for corroded pipe is given by:
0.
Pcd = 0.5{ Pud+Ped*Kd—[(Pud+Ped*kd)2-4.*Pud*Ped] 5}
where

Ut
Pud='5_Dd'“

Ped = 2E(ty/D ) 3 >

1-v

Kd=13f(D/ty), t4=t-d

A section of the pipe with 11 corrosion defects that are randomly distributed along the pipe segment
was selected for analysis. Component reliability analysis was carried out on the basis of the burst
capacity equation and the pressure collapse equation. System reliability analysis was also executed
using the equations developed in the previous Section. Table 2 gives the value, probability
distribution and coefficient of variation of the random variables that are used in the analysis. These
values are representative of a section of a real corroded pipeline.

The following nomenclature is used in Fig. 5.13 to Fig. 5.18:

e Increasing corrosion depth means that all the 11 pits are of different depth with the smallest or
nominal pit of 0.0531 in. The remaining pits are increased in steps of 10%.

e Decreasing corrosion depth means the depth of the pits decreases in steps of 10% from the
nominal pit value.

e Fixed corrosion depth means that all the pits have the same nominal depth of 0.0531in.

e The number of pits as indicated on the x-axis of the bar charts means the number of corrosion
pits that are used for system reliability analysis starting with the pit with nominal depth.

Table 5.2. Values of Random Variables Used for Reliability Analysis

Random Variable Distribution Mean COoVv
Type Value (%)

Applied Pressure (P) Lognormal 5.000Ksi 10
Wall thickness(t) Fixed 0.531in
Modeling Uncertainty (B,,) for Compressive | Lognormal 1.000 45
Buckling Model
Modeling Uncertainty (B,,) For Burst Lognormal 1.000 24
Capacity Model
Pipe Diameter (D) Fixed 9.929in
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Ultimate Tensile Strength o, Lognormal 126.0 15
Corrosion Depth Gumbel 0.0531in 10
Young’s Modulus (E) Fixed 3000Ksi

Poisson Ratio Fixed 0.300

Ovality Constant (f) Fixed 0.001

Specific Minimum Tensile Strength Fixed 100.0

Figure 5.13 shows the results of system reliability evaluated for a pipeline segment with a different
number of corrosion defects based on burst criteria only. It can be seen that the system failure
probability increases as the number of defects increase. It is important to note, however, the
following:

e It is incorrect to select the corrosion defect with the worst failure probability as a representation
of the reliability of the pipeline segment. This practice is, indeed, dangerously non-conservative
as the additional contributions to the pipeline failure probability that are introduced by virtue of
the presence of the other defects are not accounted for; and

e It is equally incorrect to sum up the various failure probabilities for the individual defects.
Physically, this neglects the correlations between the components (representing the safety
margins of the individual defects with reference to the failure criteria). Such a practice is also
mathematically erroneous because it could lead to failure probabilities greater than unity - a
violation of one of the fundamental axioms of probability!

For a practical pipeline reliability assessment, therefore, the results shown in Fig. 5.13 to Fig. 5.18
clearly demonstrate that the full probabilistic approach is capable of handling the correlations
between elements (or segments) of the pipeline as well as between different failure modes on the
same or different segments. Indeed, a rigorous framework is available for the direct (and accurate)
estimation of the values of these correlations. Using FORM procedures, for example, the correlation

coefficient, p;, between two components with limit state functions (or safety margins) & and &/ are
given by:
- T
p g aia J
(04

where % and % are the unit direction vectors at the desi gn point (or most probable point) in the
standard normal (U) space.

For the specific examples considered in this work so far, we have computed some typical values of
p ; and found them to be generally 0.99 and 1.0. This clearly shows that the assumption of statistical
independence as practiced by many reliability analysts is not correct! It also confirms what should be
expected from physical considerations because these high correlations are naturally induced by
virtue of the commonality of material properties, demands (loadings, pressures), structural
dimensions and modelling uncertainties in many situations.

The following results can be inferred from Fig. 5.13 to Fig. 5.18 for the specific example considered:

The failure probability of the system increases with increase in the depth of corrosion pit.
Pits that are below a certain nominal threshold values do not change the value of the system
reliability i.e. they do not make any significant contribution to failure probability.

e For increased accuracy, system reliability analysis must take into consideration all possible
mechanical failure modes (See Figures A.7 and A.8). We see from the graphs that the predicted
system failure probability based on a combination of burst capacity model and pressure collapse
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model is significantly different and higher than the system failure probability predicted by the
individual failure modes.

Results presented in Table 5.3 to Table 5.5 are based on the burst capacity model described earlier.
Table 5.3 summarizes the effect of uncertainty in the modeling uncertainty factor on the failure
probability of a component. The variability in the predicted probability shows the need to accurately
account for variability in the modeling uncertainty factor. Similar results were obtained for the
pressure collapse formulation (Bea, et al, 1998).

Table 5.4 shows the system reliability for the 11 corrosion pits with the ~ Table 5.3. Effect of

same depth. It is seen from the table that system failure probability uncertainty of the COV of
increases with the number of pits. Furthermore, it is also seen that the modeling uncertainty factor
system failure probability (0.6838E-03) is not a simple summation of of burst capacity formulation

the compo.nen't.failure prpbabilities. This illustrates the need to execute =S¢ Probability of
system reliability analysis when the number of components is greater (%) Failure
than one. Similar results were obtained for collapse pressure. 10 02132E-02
These results clearly show that additional attention must be paid to the 15 0.4075E-02
system reliability and correlation issues in development of design and 20 0.7633E-02
requalification criteria for pipelines. In these cases, the results show that 25 0.1309E-01

the probability of failure for the pipeline system is well evaluated as the
probability of failure of the most likely to fail element.

Table 5.4. System reliability analysis for Table 5.S. Effect of uncertainty of the
corrosion pits with the same depth of COV of modeling uncertainty factor of
corrosion. pressure collapse formulation
No of pits with same | Probability of Failure Coefficient of Probability of
corrosion depth Variation (%) Failure
1 0.6590E-03 20 0.3275E-13
2 0.6838E-03 25 0.1618E-09
3 0.7085E-03 30 0.3795E-07
4 0.7332E-03 35 0.7953E-06
5 0.7579E-03 40 0.1095E-04
6 0.7826E-03 45 0.7162E-04
7 0.8073E-03 50 0.2906E-03
8 0.8320E-03
9 0.8567E-03
10 0.8814E-03
11 0.9061E-03
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6.0 More on Pipeline Corrosion

6.1 Introduction

Experience with Gulf of Mexico and North Sea pipelines and risers (oil, gas, mixed) clearly shows
that the primary operating hazard to the integrity of pipelines and risers is corrosion (Bea, et al,
1999). For pipelines, the primary hazard is internal corrosion. For risers, the primary hazard is
external corrosion, especially in the vicinity of the waterline and in the atmospheric zone
immediately above the waterline and splash zone protection.

There are three fundamental approaches to evaluate corrosion effects in the reassessment of existing
pipelines:

e use of instrumentation and inspections to detect and quantify corrosion defects,
e use of corrosion coupons to quantify corrosion rates, and
e use of analytical models and indirect indicators of corrosivity and corrosion rates.

6.2 Corrosion

Corrosion is a very complex electro-chemical-mechaniccal process that is a function of what is
transported in the pipeline or riser, what surrounds the exterior of the pipeline or riser, and how the
corrosion is managed. Both pipeline wall thickness and strength can be diminished. Primary
corrosion rate determining parameters include temperature, water composition (pH, salinity), and
concentration (collection & stagnation sectors); product composition (chemical composition, pH);
operational parameters including flow rates, regime, pressures, and oil-water wetting; steel — weld
properties including macro and micro structure, alloying elements, and consumables; sulphate
reducing bacterial (SRB) count and types; deposits - coatings on the steel surfaces; steel cracking
(stress corrosion fatigue); erosion due to the transport of solids and ‘stray’ currents associated with
electrical operating equipment and, and other metals that can come into or are placed in contact with
the pipeline.

Anything that can accelerate the transport of electrons from a cathode to an anode will accelerate
corrosion, and vice versa. In general, all of the parameters cited can be expected to change during the
life of a pipeline because the sources of oil, water, and gas transported through a pipeline are
changing and because the external environmental and operational conditions are continuously
changing. Similar statements can be made regarding the effects of changes in space along the length
and around the perimeter of the pipeline.

Corrosion management is paramount if corrosion is to be controlled in pipelines and risers.
Management processes include cathodic protection, dehydration, inhibition, coatings, use of
bactericides, pH neutralizers, inspections, instrumentation, and use of coupons to indicate corrosion
rates. Once the steel has been lost and its properties degraded, they can not be restored other than by
replacement (liners, sleeves). For long-life pipelines, corrosion management, or lack thereof, can pay
dividends.

Petroleos Mexicanos (PEMEX) have developed an extensive database on measured (ultrasonic
measurements) corrosion in pipelines and risers in the Bay of Campeche (Lara, et al, 1998). Fig. 6.1
identifies the locations in which corrosion was measured. The reported corrosion is based on the
maximum loss of metal thickness reported at each location along the pipeline. Two locations are of
particular interest: Zone E and Zone F. Zone E is at the lower section of the riser. Zone F is in the
expansion loop portion of the pipeline. The reported corrosion in these zones is internal.

The pipelines range in diameter from 406 mm to 914 mm. The pipelines generally transport low
sulfur oil, gas, and oil and gas that ranges in temperature from 30° C (average water temperature) to
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110° C with an average of about 80° C. Bacterial counts are low due to the generally very high
temperature products. These pipelines are cathodically protected with sacrificial anodes

supplemented with pipeline coatings.

Fig. 6.2 summarizes corrosion rate data from all of
the pipelines in Zones E and F. The median
corrosion rate is 0.015 inches per year for both
Zones. The corrosion rate has a Coefficient of
Variation of 68 %. Fig. 6.3 and Fig. 6.4 summarize
data for the oil, and gas service pipelines as a
function of their age. The term ‘average’ refers to the
average of the maximum wall thickness loss over a
given period of time.

There is a definite decrease in the corrosion rates
with time for all services. The initial rates of
corrosion for gas lines are generally about half those
associated with the oil lines. The rate of corrosion is
much higher early in the life of the pipeline.

Fig. 6.5 and Fig. 6.6 summarize pipeline corrosion
rates for pipelines that are 17 to 19 years old. The
median rate of corrosion for oil pipelines is 0.015 in
/ yr (15 mills per yr, mpy). The oil pipelines
corrosion rate has a Coefficient of Variation (COV)
of 40%. The median rate of corrosion for gas
pipelines is 0.010 in/yr (10 mpy). The gas pipelines
corrosion rate has a COV of 40%.

This is extremely useful data for the prediction of
corrosion rates for this particular population of
pipelines. Due to the unique characteristics of the
products and environment, the data can not be easily
applied to other populations of pipelines.

6.3  Corrosion Effects on Burst Capacity

The formulations developed during this study (RAM
PIPE REQUAL) (Bea, et al, 1998) to assess the burst
capacities of pipelines subjected to general corrosion
are:
Pbd =2.0t SMTS /(D -t) SCF
Pbd =2.4 t SMTS /(D -t) SCF
SCF=1+2(d/R)*

where Pbd is the burst pressure capacity of the
corroded pipeline, t is the nominal wall thickness
(including the corrosion allowance), D is the pipeline
outside diameter, SMTS is the specified minimum
tensile strength (-36), and SCF is a stress
concentration factor that is due to the corrosion
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features. The SCF is a function of the depth of
corrosion, d (d<t), and the pipeline radius, R. This
formulation was chosen because study of the failure
mechanisms associated with burst of naturally
corroded mild steel pipelines (corroded over more
than 10% of the circumference) indicated that it was
the corrosion feature induced local stress increase
that was controlling the rupture of the pipeline wall
(ductile tearing mode of failure). The SCF
(maximum hoop stress / nominal hoop stress) that is
due to a notch of depth d in the pipeline cross
section that has a radius R (Miller, 1987). Note that
Eq. 1 and Eq. 2 do not explicitly incorporate the
area (length, width) of the pipeline that is corroded.
The area is included implicitly in the radius of the
corrosion feature (the pipe radius) and the definition
of the SCF (plain strain condition). The hoop stress
coefficient of 2.0 in Eq. 1 is multiplied by 1.2 in Eq.
2 to develop an unbiased estimate of the median
transverse ultimate tensile strength of the pipeline
steel.

A test database consisting of 151 burst pressure tests
on corroded pipelines was assembled from tests
performed by the American Gas Association,
NOVA, British Gas, and the University of Waterloo
(Bea, et al, 1998). The Pipeline Research Committee
of the American Gas Association published a report
on the research to reduce the excessive conservatism
of the B31G criterion (Kiefner and Vieth 1989). 86
test data were included in the AGA test data. The
first 47 were used to develop the B31G criterion,
and were full scale tests conducted at Battelle
Memorial Institute. The rest of the 86 tests were also
full scale and were tests on pipe sections removed
from service and containing real corrosion.

Two series of burst tests of large diameter pipelines
were conducted by NOVA during 1986 and 1988 to
investigate the applicability of the B31G criterion to
long longitudinal corrosion defects and long spiral
corrosion defects. These pipes were made of grade
414 (X60) steel with an outside diameter of 4064
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mm and a wall thickness of 50.8 mm. Longitudinal and spiral corrosion defects were simulated w1th
machined grooves on the outside of the pipe. The first series of tests, a total of 13 pipes, were burst.
The simulated corrosion defects were 203 mm wide and 20.3 mm deep producing a width to
thickness ratio (W/t) of 4 and a depth to thickness ratio (d/t) of 0.4. Various lengths and orientations
of the grooves were studied. Angles of 20, 30, 45 and 90 degrees from the circumferential direction,
referred to as the spiral angle, were used. In some tests, two adjacent grooves were used to indicate
interaction effects. The second series of tests, a total of seven pipes, were burst. The defect
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geometries tested were longitudinal defects, circumferential defects, and corrosion patches of
varying W/t and d/t. A corrosion patch refers to a region where the corrosion covers a relatively
large area of pipe and the longitudinal and circumferential dimensions were comparable. In some of
the pipes, two defects of different sizes were introduced and kept far enough apart to eliminate any
interaction.

Hopkins and Jones (1992) conducted five vessel burst tests and four pipe ring tests. The pipe
diameter were 508 mm. The wall thickness was 102 mm. The pipe was made of X52. The defect
depth was 40% of the wall thickness. Jones et al (1992) also conducted nine pressurized ring tests.
Seven of the nine were machined internally over 20% of the circumference, the reduced wall
thickness simulating smooth corrosion. All specimens were cut from a single pipe of Grade API SL
X60 with the diameter of 914 mm and wall thickness of 22 mm.

As part of a research project performed at the University of Waterloo, 13 burst tests of pipes
containing internal corrosion pits were reported by Chouchaoui, et al (1992). In addition,
Chouchaoui et al reported the 8 burst tests of pipes containing circumferentially aligned pits and the
8 burst tests of pipes containing longitudinally aligned pits.

The database was analyzed to determine the statistics of the Bias where the Bias is the ratio of the
test burst pressure (rupture of the pipe wall) divided by the predicted (analytical) burst pressure.
Analysis of the test data based on Eq. 1 (Fig. 6.7) indicated a median Bias of 1.2 and a Coefficient of
Variation (COV) of the Bias of 22 %. Analysis of the test data based on Eq. 2 indicated a median
Bias of 1.0 and a COV of the Bias of 22

%. The 1.2 factor was found to be the E 2 1 Y
ratio of the expected ultimate tensile 29 [ o .
strength to the nominal tensile strength. g § 16 b =
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the form of the measured burst pressure 3% 4 o L B
for the corroded condition divided by the o3 [ S P
burst pressure for no corrosion (Pbm / §u ; -]
Pbo) versus the corrosion depth divided §‘3 0.8 ]
by the nominal wall thickness of the =g r = ]
pipeline specimens (d/t). There is a large :8 0.4 | ﬁ& N St A
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definitive trends in the burst pressures that depended
on the corrosion area characteristics. The test burst
pressures are normalized by the hoop stress at the
specified minimum tensile strength (SMTS). The
results are summarized in Fig. 6.9, Fig. 6.10, and
Fig. 6.11 for the corrosion area defined in terms of
its length, its area (length times width), and the term
included in the DNV and B31G formulations (square
root of the square of the length of the corrosion
feature divided by the pipe diameter times the wall
thickness), respectively. No definitive trends in the
test burst pressures with the corrosion area
characteristics were found.

To investigate this finding farther, the DNV (1999),
B31G (1993), and the RAM PIPE REQUAL
formulations were used to determine the burst
pressure bias (measured burst pressure divided by
predicted burst pressure). The results for the 151
physical tests are summarized in Fig. 6.12 and Fig.
6.13. These tests included specimens that had
corrosion depth to thickness ratios in the range of 0
to 1 (Fig. 13). The statistical results from the data
summarized in Fig. 12 are summarized in Table 6.1.
The formulation developed during this study has the
median bias closest to unity and the lowest COV of
the bias. The DNV 99 formulation has a lower bias
than B31G, but the COV of the Bias is about the
same as for B31 G. The B31G mean Bias and COV
in Table 1 compares with values of 1.74 and 54 %,
respectively, found by Bai, et al (1997). The burst
pressure test data were reanalyzed to include only
those tests for d/t = 0.3 to 0.8. The bias statistics
were relatively insensitive to this partitioning of the
data.

A last step in the analysis of the physical test
database was to analyze the Bias statistics based on
only naturally corroded specimens (40 of 151 tests).
The results are summarized in Fig. 6.14 and Table
6.2. The Bias statistics for the DNV 99 and B31G
formulations were affected substantially. The results

Table 6.1. Summary of Bias statistics for
three burst pressure formulations
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Fig. 6.9. Pipeline test burst pressures as function
of length of corrosion
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Fig. 6.10. Pipeline test burst pressures as
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Table 6.2. Summary of Bias statistics for
three burst pressure formulations —
naturally corroded tests

(d/t=0to 1)

Formulation | Bmean | B ., V. %
DNV 99 1.46 1.22 56
B31G 1.71 1.48 54
RAM PIPE 1.01 1.03 22
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Formulation [ B mean B s, V%
DNV 99 2.10 1..83 46
B31G 2.51 2.01 52
RAM PIPE 1.00 1.1 26




indicate that the machined specimens develop lower burst pressures than their naturally corroded
counterparts.
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Fig. 6.12. Bias in burst pressure formulations (Lognormal probability scales)
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6.4  Corrosion - Time Dependent Reliability

Pipeline reliability is a time dependent function that is dependent on the corroded thickness of the
pipeline (t;,.). The corroded thickness is dependent on the rate of corrosion and the time that the
pipeline or riser is exposed to corrosion. This time dependency can be clarified with the following
expression for a time dependent Safety Index:

B = ln (Kp t- Kp tci/e) / cylnp/R
where:
Kp = (2.4 SMTS / D SCF Po)

Po is the median maximum operating pressure. t , is the wall thickness loss due to internal and
external corrosion. O, is the total uncertainty (standard deviation of the logarithms) in the burst
pressure capacity and the maximum operating pressure. The foregoing formulation is based on
Lognormally distributed burst pressure capacities and peak internal pressures.

If one defines:
Kpt=FS,,
where FSj, is the median factor of safety in the burst capacity of the pipeline or riser. Then:
B =1In (FSs, - FSg) (tye/ 1)) / Opopm

As the pipeline corrodes, the reduction in the pipeline or riser wall thickness leads to a reduction in
the median factor of safety that in turn leads to a reduction in the Safety Index (or an increase in the
probability of failure). In addition, as the pipeline corrodes, there is an increase in the total
uncertainty due to the additional uncertainties associated with the corrosion rates and their effects on
the burst capacity of a pipeline or riser.

An analytical model for the increase in total uncertainty as a function of the corrosion can be
expressed as:
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Glnpfklt = Glnlelto (1 - tci/e/ t)'l

where Gy, zlt is the uncertainty at any given
time, t, Gy,,xlto is the uncertainty at time t = 0,
t.. 1S the corroded thickness and t is the initial
thickness. When t,. / t = 0.5 the initial
uncertainty would be increased by a factor of
2. Results for o, x/to = 0.2 and = 0.30 and
FS;, = 2.0 (same as median bias used
previously) are summarized in Fig. 6.15.

Annual Safety Index

Addltlopal 1n51ght‘ into thg change in 'the o 5 52 5.3 0.4 oS
uncerFamty as§001ateq with the pipeline corrosion depth / wall thickness

capacity associated with the loss of wall
thickness due to corrosion, can be developed

by the following:

Fig. 6.15. Influence of corrosion depth and
uncertainty on annual Safety Index

f=t-d
t’ is the wall thickness after the corrosion, t is the wall thickness before corrosion, and d is the
maximum depth of the corrosion loss. Bars over the variables indicate mean values.

Based on First Order — Second Moment methods, the standard deviation of the wall thickness after

corrosion can be expressed as:
2 2
Or=./0 +0;

The Coefficient of Variation (COV = V) can be expressed as:

o VD +(V,d)

=7 —d
A representative value for the COV of t would be 2%. A representative value for the COV of d
would be Vd = 40%. Fig. 6.16 summarizes the foregoing developments for a 16-in. ((406 mm)
diameter pipeline with an initial wall thickness of t = 0.5 in. (17 mm) that has an average rate of
corrosion of 10 mpy (0.010 in. / yr, 0.25 mm / yr). The dashed line shows the results for the
uncertainties associated with the wall
thickness. The solid line shows the results AL [ S S B B B B B

for the uncertainties that include those of g

the wall thickness, the prediction of the .E.E -

corrosion burst pressure, and the EE

variabilities in the maximum operating ".’3

pressure. >

At the time of installation, the pipeline wall 7§ § I S ] RS
thickness COV is equal to 2%. But, as time E:‘g '/ | —e=—(t.Pb.Po)
develops, the uncertainties associated with 5 g o ‘ : S G

the wall thickness increase due to the large

uncertainties associated with the corrosion

rate — maximum depth of corrosion. The

solid line that reflects all of the

uncertainties converges with the dashed Fig. 6.16. Uncertainty in pipeline wall thickness and

line that represents the uncertainties in the burst pressure capacity as a function of the normalized
loss in pipeline wall thickness.
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remaining wall thickness, until at a time of about 20 years, the total uncertainty is about the same as
that of the remaining wall thickness (Vt-d = 25 %). As more time develops, there is a dramatic
increase in the COV associated with the remaining wall thickness. These uncertainties are dominated
by the uncertainties attributed to the corrosion processes.

These observations have important
ramifications on the probabilities of failure —
loss of containment of the pipeline. After the
‘life’ of the pipeline is exceeded (e.g. 20 to 25
years), one can expect there to be a rapid and
dramatic increase in the uncertainties
associated with the corrosion processes. In
addition, there will be the continued losses in
wall thickness. Combined, these two factors
will result in a dramatic increase in the
probability of failure of a pipeline.

Fig. 6.17 summarizes example results for a
16-in. (406 mm) diameter, 0.5 in (13 mm)
wall thickness pipeline that has a maximum
operating pressure (MOP) of 5,000 psi (34.5
Mpa). The COV associated with the MOP is
10 %. The pipeline is operated at the
maximum pressure, and at 60 % of the
maximum operating pressure for a life of O to
50 years. The average corrosion rate was
taken as 10 mpy. For the 60 % pressured line,
during the first 20 years, the annual
probability of failure rises from 1E-7 to 5 E-3.
After 20 years, the annual probability of
failure rises very quickly to values in the
range of 0.1 to 1. Perhaps, this is why the
observed pipeline failure rates associated with
corrosion in the Gulf of Mexico are in the
range of 1 E-3 per year (Bea, et al, 1999).

Fig. 6.18 shows the time dependent operating
pressures for a 762 mm diameter, 25 mm wall
thickness, X60 pipeline that transports crude
oil over a distance of 50 km (Collberg,
Cramer, Bjornoy, 1996). The operating
pressures decrease from a maximum of 3,000
psi (20.7 Mpa, inlet) at the time of
commissioning to a maximum of 2,300 psi
(15.9 Mpa) at 20 years.

The corrosion in the pipeline is modeled as a
time dependent process that is organized into
three stages (Fig. 6.19). The first stage (5
years) is when there is no significant water-cut
in the oil stream. The pipeline is effectively

Annual Probability of Failure
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Fig. 6.17. Example pipeline failure rates as function
of exposure to corrosion
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protected by the oil wetting of the steel. The best estimate average corrosion rate during Stage 1 is
estimated to be 5 mpy. The second stage (10 years) is when there is a significant (above 40 %) water
cut in the oil stream. Salt water is in contact with significant portions of the horizontal sections of the
pipeline. The best estimate average corrosion rate during this stage is estimated to be 20 mpy. The
third stage (5 years) is when there is significant SRB count (above 1E4) due to water flooding of the
reservoir with untreated sea water. The best estimate average corrosion rate during this period is

estimated to be 50 mpy.

Fig. 20 summarizes the result of the evaluation of the annual probabilities of loss of containment as a
function of the service time. This example recognizes the time changes of the operating pressures
(COV = 10 %), corrosion rates, and uncertainties associated with the corrosion losses (COVd = 40

%).

In Stage 1, there is a relatively rapid rise in
the probabilities of failure early in the life of
the pipeline due to the increased uncertainties
associated with the corrosion damage and the
prediction of the burst pressure capacities of
the corroded pipeline. In Stage 2, there is a
leveling off of the probabilities of failure due
to the compensating effects of the lowered
operating pressures and the increased
corrosion rate and uncertainties associated
with the corrosion damage. In Stage 3, there
1s again a rapid increase in the probabilities
of failure due to the large increase in
corrosion damage associated with the
sulphate reduction bacteria (SRB) effects.
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Fig. 6.20. Probabilities of failure as function of
service period
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