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Executive Summary

This report has evaluated vintage pipelines in reference to the historical evolution of the natural-gas
pipeline system in the US, and the related evolution of steel and pipe making practices, and pipeline
construction practices to meet the needs of that system. The potential for anomalies in this system
has been characterized in reference to steel and pipe making practices, and pipeline construction
practices. The potential importance of such anomalies to system integrity was assessed in terms of
the response of anomalies to loadings experienced by pipelines. This analysis showed that the threat
posed depends on a number of factors aside from the presence of an anomaly — the most important
factors are the defect size, orientation, and severity, the mechanical properties of the pipe material,
and the imposed loads. This report uses the term “defect” to identify anomalies that would be
expected to fail at stress levels at the specified minimum yield stress and are becoming a practical
concern.

Consideration of the characteristic defects in vintage pipeline systems and their possible impact on
pipeline integrity leads to a number of important conclusions:

e Historic anomalies on vintage pipelines can be managed in reference to flowcharts developed
for the anomalies most likely to threaten pipeline integrity — guidance is provided to
determine when a defect may exist, conditions that can “activate” the defect, and practices
used to mitigate the potential threat.

e Anomalies were introduced in historic steel- and pipe-making practices used by a small
subset of pipe manufacturers, which have been tabulated in terms of the era the pipe was
produced and its producer, which can be helpful in determining the potential that a defect is
present.

e The most significant anomalies are inconsistent weld seam quality and hard spots. Of these,
inconsistent weld quality is largely limited to the use of certain welding processes, such as
specific forms of electric resistance welding and flash welding. Likewise, hard spots
occurred only a limited number of line pipe types available from specific producers.

e Anomalies due to historic fabrication and construction practices are generally associated with
certain girth weld practices and wrinklebends.

e Mitigation practices, including pressure testing, ILI, and improved operational controls can
be effective in limiting growth of many historic anomalies.

e The use of pressure testing, which began on a widespread basis in the 1960s, serves to expose
critical or near-critical defects and so can limit their significance.

e The design properties of pipeline steels do not diminish with time or aging of the system,
there being no evidence to suggest pipe steels “wear out” — to the best of the authors’
knowledge, no failure of a natural-gas pipeline has ever been attributed to aging of the line
pipe steel.

e Data for the vintage system indicate that the rate of reportable incidents per volume of gas
transported has gone down over many decades of service by as much as a factor of ten, even
though the average age of the pipe is increasing. A decreasing trend likewise exists in terms
of mileage, although not as dramatic. Thus, one could conclude the vintage system is viable
and does not pose a unique threat to pipeline system safety.



Background

On December 15, 2004, the U. S. Department of Transportation issued a Final Rule that requires
natural-gas pipeline operators to develop integrity management programs for high consequence areas
(HCAs). The rules have been incorporated in Title 49 of the Code of Federal Regulations Part 192
(49CFR192) as Subpart O, Pipeline Integrity Management*. This rule covers transmission
pipelines that operate at or above 20-percent of the yield pressure.'

Before the integrity management rules were issued, the B31.8 Committee of the American Society of
Mechanical Engineers (ASME) issued ASME B31.88®, “Managing System Integrity of Gas
Pipelines”. ASME B31.8S provides guidance on formulating and implementing integrity
management programs for natural gas transmission pipelines. The final rule" incorporates many of
the provisions contained in B31.8S, either directly or by reference.

One of the key components of ASME B31.8S is the use of technical information in the integrity
management process (IMP). This report presents and discusses a rich set of information on vintage
pipeline serviceability, which is described in Appendix A, along with research conducted over a
period of years to establish trends and conclusions of value as part of the IMP process for vintage
pipeline systems. Throughout, the focus of this report is pipeline systems transporting natural gas®.

Definitions

Terms are introduced in pipe-related codes and specifications to describe abnormalities that may
exist. To ensure consistent understanding of such terms, the following definitions® are adopted:

e Anomaly — Any deviation in the properties of the engineered product, typically found by
nondestructive inspection. (The term indication is sometimes used in place of anomaly).

e Flaw — A deviation in the properties or function of the engineered product that is outside of the
engineering specifications for the type of service anticipated in design.

e Imperfection — A flaw that an analysis shows does not lower the failure pressure below the
specified minimum yield pressure or limit functionality of the engineered product.

e Defect — A flaw that an analysis shows could reduce the failure pressure to below the minimum
specified yield pressure or limit functionality of the engineered product.

e Critical Defect — A flaw that an analysis predicts could fail below the pipeline’s maximum
allowable operating pressure (MAOP), or precludes in-service function.*

e Transmission Pipeline — By 49 CFR 192.3, these are pipelines operating at over 20-percent of the
yield pressure. Typically, transmission pipelines are larger diameter steel lines operating at
higher pressures transporting gas from a gathering line or storage facility to a distribution center,
storage facility, or large volume customer. Pipelines that operate at pressures below 20% of the
yield pressure are not addressed herein.

- Numbers in superscript parenthesis refer to the list of references compiled at the end of this report.

" The pressure at which hoop stress equals the specified minimum yield stress (SMYS).

2 This focus is specific to steels, line pipe making and pipeline construction practices used in this industry.
? These definitions are largely consistent with those adopted by ASME B31.8S

* The term critical defect is often used to identify a defect that will rupture. Such use is not implied here.



Objectives and Scope

This report has been developed to complement other work done under the auspices of the Interstate
Natural Gas Association of America (INGAA) in cooperation with the Gas Technology Institute, and
the Pipeline Research Council International, and others, to help formalize the IMP efforts of their
member companies. Much of this work is summarized in References 3 through 20, with other work
cited as it is introduced later in this report. Central in this effort was the consensus development of
ASME B31.8S, whose provisions as noted above play an integral role in Title 49 of the Code of
Federal Regulations Part 192 (49 CFR Part 192), Subpart O, Pipeline Integrity Management.

According to 49 CFR 192.917(a), gas pipeline operators must identify and evaluate potential threats
to the integrity of each pipeline segment within HCAs. In this context, ASME B31.8S identifies 21
potential pipeline integrity threats in reference to work by Kiefner et al®, and groups these threats
into nine broad categories, as shown in Table 1. Such threats have been part of the incident reporting
required U. S. Department of Transportation (DoT) Office of Pipeline Safety (OPS) starting in 2002.

Table 1. Categories of threats to integrity of natural-gas transmission pipelines

Threat Category Time Based Behavior
1 External corrosion
2 Internal corrosion Time Dependent
3 Stress corrosion cracking
4 Manufacturing defects Stable
5 Fabrication and construction defects unless activated by a change in
6 Equipment related defects service conditions
7 Third party or mechanical damage
8 Incorrect operations Time Independent or Random
9 Weather and outside force related

The threat categories in Table 1 can be differentiated by their time-based behavior, as indicated in
column three. “Time Dependent” behavior indicates such threats can increase or decrease over time.
Time-based inspection and maintenance practices can be effective in managing such threats.
“Stable” behavior indicates such threats do not change over time, unless a change in the service
conditions occurs, such as a pressure increase, which activates the threat. Once activated, the
otherwise stable threat can become time dependent. One-time inspection and/or maintenance
practices can be effective in managing stable threats. “Time Independent or Random” behavior
indicates the occurrence of such threat cannot be correlated with the passage of time. Time-based-
inspection and/or maintenance practices are ineffective in managing these threats, which are best
managed by protecting against their occurring or limiting their consequences©#-%¢* %,

The threat categories in Table 1 apply to all pipelines whether new or old. However, Categories 4
and 5 can be considered unique in the threat assessment of early pipelines, as much change has come
over time in regard to the line pipe and its construction into pipelines. Thus, the objectives of this
report are to identify 1) the types of anomalies produced by historic manufacturing, fabrication, and
construction practices, 2) the conditions necessary to “activate” the anomalies, and 3) mitigation
practices used to control the growth of the anomalies in reference to buried vintage pipelines. For the
purposes of this report, pipe making and construction practices that are no longer used, including
some early variations of current practices, are termed historic. Vintage pipelines are those built using
pipe or construction practices made with such historic practices.



The report addresses threats due to anomalies introduced by historic steel-making, pipe-making,
construction, and fabrication. The report does not address historic pipe and practices used in offshore
pipelines, service lines, nor does it address pipelines not made of steel and operated above 20% of the
yield pressure. Where possible, the report gives guidance on determining whether a given type of
flaw is likely to be present on a pipeline, and if so, whether the flaw may grow or otherwise presents
a current threat to integrity. Such guidance is specific to historic pipe manufacturing (Threat
Category 4) and construction practices (Threat Category 5). This report does not address the
remaining threat categories (i.e., external corrosion, internal corrosion, stress corrosion cracking,
equipment related defects, third party or mechanical damage, or incorrect operations). These threats
are not unique to vintage pipelines and addressed in References 6 through 19, and elsewhere,
including coverage of issues unique to low-wall-stress pipelines© 27,

Finally, this report addresses questions raised regarding whether vintage pipelines deteriorate solely
because of their age. Addressing this question can be confusing, in part due to terminology. The
change in fundamental mechanical properties, such as yield strength, over time due to temperature or
applied stresses or strains is referred to by metallurgists as “aging.” This is different from possibly
degraded load carrying capability of an engineered structure due to time-dependent processes such as
corrosion. As noted above, time-dependent threat categories such as corrosion are addressed
elsewhere for pipelines generally, and are not unique to vintage pipelines. However, as aging could
be viewed as a problem unique to vintage pipeline systems, this report also considers whether
pipeline integrity is affected by aging in reference to changes in material properties.

Report Organization

This report begins with a brief history of natural-gas pipelines, steel and pipe making practices, and
pipeline construction practices. This section provides perspective for issues related to vintage
pipelines in reference to threats for such systems in contrast to more modern systems, relying on
incident data historically assembled under the auspices of the US Government. Thereafter, the
conditions necessary for such incidents to occur are presented to help understand methods to avoid
and manage causative factors. The historical perspective then shifts to consider pipeline design
practices and the effects of aging on pipeline properties, with reference to Appendix C that deals with
aging in detail. There it is evident that the aging of pipeline steel does not cause changes in
properties that affect pipeline integrity, leading to the conclusion that pipe steels do not “wear out”.

Next, historic anomalies that arise from manufacturing (steel and pipe making) and fabrication /
construction process are considered. The report provides flowcharts that address the anomalies most
likely to threaten pipeline integrity, that provide guidance for determining when an flaw may exist,
conditions that can “activate” the flaw, and practices used to mitigate the potential threat. Finally,
the report provides a summary of the conclusions drawn based on the results presented.

This report includes eight appendices that provide detailed support for the conclusions drawn in the
body of the report for those readers concerned for broad consideration of the issues, while facilitating
direct coverage of such topics in the body of the report for those readers more interested in topical
coverage. Appendix A presents details of the databases used to characterize the transmission
pipeline system and its historical evolution in terms of system safety, while Appendix B addresses
issues unique to low-wall-stress pipelines. Appendix C considers issues related to the aging of the
steel pipelines are made of, focusing on design properties. Appendix D details historic steel- and
pipe-making practices while Appendices E and F present incident experience based on pipe vintage
and seam type, and supplier respectively. Appendix G presents similar information in reference to
vintage construction practices. Finally, Appendix H presents related historic timelines.



Historical Perspective

History of Natural-Gas Pipelines®

The first recorded use of natural gas in North America took place in the early 1600s, when explorers
witnessed Native Americans lighting gas that seeped from the earth near Lake Erie. From that time
and through the 1800s, natural gas was used almost exclusively for lighting, with most of the gas
manufactured from coal rather than produced from wells.

In 1859, one of the first natural-gas pipelines was built, a two-inch line that ran from a natural gas
well to Titusville, Pennsylvania. Early attempts at transporting gas included innovations such as
wooden and wrought iron pipelines, neither of which proved practical for long-distance higher-
pressure lines. It was not until leak-proof couplings were invented in 1890 that widespread natural-
gas pipelines began to be constructed. By the late 1920s, advances in metallurgy and welding
technologies led to the initial construction of a North American pipeline infrastructure. By the early
1930s, at least ten major gas transmission pipelines were in service in the United States.

Today, the natural gas pipeline infrastructure in the United States serves over 60 million customers
and is comprised of roughly 300,000 miles of transmission pipelines, 569,000 miles of steel
distribution mains, 577,000 miles of non-steel distribution mains, and 58 million miles of service
lines.?" Of the 300,000 miles of transmission pipelines, nearly 15,000 miles (about 5% of the total)
was built before 1940, 185,000 miles (62% of the total) between 1940 and 1970, and the remainder
since 1970. This distribution over time is evident in Figure 1. Unfortunately, a corresponding
timeline cannot be developed for the construction of steel distribution mains, as the necessary data
are not readily available.

There are several important differences between transmission pipelines and steel distribution mains.
Most notably, steel distribution mains are of smaller diameter than transmission pipelines, as is
evident in Figures 2 and 3.%" Nearly all of the lines with diameters greater than 12 inches are
transmission pipelines, while those with diameters between 4 and 12 inches are roughly split between
distribution mains and transmission lines. Roughly 8 percent of the transmission pipelines have
diameters less than 4 inches, while nearly 78 percent of the distribution lines are below 4 inches.

This report focuses on pipe diameters greater than 4 inches. Consequently, it addresses nearly all of
the transmission pipelines and slightly less than one quarter of the distribution mains.

Trends in Manufacturing, Fabrication, and Construction Threats

Consider now the relative importance of manufacturing, fabrication, and construction defects based
on their contribution to incidents occurring in the pipeline infrastructure distributed as evident in
Figures 1, 2, and 3.

Figure 4 summarizes the average annual number of incidents attributed to the ASME threat
categories summarized in Table 1 for the period from 1984 through 2000. This figure specifically
represents onshore natural-gas transmission pipelines. Figure 1 presents the frequency of incident
occurrence per year for each of the threat categories in Table 1, and so indicates the relative
importance of each threat category.

° This section draws on material published in the Oil and Gas Journal and Pipeline News, , data assembled by the OPS(ZU,
information gathered under the auspices of INGAA or the ASME®“#*? and a related web search.
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Categories 4 and 5, the focus of this report, each account for roughly two reportable incidents per
year. These Category 4 and 5 incidents reflect the mileage for all pipelines in operation from 1984

through 2000 for both vintage
and modern pipeline systems.
While informative, this type of
information only provides a
snapshot of the likelihood of an
incident, and does not consider
the consequences of an incident.
Insight on the consequences of a
particular threat category can be
found in reports prepared by
Hartford Steam Boiler™®. This
and other work®, for example,
indicates that Category 7, Third
Party or Mechanical Damage, is
responsible for more than 85%
of the fatalities due to onshore
natural-gas pipeline incidents*
% Significantly, data assembled
in Appendix A for the vintage
system indicate that the rate of
reportable incidents per volume
of gas transported has gone
down over many decades of
service by about a factor of ten,
even though the average age of
the infrastructure is increasing.

Relative to other causes of
pipeline incidents, historic
anomalies occur less frequently
than most other causes. For
example, in the 1985 through
2000 incident data reported to
the Office of Pipeline Safety,
there were 30 incidents
attributed to material faults in
the pipe body, while there were
359 incidents attributed to
corrosion and 591 incidents
attributed to outside force. The
relative threat or number of
incidents attributed to historic
anomalies is an order of
magnitude less than corrosion or
outside force and has been
reducing throughout the
decades.
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Historic Pipe-Making and Construction Practices

Differences in steel-making, pipe-making, and pipeline construction practices must be considered to
fully understand how vintage versus modern pipeline systems contribute to the trends in incident
frequency presented in Figure 4. In this regard it is instructive to examine the two threat categories
considered in this report, specifically Categories 4 and 5. In regard to Figure 4 these two categories
account for about two incidents each per year, of which some occurred on vintage pipe. While the
available data preclude full evaluation of the incidents, it is reasonable to conclude that some of the
Category 4 and 5 incidents involving vintage pipe occur at defects whose origin involves factors
other than the vintage issues discussed in this report. From this perspective, complete mitigation of
the vintage pipe issues considered herein would result in a reduction of perhaps one or two incidents
per year.

Category 7: Third Party or Mechanical Damage
Category 2: External Corrosion

Category 1: Internal Corrosion

Category 9: Weather and Outside Force Related

Miscellaneous

Category 8: Incorrect Operation

Unknown

®| Pipe

Other Causes O Non Pipe
Category 5: Fabrication or Construction Defect
Category 4: Manufacturing Defect
Category 6: Malfunction
Category 3: Stress Corrosion Cracking
(e} 2 4 6 8 10 12 14 16

Average Annual Number of Incidents

Figure 4. Reportable natural gas transmission incidents 1984-2000

Figure 5 presents pipe making processes and their period of use. Processes covered in Figure 5
include furnace butt-welding, continuous butt-weld, lap and hammer welding, low-frequency electric
resistance welding (ERW), flash welding, single submerged arc welding, some early seamless
(SMLYS) variations, high-frequency ERW (HFERW), and double submerged arc welding (DSAW) as
either straight seam or spiral seam. Of these processes, the continuous butt-weld SMLS, HFERW,
and DSAW processes remain in widespread use today, and have so since early 1970, whereas the
others were phased-out about 1970 or previously. Vintage processes are those used prior to 1970,
and since abandoned, although as the dotted line indicates not all processes termed historic herein
were abandoned in 1970.

New technology coupled with changing economics led to the introduction of new processes, the
modification or improvement of existing processes, and abandonment of others.

Where these processes created pipe with variable characteristics throughout the longitudinal weld or
the pipe body, such variability is classified as an anomaly. The acceptance for use of a product such
as pipe is controlled by the engineering specifications and quality control procedures at the time the
product is manufactured. These specifications are developed based on the parameters of the service
that the pipe will be used. Quality control procedures such as visual and nondestructive inspection
are used to verify that the anomalies remaining in the product meet the engineering specifications.
Over time, more stringent engineering specifications and improved quality control procedures have
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several years of service, recurrent performance problems with selected early ERW production
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Figure 5 dealing with line pipe. Historic fabrication and construction practices include the use of
threaded and mechanical couplings, wrinklebends, oxy-acetylene welding, and backing bars. As
with historic pipe-making processes, not all of these vintage construction practices led to pipelines
with anomalies. As with Figure 5, the dotted blue line indicates that not all processes considered
historic were abandoned at a fixed date in time.

Whether or not an anomaly is significant depends on its influence on integrity. The next section
identifies factors that control failure in reference to the sizes of defect that can cause a pipeline to
fail, and the stresses that drive a failure subject to the properties of the line pipe. This next section
lays the foundation to understand the importance of anomalies due to pipe making and pipeline
construction in reference to vintage practices considered in subsequent sections of this report.

Conditions Leading to Pipeline Failures®

This section presents factors that determine whether an anomaly is also a defect, or can become a
critical defect and threaten the integrity of a pipeline. The objective here is to illustrate causative
factors and parameters that influence the significance of an anomaly. Given the objectives of this
report, the focus here is anomalies normally considered stable in reference to categories four through
six in Table 1. The last threat category also is addressed in reference to scenarios where weather and
outside forces act on historic anomalies, imperfections, or defects.

Defect-Free Failure Response

Consider first the failure behavior of line pipe that is defect free, which is the reference condition to
assess failure response of code-accepted failure criteria such as ASME B31G“®, and other such
failure criteria for pipelines. Figure 7 characterizes the failure stress of defect-free pipes in grades
from Gr. B through X65, which span the range of grades typically available prior to 1970, and
includes a late 1960s vintage experimental X100 grade designated in the figure as EX100. Figure 7a
shows, the defect free failure stress of end-capped pipe is on average characterized very well by the
UTS’. The range of the ratio of UTS / actual failure stress for these data runs from 1.09 to 0.88, or
data scatter of roughly +10 percent uniformly around the one-to-one trend. Figure 7b contrasts the
value of the UTS as a function of SMYS and the maximum allowable stress (MAS) for US pipelines,
which by code is set at 72-percent of SMYS for Class I design that applies to cross-country pipelines.
From Figure 7b it can be seen that the MAS leads to a factor of safety the order of (SMYS / (0.72)) =
1.39. And given failure occurs at about the UTS that for these vintage grades is about 25-percent
larger than SMY'S, the actual factor of safety for defect-free line pipe is about 1.74.

Trends in Full-Scale Testing

Experimental studies®#**” indicate that axial part-through-wall (PTW) defects in a pipeline under

pressure can fail via plastic collapse or fracture, with growth through the wall occurring in a three-
step failure process. Reference 28 details this three-step failure process and essential differences in
hydrotest protocols to address low toughness steels, through moderate to high toughness steels. The
three-step failure process described in the following paragraphs is central to understanding whether
fracture or plastic collapse controls failure, which in turn reflects the evolution of steels that was
strongly driven by the need for strong, tough, weldable steel for use in line pipe®®”.

® This section draws heavily on concepts detailed in References 8, 17, 24, and 25. Appendix B of Reference 15 and
Reference 17 provide perspective for their use and demonstrate their accuracy.

7 The maximum load carrying capacity prior to failure of the material
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blunting along their initially sharp crack
fronts that makes them very resistant to
fracture. In the same way tough steels blunt initially sharp defects, their growth involves the
extension along a blunted crack-tip. An upper-bound toughness exists beyond which failure pressure
ceases to increase as toughness increases, with little difference evident beyond this toughness
level'”. Such behavior indicates the transition from toughness-controlled failure to plastic-collapse-
controlled failure for a given line pipe geometry, although such behavior can occur at much lower
toughness particularly for shorter defects, or very deep or very shallow defects. Whether the breach
created in pipe wall as the crack transitions through-wall leads to a leak or a rupture (and fracture
propagation along the length of the pipe) depends on the length of the break, the geometry of the line
pipe and its mechanical and fracture properties, and the properties of the pressurizing media"'”. Very
short breaks are likely when hydrostatic testing very tough steels, which might be difficult to identify
on pressure-volume plots under some test conditions.

Figure 7. Plastic-collapse in defect-free pipe

Critical Defects

Defect sizes associated with failure at MAOP are considered critical defects in the definitions
introduced at the start of this report. Analyses methods have been developed that accurately recreate



the experimental trends in defect failure and accurately predict failure pressure, which facilitate
calculating critical defect sizes for blunt defects®#*'? as well as initially sharp defects“#*¥, which
have been proven accurate across the range of toughness representing vintage through modern line
pipe®. Such technology is used next to illustrate typical critical defect sizes and their dependence on
the line pipe’s properties and its loading.

Critical defect dimensions are a function of the type, magnitude, and manner in which loading is
applied, the pipe geometry, and the material properties of the pipe steel. The most important line
pipe properties affecting critical dimensions are the UTS and the toughness. Since there are property
differences between vintage pipelines and modern pipelines, it is helpful that the reader understand
this behavior as they develop their IMPs.

Critical Defect Sizes — An Example

Figure 8 presents the failure stress of defects in line pipe calculated using software developed at
Battelle as detailed in References 24 and 25, which has been extensively validated. These trends
represent the failure response of sharp crack-like defects in a 30-inch diameter pipeline made with a
0.312-inch-thick wall of X52 steel. Figure 8a represents results for X52 steel with full-size
equivalent (FSE) Charpy vee-notch (CVN) energy (toughness) of 100 ft-lbs, which reflects modern
steels, while the results in Figure 8b reflect critical defects in X52 line pipe with CVN energy of 10
ft-1b, which reflects the lower end typical for some vintage steels. The vertical axis is hoop stress as
a fraction of the SMYS. The horizontal axis is the axial extent or length of the crack-like defect.
The curved lines represent defect depth relative to the pipe’s wall thickness (e.g., the curve labeled
70 percent deep represents defects that have a maximum depth 70-percent through the wall). The
dashed horizontal lines correspond to low-wall stress operation (30 percent SMYS), operation in
Class 3 (50 percent SMYS) and operation in Class 1 (72 percent SMYS). The horizontal line at the
y-axis value of ~1.4 corresponds to the ratio of the UTS to SMYS for this X52 pipe, which indicates
this steel has slightly improved properties as compared to the results shown in Figure 7b.

Each point along the labeled curves in Figure 8 represents a critical length and depth for a given
pressure. For example, in reference to the higher toughness steel reflected in the trends in Figure 8a
—at 50 percent SMYS, a defect that is 90 percent of the wall thickness deep and 3.7 inches long
(point 1 in the figure) will fail, as will a defect that is 70 percent deep and about 13 inches long
(point 2 in the figure). Similar values can be determined for other combinations of depth and
pressure. At higher pressures, the critical defect sizes are smaller, and at lower pressures, they are
larger.

While not evident from the information supplied in reference to Figure 8a, the trends for defect
depths 40-percent and 90-percent through wall represent failures that are controlled by the strength of
the pipeline steel. This occurs for these depths because the toughness supplied (at 100 ft-1b) leads to
toughness independent failure, or plastic collapse. If the toughness were much lower (as occurs for
some vintage pipelines), the failure response of some defect depths and lengths would be controlled
by toughness rather than strength. This is the case in reference to Figure 8b, which represents CVN
energy of 10 ft-1b. Notice first that for this lower-toughness steel that defect-free failure is indicated
at a y-axis value of ~1.4, just as it did for the higher-toughness scenario in Figure 8a. Thus, defect-
free lower-toughness pipe fails by plastic collapse.

¥ For a summary of such work see Reference 33.
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For the lower-toughness steel,

Figure 8b indicates the critical defect
length at 50 percent SMYS for a

90 percent deep defect is 3.3 inches
long, while that for a 70 percent deep
defect is ~4.8 inches long. In contrast
to Figure 8a, lower toughness pipelines
have smaller critical defect sizes,
although there is little difference for
very deep defects as these remain close
to a plastic-collapse condition. Aside
from somewhat smaller defect sizes
and failure more often under fracture
rather than collapse control, there is
little difference in the performance
between vintage pipelines and those
made of modern steels.

Extensive analyses, similar to those
discussed above, have been conducted
over the years to determine when
plastic collapse controls failure(®¢-
'3 The analyses indicate that plastic
collapse controls for most defect
geometries and steels, except for
defects with moderate depths in lower-
toughness steels. Plastic collapse is a
preferred failure mode, as it involves
widespread plastic deformation and
capitalizes on the reserve strength of
steel, which provides an additional
safety margin, well beyond that
implied in working stress
design(WSD), as discussed further in
Appendix D.

Figure 8 shows that critical defect sizes
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Figure 8. Failing defect sizes vs. toughness

for in-service failures are quite large, even for anomalies in the lower-toughness steels. With the
exception of weld-seam anomalies, many historic anomalies are short and not critical unless they are
very deep. In contrast, the dimensions of weld-seam anomalies cover a wide range of shapes and
sizes. The most significant are usually longer and when located in lower toughness weld zones can

be critical at shallower depths.

The curves in Figure 8 correspond to sharp axially aligned (i.e. defect length along the pipeline)
anomalies. Blunt anomalies and those that are not axially aligned have much larger critical

dimensions©#> 519

. A tolerance for relatively large defects, even in lower-toughness steels, implies

that pipelines can operate safely with stable anomalies less than critical size. More importantly, use
of high-pressure or code required hydrostatic testing would expose all defects whose size lies below
the test pressure. Thus, even though as-produced vintage pipe contained anomalies, the use of
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pressure testing, which began on a widespread basis in the 1960s(¢&- ¢ 233439

critical or near-critical defects and so limit their significance.

, served to expose

Loading at Defects

Pipeline failures at critical defects can occur under the usual pressure loading or in response to
unanticipated or unusual loading conditions. When failures occur, they are typically due to quasi-
static loading.” Consequently, material properties that are taken under quasi-static conditions rather
than dynamic conditions are relevant in determining critical defect dimensions and failures modes.

The primary stress on buried pipelines is due to internal pressure of the pipeline. For a given
pressure, hoop stresses in the pipe wall are a function of the diameter-to-thickness ratio of the
pipeline. As the diameter-to-thickness ratio increases, the hoop stress increases all else being equal.
Under some conditions, historic anomalies can grow to critical dimensions by fatigue, or SCC.
However, for typical gas pipeline operations few if any critical defects sizes lie above the threshold
for fatigue crack growth and so remain inactive®”*”. Likewise, most critical defect sizes fall below
the threshold for continued growth by SCC, except for conditions favoring SCC would independently
nucleate cracking. The chance of fatigue crack growth depends on pipe hoop stress, the extent to
which it changes, and the number of cycles of that change. The chance of SCC is more complex, but
includes a dependence on pressure cycling, temperature, and other electrochemical considerations.
Neither fatigue nor SCC is covered in this report. Interested readers are referred to recently
published work on fatigue 352" or SCC"**® and text books that address such topics(®&-5¢¢3%40),

Unanticipated loadings and related secondary stresses are most commonly the result of earth
movement (i.e. landslide, earthquake), heavy rains, or floods (see Table 1). Unintended events that
increase the pressure above the normal operating pressure can also create unanticipated loads that
lead to failure, but are rare because of redundant pressure controls. Depending on the magnitude of
the loading, failure can initiate at a flaw in the pipe or a weld. In situations where very high external
loads are imposed, failure of flaw free pipe can occur due to plastic collapse. As is usual, secondary
loads should be addressed where they are known to occur or can otherwise be reasonably anticipated.

Pipeline Failure Modes and Consequences

Leak versus Rupture

Pipeline failures can occur as either a leak or a rupture, depending on the critical defect size and the
loading on the defect!”. In a leak, the release of gas is small and controlled, and the consequences
are generally less than in ruptures. This is a critical aspect in risk analyses of pipelines, which might
be done as a part of a system-wide IMP.

Figure 9 depicts the calculated demarcation between leaks and ruptures for the two cases shown
earlier in Figure 8. Below and to the left of each curve in Figure 9 the defect will fail as a leak,
whereas defects that are above and to the right of the curves will rupture. Longer defects are more
likely to rupture than shorter defects, but the effect of material toughness can be relatively small'’,
particularly at higher stress. This is evident in Figure 9, where at stresses the order of high-pressure

’ Dynamic loading, from the perspective of pipeline failures, refers to loading that occurs on the order of milliseconds.
Because of the compressibility of gas, pressure always is a quasi-static load. Loading due to weather and outside forces
also are typically applied at a much slower rate.

10 Toughness influences many aspects of fracture resistance, from fracture initiation through fracture propagation
Thus, “can be rather small” is context specific and should not be taken beyond the specific scenario considered.

(e.g. 15,17)
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hydrotesting the trends for quite
different toughness become
coincident. As noted earlier,
with the exception of weld-seam
anomalies, most historic
anomalies are short in length.
Thus, these defects are more
likely to fail by leaking than by
rupturing. Weld-seam
anomalies, which can be long,
may fail by rupturing the pipe.
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Likewise, lower pressure lines
(e.g., lines in Class Locations 3
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compared to higher-pressure
pipelines. Consequently,
pipelines operated at MAOP for Class Location 3 and 4 locations are more likely to leak than rupture
for a given defect size as compared to the same scenario in lines operating at MAOP for Class
Locations 1 and 2.

Figure 9. Leak versus rupture boundary

Brittle versus Ductile Fracture®!

Whether pipe rupture behavior is brittle or ductile can affect the consequences of a failure if the
failure propagates. Brittle fractures propagate more quickly along the pipeline than do ductile
fractures. Propagating brittle fractures run at speeds higher than the acoustic velocity in the gas,
which means the pressure ahead of the crack remains high and therefore arrest is unlikely. For this
reason propagating brittle fractures can open long distances of a pipeline without arrest, and so are
considered more serious than propagating ductile fracture because of the amount of pipe destroyed.

Public safety at a particular site along the right of way can be viewed in terms of the thermal
exposure associated with a fracture. C-FER has developed a model “? that has been widely accepted
to estimate thermal exposure. The model assumes a full guillotine fracture with jet fires impinging
from both ends of the rupture. This type of failure, if ignited at the time of the rupture, comprises the
worst-case event as it results in the highest thermal exposure for the surrounding area. If the fracture
propagated to where the ends of the pipe were separated by a significant distance (i.e. two single
point locations), the resulting thermal exposure at either site will be significantly lower, because of
the reduced fuel available. Thus, the potential thermal exposure is greater for shorter fracture
lengths, because of the proximity of the fuel sources. Ductile fracture typically produces shorter
splits than does brittle fracture all else being equal. Thus, the thermal exposure in such cases can be
more intense as compared to brittle fracture propagation that significantly separates the fuel sources.
While brittle fracture produces reduced thermal exposure, the downside is such exposure threatens

"' For a general overview of this topic and methods for control, see Reference 17.
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to CVN energy of 2 to 3 ft-1bs provides sufficient resistance to arrest a running brittle fracture for
operation at 30% SMYS. At 72% SMYS, somewhat higher toughness is needed: between 7 and
15 ft-Ibs. Larger diameter or thinner wall pipelines require proportionally higher toughness.

Many early pipelines in Class Locations 3 and 4 were of smaller diameter and were built from
materials with lower strength (typically Grades A, B, X42). In light of the trends in Figure 10 and
typical toughness available for such steels, these pipelines operate with limited concern for
propagating brittle fracture. Consequently, brittle propagation is not considered a significant issue in
most vintage pipelines.

Early pipelines in Class Locations 1 and 2 tend to be made of higher strength material (Grades X42
and X52) and require a higher toughness to arrest a propagating brittle fracture. Some, but not all,
early Class 1 and 2 pipelines have sufficient toughness to arrest propagating brittle fractures. Retrofit
fracture arrestors are an option to control fracture propagation in such cases. Reference 42 reviews
the issues in such applications and presents a design basis for such arrestors.

Pipe Diameter

The pipe diameter influences the consequences of a failure because it affects the maximum opening
size, which in turn, controls the maximum exhaust rate. Reference 41 indicates the size of the region
critically exposed during a rupture varies with the pressure in the pipeline and the square of its
diameter. Thus, diameter is a key consideration in managing this issue when developing an IMP.

Failures that occur as leaks are generally consider less significant because they have smaller release
volumes and rates as compared to ruptures. In a rupture, the full bore of the pipe is effectively open
to the environment. As the gas exhausts, a decompression wave moves through the pipeline. After a
very short period of time and at the opening, the exhaust pressure reaches a limiting state, where the
gas flows at the speed of sound at the exhaust pressure. Larger diameter lines exhaust larger gas
volumes that increase the fire damage radius as compared to smaller diameter lines.
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Special Considerations

Low-Wall-Stress Pipelines

As discussed earlier, nearly all distribution mains are smaller in diameter than 8 inches and operate at
lower pressures than transmission pipelines. However, many companies operate larger diameter
trunk lines at pressures typically between 15 to 30-percent of SMYSS, although a few operate at
pressures up to less than 40-percent of SMYS.

Coupled with the increased likelihood that these lines will fail as a leak rather than a rupture when
compared to transmission pipelines®”, the potential failure consequences are less than those in larger
diameter and higher-pressure transmission lines. Consequently, in this report, two sets of assessment
methodologies are given: one for lower pressure lines that are most likely to fail by leaking, and the
other for higher pressure lines that could fail by either leaking or rupturing. The division for the two
failure modes is taken as 30 percent of SMYS. Low-stress pipelines are discussed in more detail in
Reference 20 and Appendix B.

Effect of Aging on Steel Properties

There is no evidence that the properties of steel are reduced as steel ages. Appendix C details the
process of aging in steel, and evaluates its occurrence for present purposes. Other time dependent
deterioration mechanisms such as corrosion are covered by other reports.

The results evaluated in Appendix C indicate that aging has no practical significance in reference to
changes in the pipeline’s design properties or its inherent integrity.

Historic Anomalies and Threat Assessment Procedure

Consider next guidance for determining when a historic flaw may be present on a pipeline, when it
poses an increased threat to integrity,
and which mitigation methods are most
effective in controlling such threats.
Prudence dictates independent
consideration of the consequences of

failure associated with this threat -

. Likelihood?
assessment procedure, particularly
where the vintage pipeline passes Low

through a high-consequence area.

Assessment Methodology

High

Yes Mitigation?

Threat Assessment

N
Approach ;

In assessing the impact of historic Unlikely Activation?

anomalies, several factors are important

(see Figure 11): Possible

A

e The likelihood the flaw is present, ,
No Increased Threat Increased Potential Threat

e The impact of mitigation and control

methods, and Figure 11. Generic assessment flowchart
for historic flaws

15



o The presence of other conditions that increase or decrease the likelihood a flaw will grow or
become “active”.

Historic Pipe-Body And Weld-Seam Anomalies

Appendices D and E provide a brief history of steel- and pipe-making in the United States, and
introduce the types of anomalies can be found in historic pipe. Further details on pipe making and
anomalies can be found in Reference 43. Beyond the coverage of Reference 43, Appendices D and
E identify pipe manufacturers and mills whose production is known to include these historic
anomalies, and the time periods over which the pipe with these anomalies were known to occur. In
addition, it identifies factors that increase or decrease the likelihood that an anomaly or defect will
activate or grow in service. Table 2 summarizes historic pipe-body anomalies along with their
potential impact on pipeline integrity.

Table 2. Pipe-body anomalies

Characteristic or
Anomaly

Potential
Integrity Impact

Comments

Fatigue cracks from cyclic
stress created during
shipment

Fatigue crack growth from in-
service cyclic stress can result
in a leak or a rupture

Most common in pipe with D/t ratios >70
produced prior to 1970. Can be detected
by pressure test ILI or during field girth
weld radiography.

High levels of impurities
and non-metallic
inclusions. (i.e. dirty steels)

Laminations often near the
pipe wall centerline — can
affect pipe strength depending
on alignment

Not suitable for pipe in sour service. Can
contribute to pipe production problems.
Can produce in-line inspection signals that
may be confused with critical defects.

Hard spots

Potential in-service cracking if
exposed to atomic hydrogen
resulting in a leak or a rupture

Susceptible to in-service diffusion and
embrittlement by atomic hydrogen that
occurs in sour service, high cathodic
protection potentials, and other service
environments.

Foreign bodies rolled into
the steel or plate/skelp
surfaces

Cavity results if foreign body
works free during service
resulting in wall thickness

reduction and possible leak.

Foreign bodies can work free early in the
life of a pipeline or during a hydrostatic
pressure test. May be identified as
corrosion metal loss by ILI tool.

Surface breaking anomalies
(i.e., slivers, scabs, seams
etc)

Minimal integrity concern.
Possible site for preferential
corrosion (uncommon)

Can adversely affect external coating
integrity. Can produce in-line inspection
signals that may be confused with other
flaw types

Some of the other historic anomalies have also produced failures, but such failures are rare or very
uncommon today. Of note, foreign bodies rolled into the pipe wall have typically caused leaks.
Laminations rarely cause failures, but when they do it is either as a consequence of transporting sour
gas'? or the lamination is inclined to the pipe surface, which reduces the effective wall thickness.

12 . . . . . . . . .
Gathering lines (i.e., pipelines from a well to a central collection or processing location) sometimes carry sour gas.
Transmission pipelines, as a rule, do not.
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Similar to pipe-body anomalies, there are several types of anomalies that occur more frequently in
historic weld seams than modern weld seams. Appendix D also covers the historic weld-seam
anomalies, the time interval(s) over which the anomalies were produced, and factors that increase or
decrease the likelihood that a flaw will activate or grow in service.

Consider now Table 3 that summarizes weld-seam anomalies as a function of pipe-making process.

Table 3. Weld-seam anomalies

the weld reinforcement.

Pllp:))?ol\élzlssng Flaw or Characteristic Comments
urnace Butt Welded, . . . esults trom limited we an
F Butt Welded Oxides or foreign material trapped Results from limited weld NDT and
Continuous Butt Welded between weld Si cfaces: Door pfali : QA/QC capability. Reduced joint
Pipe, Lap Welded and welds - poor quality factor in 49CFR192 now accounts for
Hammer Welded Pipe weld quality
Electric Resistance Oxides or foreign material trappeq Resulis from limited weld NDT and
Welded (ERW) and between weld surfaces, poor quality QA/QC capabilit
Flash Welded Pipe welds P Y
More common in low-frequency
Stitched welds ERW pipe. Hydrotest can expose
near-critical defects.
More common in pipe produced from
earlier steels with higher levels of
Hook cracks impurities and inclusions. Not
always detected during mill NDT and
hydrotest .
Excessive OD/ID ERW trim. Can be Results in locally thinned zone in
associated with offset skelp edges pipe wall.
Very local hard spots produced by
Arc burns (contact marks) during ERW seam welding (see
Table 5)
Single Arc Welded and Weld metal craqk s, offset v.velds, toe Can produce volumetric and planar
cracks, lack of sidewall or inter-run .
Double Submerged-Arc L . . defects that may adversely affect pipe
. fusion, inclusions, weld metal porosity | . .
Welded Pipe integrity.
or gas pockets, or undercut.
Transportation fatigue cracking in graningrl:g: tchr::}(fslgrl tgzrll):)ie E (::1?1
Any Welded Pipe seam welds particularly DSAW due to pIp & &

be exposed in hydrotest or detected
by x-ray of girth welds.

Data from failure analyses, the authors’ experience, and the literature suggest that in-service failures
due to historic pipe-body and weld-seam anomalies are most commonly due to:

=  Cracking at dents that were introduced during pipe handling".

=  Hook cracks, upturned inclusion cracks, and other cracks in or around the weld or at arc

burns,

" Prior mechanical damage is not covered in this report because such damage can occur on old or new lines. The impact
of historic material properties on potential failure modes is discussed later in the report.
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= Preferential corrosion in or near the weld."
=  Variable weld quality along the seam length in low frequency ERW seams,
=  Transportation fatigue during shipping, and

=  Hydrogen cracking at hard spots and arc strikes.

Transportation Fatigue

The most likely cause of failures due to historic pipe-body anomalies is fatigue cracking that occurs
during transportation of pipe from a pipe mill to a job site. Transportation fatigue is considered in
the flowchart in Figure 12.

Likelihood

Transportation fatigue results when pipe slides and contacts the ends of a railcar or when pipe is
stacked and supported in a manner that subjects the weld seams to high cyclic stresses.
Transportation fatigue typically occurs in pipe with a weld seam that protruded above the pipe
surface (as occurs, for example, in flash welded and double-submerged arc welded pipe). The
protruding weld seam serves as a stress concentrator, with the highest stresses near the edge of the
weld itself. The conditions necessary to promote fatigue result from cyclic loading during shipment.

Transportation fatigue also has occurred in the pipe body from contact with rivet heads in rail car
bottoms. Cracks have also formed in pipe without protruding weld seams at locations where pipe
was in contact with rivet heads, foreign objects in a rail car, bearing strip misalignment, or
insufficient support.

Transportation fatigue is most
common in pipe with high diameter-
to-thickness ratios shipped prior to
1970 on rail cars. Table 3 provides
guidance on identifying pipe that

Transportation Fatigue

R X K Post 1970 pipe Likelihood? Pre 1970 pipe,
may contain transportation fatigue D/t < 70, or ‘ D/t > 70, and
cracking. no shipment by rail shipment by rail  pi,; pressures
< future pressure.
. . Prior pressures > or no controls on
M |t|gat|on future pressures, cyclic pressures

Transportation fatigue cracks have
the potential to grow under cyclic
pressure loading, especially if the
pressure cycles are large and
frequent. In addition, failures have
occurred when the pressure was
increased beyond historical levels.
Potential mitigation methods
include: (1) monitoring and
controlling pressure cycles and (2)
pressure testing significantly above
the maximum operating pressure,

|—and tight controls on
cyclic pressures

A

No Increased Threat

Mitigation?

No pressure increase
above historic levels and
no large pressure cycles

Activation?

Pressure increases
above historic levels or
large pressure cycles

Increased Potential Threat

Figure 12. Flowchart for transportation fatigue

' Corrosion is not covered herein, although the potential for preferential corrosion is briefly discussed later.

18




bell-hole inspection including NDT, and ultrasonic ILI. Pressure testing is most effective when
pressure cycling is low amplitude and infrequent.

Table 4. Conditions related to transportation cracking

Parameter Range Comments
Diameter-to- Above Some transportation fatigue cracking has been found in pipe with lower
thickness ratio 70 diameter-to-thickness ratios, but the cracking is thought to be associated
with unique situations that were not widely used.
Shipping dates Pre- API first issued a recommended practice for stacking pipe in 1965. Use of
1970 this and subsequent recommended practices has effectively eliminated the

occurrence of transportation-induced cracking.

Shipping method | Rail All of the reported cases of transportation fatigue were on pipe moved by
rail. Somewhat similar loading conditions could occur in barge or over-the-
road shipping, but no failure attributed to barge or over-the-road shipping
has been reported. However, the authors are aware of documented but not
openly published cases resulting from road shipment on pole trailers that
supported only the ends of the pipe.

Activation

Transportation fatigue cracking that has remained dormant can be activated when pressure cycles
increase significantly in magnitude or frequency, or when the pressure in the line exceeds historic
levels.

Assessment

The flowchart shown in Figure 12 can be used as a guide to assess the potential threat due to
transportation fatigue, as follows:

1. Determine the age, diameter-to-thickness ratio, and transportation mode. If the pipe was
produced after 1970, its diameter-to-thickness ratio is less than 70, or it was not shipped using
rail cars, the likelihood of transportation fatigue cracking is relatively small. If the pipe was not
shipped in accordance with API Recommended Practices for shipping, the likelihood of fatigue
cracking is higher. Construction girth weld x-ray records may indicate the presence of cracks.

2. Iftransportation fatigue cracking may have occurred, determine whether the line was pressure
tested or whether pressure cycling has been limited in frequency or magnitude. If these
conditions are not met, transportation fatigue cannot be ruled out as a potential threat to integrity.

3. Ifalikelihood of transportation cracks exists and mitigation methods are not in place, determine
if pressure has increased above historic levels, or large pressure cycles are anticipated in future.
If so, there is an increased threat due to transportation fatigue.

¥ Fatigue is not covered in this report, but the potential for crack growth due to pressure cycling is included here for
completeness. For information on the effects of pressure cycling and fatigue, see References 36 and 37, or textbooks
like References 39 and 40.
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In assessing the potential for failure due to transportation cracking, it is important to note that the
problem was largely confined to a short time period. Most failures due to transportation fatigue
occurred early in the life of the pipeline or during its initial hydrostatic pressure test. Consequently,
transportation fatigue cracking is no longer considered a significant threat to gas transmission
pipeline integrity.

Hydrogen Stress Cracking - Arc Burns and Hard Spots

Hydrogen stress cracking (HSC) is associated with hard spots and arc burns. Arc burns and hard
spots are not uncommon on early pipelines, but the likelihood of any one hard spot or arc burn failing
due to hydrogen stress cracking is small relative to other threats to pipeline integrity. For example,
the incident data discussed in Appendix A indicate that hydrogen stress cracking occurs at a
frequency less than 1 percent of that for external corrosion. Hard spots and arc burns can and do
safely exist on pipelines. Identifying which hard spots and arc burns are potential threats relies on
identifying the potential for atomic hydrogen to form at or be available on the steel surface. Such
conditions can be created by the cathodic protection system, with hardness level being a secondary
consideration.

Archival failure analysis done at Battelle in the 1950s and 1960s indicates hard spots develop during
hot rolling of a steel plate when an uncontrolled jet of water locally cools a portion of the plate too
quickly. The water quenched areas form untempered martensite, with hardness levels locally much
higher than the remainder of the pipe. The literature indicates HSC occurs at higher hardness levels,
typically the order of R, 35 or slightly harder™®*¥, except in the presence of strongly sour
environments. Likewise, where the hardness exceeds about 22 R, or ~230 BHN, hydrogen
embrittlement is possible, but as above requires the generation of atomic hydrogen on the pipeline’s
surface and conditions that promote its ingress.

Arc burns occur when a welding electrode arc occurs at the pipe surface outside of the weld
preparation or from an arc at a grounding clamp. Arc burns (i.e., contact marks) can also occur
during ERW pipe production due to arcing at the electrical contact on the steel during welding.
When arcing occurs, a small zone is melted or heated well above the temperature at which the steel
properties begin to change. Due to the much larger and cooler steel mass surrounding this area, rapid
cooling results that can create a locally hardened zone.

Likelihood

For HSC to occur, three conditions must be satisfied concurrently. A hard spot must exist that is
exposed to sufficient atomic hydrogen in the presence of sufficient stress. Hydrogen stress cracking
at arc burns or hard spots appears to be associated with a handful of pipe mills over limited time
periods. As shown in Table 5, the authors have identified 29 cases of HSC associated with a specific
pipe mill. Twenty of these involved A. O. Smith pipe, of which 17 were produced in 1952. No other
pipe manufacturer was identified as having more than two hydrogen stress cracking incidents. In
addition, no incidents were identified that involved pipe produced after 1960. Consequently, the
likelihood of hard spots appears higher than normal for A. O. Smith pipe produced in the early
1950s, and lower than normal for pipe produced after 1960. Such cases all involved hardness the
order of R¢ 35 or slightly higher.

Mitigation

There are two approaches to mitigating the potential risk of hydrogen cracking at hard spots and arc
burns: coatings and cathodic protection controls. An undamaged coating with good adhesion
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prevents a hard spot or arc burn from being exposed to hydrogen. Most coating has some damage,
though, but the amount of bare steel is small even in a poorly coated line. As a result, the likelihood
that a given hard spot is exposed by coating degradation is not high.

The second mitigation method for hydrogen stress cracking is tight control of cathodic protection
potentials. In order for cracks to form, the hard spot or arc burn must be exposed to an environment
where diffusion of atomic hydrogen into steel can easily occur. On pipelines, hydrogen at the pipe
surface can be generated when the cathodic protection potential is above (more negative than) -

1.2 volts relative to a copper-copper sulfate electrode. A potential above (more negative than) -
0.85 volts is typically used to control corrosion on pipelines.

Table 5. Hard spot incident summary

. Pipe Pipe Production .
Pipe Seam Type Manufacturer vear No. Of Incidents
Flash weld A.O. Smith 1952 17

1954 1

1955 1

1957 1

DSAW Bethlehem 1957 2
Kaiser 1955 1

Republic 1949 2

1957 1

ERW Youngstown Sheet & 1947 1
Tube (YS&T) 1950 1

1960 1

Activation

Two factors control whether hydrogen stress cracking will occur at a hard spot or arc burn at which
diffusion of hydrogen into the steel can easily occur. The first is the hardness. Hydrogen stress
cracking in service has occurred at hardness levels above approximately Rockwell C39'®. If the hard
spot or arc burn has hardness less than Rockwell C22, it is unlikely to crack.

The second factor is stress level. The hard spot or arc burn must be exposed to a stress that is high
enough to form cracks. Since the dominant loading in pipelines is due to pressure, higher-pressure
lines tend to be more prone to hydrogen stress cracking than lower pressure lines. To the authors’
knowledge, hydrogen stress cracking at hard spots or arc burns has only occurred in Class 1 and 2
locations (i.e. higher stress designs).

One final factor impacts the significance of hydrogen stress cracks if they form: the size of the hard
spot or arc burn. Hard spots have ranged from several inches in diameter, which is large enough to
lead to a rupture in some pipeline steels (see later section on consequences), to the full circumference

' Hard spots absent the threat from hydrogen-related mechanisms can and have failed in service. To the author’s
knowledge, such failures have not occurred at hardness levels below Rockwell C35 consistent with some literature
data on hard spot failures (e.g., see Figure 3 of Reference 29 and References 43 and 44).
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of the pipe over lengths of several
inches. In contrast, arc burns can be
long, short, or intermittent. For
short or intermittent arc burns, there
is a higher likelihood of a leak than
at long arc burns.

Assessment*’

The flowchart shown in Figure 13
can be used as a guide to assess the
potential threat due to hydrogen
stress cracking at hard spots or arc
burns, as follows:

1. Determine age and pipe
manufacturer. If the pipe is
newer than 1960 or not made by
a manufacturer listed above, the
likelihood hard spots or arc
burns exist is relatively small.

2. If'there is a likelihood that hard
spots or arc burns exist,

Hydrogen Stress Cracking
(hard spots, arc burms)

Post 1960 pipe or
pipe manufacturer not

listed in Table 5

Pra 1960 pipa and
pipe manufaciures unknown
orincluded in Table 5

Likelihood?
Poor guality coating

and CP = -1.2 volts

| zood quality coating
or CP = 1.2 volis

Hardness < HRC22
or Stress < G0% SMYS

—

Hardness > HRC22
and Strass >B0% SMYS

b

: '

Mo Increased Threat

Increased Potential Threat

Figure 13. Flowchart for hydrogen stress cracking

determine the history of coating problems to infer coating quality and the history of cathodic
protection potentials. If the coating history indicates good adherence and few holidays or if the
cathodic protection level is not more negative than -1.2 volts, the pipe is unlikely affected by

hydrogen stress cracking.

3. [Ifthere is a likelihood hard spots or arc burns exist, and the coating is inferred to be of poor
quality with cathodic protection levels uncontrolled and more negative than -1.2 volts, assess the
stress in the pipe. If the stress is less than 60% SMYS, cracks are not likely to form. Otherwise,
when hard spots are located on the pipeline, measure their hardness levels. If the hardness levels
are at or above Rockwell C35'%, experience indicates hydrogen stress cracking is possible.

In assessing the potential for hydrogen stress cracking, it is necessary to recognize that a small
percentage of the pipe surface is affected, and active degradation occurs only under a limited set of
conditions. The use of an in-line inspection tool that is set up to detect hard spots and arc burns may
help identify when hard spots are present. Practices such as inspecting exposed pipe surfaces for
hard spots or arc burns and, if such locations are found, looking for evidence of coating damage, high
local hardness levels, higher than normal cathodic protection potentials, and signs of cracking can be
used to identify line segments that may have an elevated likelihood of cracking. Hard spots can be
visually evident as local changes in the pipe surface curvature. However, similar changes in

"7 As presented here, hard spots are considered in reference to a strong source of hydrogen generation, such as severe sour
service as can occur in swamps or with microbiological activity. Differences between sources should be addressed to
the extent they can be characterized. Where hard spots occur in conjunction with less aggressive sources of hydrogen,
such as electrochemically generated hydrogen associated with corrosion and CP conditions, experience indicates R, 35

or ~325 BHN are prone to HSC.

' This flowchart and assessment procedure reflect typical scenarios. Where there is a strong source of hydrogen
generation, the hardness for susceptibility decreases.
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curvature also can result from other pipe manufacturing problems that may not have a higher local
hardness. Field hardness testing is a useful evaluation tool for such cases.

Cracking Near Seam Welds and Variable Weld Quality

Cracking near weld seams most commonly occurs as hook and other types of cracks associated with
ERW or flash-welded pipe. Cracking near seam welds is most likely to occur in pipe made from
earlier steels, where inclusions or lamination (typically impurities that are flattened and elongated
during steel and pipe rolling) were more common.

Variable weld quality is considered along with other forms of weld cracking because both have a
similar effect on pipeline integrity. In addition, the older incident datasets generally do not
differentiate between the root cause of failures that involve the weld seam.

Likelihood

A number of welding processes have been used to produce the weld seam in pipe used to transport
natural gas, including several forms of butt welding, lap welding, hammer welding, several forms of
electric resistance welding, flash welding, single-sided submerged arc welding, double submerged
arc welding, and others. While many pipe manufacturers used (or use) most of the weld processes,
“problem pipe” is typically associated with a small subset of pipe manufacturers. For those
manufacturers, though, not all individual pipe mills produced problem pipe, nor did they produce
problem pipe at all time periods.

Table 6 is a list of pipe manufacturers that produced potentially problematic weld seams (see
Appendices D, E, and F for more detailed listings). Pipe made by the listed manufacturers in the
years noted appear to be more likely to contain cracking near the seam weld or pipe with variable
weld quality than that produced by other manufacturers.

Table 6. Pipe manufacturers that produced pipe
that failed due to weld-seam defects

. Most Frequently
Evaluation
o Years Reported Comments
Criteria
Manufacturer(s)
Butt/Lap weld Pre 1960 Armco, Republic Reduced longitudinal joint factor
required by 49 CFR 192
DSAW, SSAW, Pre 1960 Kaiser, U. S. Steel
and other welded
seams
Low frequency Pre 1971 Republic, Youngstown Acero del Pacifica, Jones & Laughlin,
ERW Sheet & Tube Kaiser, and Lone Star also have higher
incident rates than others
manufacturers
High Frequency Pre 1980 Stupp Kaiser, Jones &Laughlin, and Lone
ERW Star also have higher incident rates
than others manufacturers
Flash weld A. O. Smith All
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Mitigation

Cracking near seam welds and seam welds with variable quality are generally considered static. That
is, once the pipeline has been in service and the larger defects have been exposed, the remaining
defects, dormant over the early service, remain so unless historical loading conditions become more
severe. A method of mitigating the risk due to cracking near seam welds and variable weld quality is
to pressure test. Pressure testing can effectively prevent the anomalies from becoming critical.' ILI
tools that can detect cracks also will be effective in locating cracking near/in weld seams.

Activation

As noted above, cracking near seam welds and variable seam weld quality do not grow or become
more serious unless the line pressure exceeds historic levels. On the other hand, these anomalies can
grow when the pipeline is subjected to large or frequent pressure cycles. As noted earlier, fatigue is
not covered in this report. For information on the effects of pressure cycling and fatigue, see
References 36 and 37, and textbooks that deal with this topic®**?. If pressure levels are maintained
below historic levels, the anomalies do not pose a large threat to pipeline integrity.*’

Assessment

The flowchart shown in Figure 14 can be used to as a guide to assess the potential threat due to
cracking near seam welds and
pipe with variable weld seam Cracking near Seam Welds,

. Variable Weld Quality
quality, as follows:

1. Determine age and pipe
manufacturer. If the pipe

Pipe manufacturer and Unknown manufaciurer or

manufacturer and date of wear of production not Likelihood? manufaciurer and year
pI'OdIlCtiOIl are known but are listed in Table 6 of production listed in Table 6
not listed in Table 6, the

: : : Prior pressure . " —
likelihood of cra_ckmg near | ot mrcats 195% Mitigation? >>— _Noprior pressure
seam welds or pipe with of aperating pressure of operating pressure

variable weld quality is
relatively small.

2. If'there is a likelihood that
cracking near seam welds or

Mo prassure Increasa
or pressure cycling
bayond historic levels

Variable Weld quallty iS Pressure increase cycling
present, determine whether Ll
the line was pressure tested. v l

If the pressure test level
exceeds future operating
pressures and the pressure
cycling history is within early

Mo Increased Threat Increased Potential Threat

Figure 14. Flowchart for hook cracks and
variable seam quality

' The pressure level sufficient to prevent weld cracks from growing or becoming more serious depends on the type and
size of the cracks. Pressure tests to 125% of the operating pressure are commonly used and are considered effective at
mitigating most cracks. Pressure testing to 100% of the yield pressure is sometimes used for larger and more significant
forms of damage, such as stress corrosion cracking.

0 See prior footnote.

24



historic levels, the cracking if any and the seam welds can be considered stable.

3. [Ifthere is a likelihood cracking near seam welds or variable weld quality is present and the line
has not been pressure tested to a level exceeding future operating pressures, determine if the
recent or anticipated pressure history increases beyond historic operating pressures. If so, there is
an increased potential threat due to hook cracking or variable seam welds.

Preferential Corrosion

As noted earlier, corrosion is not covered in this report. For completeness, though, it is important to
recognize that preferential corrosion in the weld seam of some types of pipe has caused pipeline
failures in some older pipelines. Preferential corrosion is most likely to occur in variable quality
low-frequency ERW or flash weld seams or non-heat treated high-frequency ERW seams. Thus, the
pipe manufacturers and dates listed in Table 6 may be useful in identifying pipe that is susceptible to
preferential corrosion. Reference 45 provides further details.

Preferential corrosion on a pipeline can be an indicator of other seam welding problems. If
preferential corrosion is found, there may be an increased threat due to cracking near the weld seam
or inconsistent weld quality.

Historic Fabrication and Construction Anomalies

Appendix D E, and F provide a brief history of historic pipeline fabrication and construction
practices in the United States, and it introduces the types of anomalies sometimes found in historic
pipelines. It identifies practices whose production is known to include historic anomalies and the
time periods over which they were used. Reference 46 addresses this topic in greater detail.
Appendices D, consider factors that increase or decrease the likelihood that an historic fabrication or
construction flaw will activate or grow in service.

Data from failure analyses, the authors’ experience, and the literature suggest that in-service failures
due to historic fabrication and construction anomalies are most commonly due to:

=  Wrinklebends and other bend problems,

»  Cracking at girth welds,

=  Coupling failures, and

= Unconstrained dents were introduced during backfilling and testing.?'

For buried pipelines, bends, girth welds, and couplings are not highly loaded during normal service.
When failures occur, they are typically due to abnormal loading along the axis of the pipe from
heavy rains or earth movement. Appendix G provides further details.

Wrinklebends and Other Bend Anomalies

One cause of failures due to historic fabrication or construction anomalies is problems associated

with bending the pipe. Very early pipe bending methods may introduce a wide range of anomalies,
some of which can be detrimental under certain loading scenarios. Generally, the anomalies are of
most concern when they lead to cracking. They can also be of concern if the geometry of the bend

*! The difference between constrained and unconstrained dents is covered in the new pipeline integrity rule. See
References 18 and 19 for guidance in severity assessment.
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creates conditions susceptible to external or internal corrosion. Technology validated by full-scale
testing that uses the wrinkle shape is available to assist in evaluating wrinkle severity and
serviceability as a function of pipeline operation®”.

Likelihood

Identifying pipe with potential bending anomalies is relatively straightforward because such bends
are known to exist in specific pipelines and are located at changes in pipeline elevation. Where
pipelines can be pigged, such bends are also easily located. As with all potential critical defects, the
larger features tend to be exposed early in the life of the pipeline, while the remaining less severe
features lie dormant, and do so unless the loading changes. Clear evidence of this behavior exists for

wrinklebends“”. Table 7 summarizes common bend anomalies and the years in which they were
produced.
Table 7. Historic bending anomalies
Type Years Comments
Hot Pre 1952 Use of hot wrinkle-bending decreased through the 1940s
Wrinklebends
Miter bends Pre 1940 Miter bends up to three degrees deflection are generally not a
significant concern, with use limited per Part 192.233
Cold Pre 1955 Potential threat increases as the size of the wrinkles increases or
Wrinklebends their spacing decreases — see Reference 47 for details.
Mitigation

Mitigating growth of crack-like anomalies in bends consists of adequately restraining the pipe against
axial forces and movement, and limiting its exposure to cyclic loadings. Historic crack-like
anomalies in bends are not considered
a threat in areas where landslides,
settlement, and earthquakes are not a
problem, where the pressure is steady
and thermal cycling is absent (i.e., the

bend is not exposed). Bending pracess not
inclusded in Tabla 7

Bend Anomalies

Likelihood?

Bending process
included in Table 7

Activation
Line restrained against Lirie: fied restrained
Wrinklebend anomalies can be axial forces and Mitioation’ against axial forca or
. . I movement and free itigation s it
activated by heavy rains, floods, of prosstirm.r experiences pressure
earthquakes, and other causes of earth e or thermal cycles
movement, and by the effects of
. Mo earthguakes,
pressure or thermal cycling. Nearby — heavy i fiooding,
maintenance that disturbs soil restraint or eycling
likewise is a potential concern®”. Earthquakes,
heavy rains. or flooding,
or cycling
Assessment
3
The flowchart shown in Figure 15 can Mo Increased Threat Increased Potential Threat

be used as a guide to assess the Figure 15. Flowchart for bend anomalies
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potential threat due to bending anomalies, as follows:

1. Determine date of pipeline construction and bending method(s) used. If the pipe is newer than
1955 and bends were machine made, the likelihood of significant bend anomalies is relatively
small.

2. [Ifthere is a likelihood that bend anomalies exist, evaluate the extent of cycling and restraint
against pipe movement and axial forces. If the line is absent cycling, and is adequately
restrained, the potential for bend-related problems is small.

3. [Ifthere is a likelihood that bending anomalies exist and the bends are not adequately restrained,
evaluate the potential for earthquakes, heavy rains, and other events that have the potential to
introduce large axial loads. If such events are likely, there is an increased chance of problems
due to bend anomalies.

Acetylene Girth Welds

Another cause of failures due to historic fabrication or construction anomalies involves acetylene
welds used to join pipe. Early vintage pipeline construction (~1915 — 1940) often utilized acetylene
welds to join the pipe ends. While acetylene welds are not used today, the existence of acetylene
welds alone does not pose an integrity issue. The presence of acetylene welds in conjunction with
the potential for outside forces increases the likelihood of an event. Otherwise, the threat associated
with acetylene welds is considered stable.

Likelihood

Identifying pipe with potential to contain acetylene welds is relatively straightforward because this is
a feature that is typically well known to exist or not. Generally, any pipeline constructed with
welded joints from ~1915 through the 1940°s is likely to contain acetylene welds. The existence of
acetylene welds usually can be ascertained by reviewing original construction records and/or
historical maintenance and inspection records or exposing the pipe for visual inspection.

Mitigation

Mitigating against an event involving acetylene welds is a matter of ensuring that the pipeline is
adequately restrained against axial forces and movement or eliminating the potential for soil
movement altogether. Historically, acetylene welds do not pose an integrity threat in areas where
landslides, settlement, flooding and earthquakes are not an issue. Mitigation can take the form of
installing reinforcement sleeves over the acetylene welds, installing anchoring structures to eliminate
movement of the pipeline or installing geotechnical surface structures to prevent soil movement
and/or soil erosion which may cause external axial or lateral forces on the pipeline.

Activation

Heavy rains, floods, earthquakes, and other causes of earth movement can activate the potential
threat associated with the existence of acetylene welds.

Assessment

The flowchart shown in Figure 16 can be used to assess the potential threat due to acetylene welds as
follows:
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1. Determine date of pipeline
construction and whether or not
acetylene welds are known to exist.

Acetylene Weld Anomalies ‘

If the pipe is newer than 1950, the
likelihood that acetylene welds nat ’:;::Iyi?g::tﬁiﬁon Likelinood? Acetylene welds exist
. : . i or likaly to have been used
were used during pipeline or repairs
construction is relatively small.
Line restrained L ined
2. Ifthere is a likelihood that — st Mitigation? ~>— -0 e e or
acetylene welds exist, evaluate the movement e
restraint against pipe movement
and axial forces. If the line is No earthquakes,
: f—————— heawy rains,
adgquately restrained and/gr weld o flaoding
reinforcements have been installed,
the potential for acetylene weld oy Cotuakee, ”
. :n' i . E r L
related problems is small.
. . . r
3. [Ifthere is a likelihood that _
. No Increased Threat Increased Potential Threat
acetylene welds exist and the

acetylene welds have not been Figure 16. Flowchart for acetylene weld anomalies
reinforced and pipeline in these

areas is not anchored or restrained,

evaluate the potential for earthquakes, heavy rains, and other events that have the potential to
introduce large axial or lateral loads. If such events are likely, there is an increased risk due to
the existence of acetylene welds.

Mechanical Couplings

The last cause of failures due to historic fabrication or construction flaws considered involves
mechanical couplings used to join pipe. Early vintage pipeline construction (1890s — 1940) utilized
mechanical couplings to join the pipe ends, in conjunction with oxyacetylene girth welds®&-5 12,
Use of such couplings was typical for earlier construction in this period, and became infrequent
toward the end. While mechanical couplings are not frequently used today, the existence of
couplings alone does not pose an integrity issue. The presence of couplings in conjunction with the
potential for outside forces increases the likelihood of an event due to pullout or leaking induced by
severe misalignment. Such an event will typically manifest itself by the outside force causing a
disengagement of the pipe from the coupling. Otherwise, the threat associated with couplings is
considered stable.

Likelihood

Identifying pipe with potential to contain mechanical couplings is relatively straightforward because
this is a feature that is typically well known to exist or not. Generally, pipelines constructed in the
1920’s through the 1940’s are likely to contain mechanical couplings. The existence of couplings
can usually be ascertained by reviewing original construction records and/or historical maintenance
and inspection records.

Mitigation
Mitigating against an event involving mechanical couplings is a matter of ensuring that the pipeline

is adequately restrained against axial forces and movement or eliminating the potential for soil
movement altogether. Historically, mechanical couplings do not pose an integrity threat in areas
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where landslides, settlement, flooding and earthquakes are not an issue. Mitigation can take the form
of installing reinforcement sleeves over the couplings, which eliminates the potential for
disengagement, installing anchoring structures to eliminate movement of the pipeline, or installing
geotechnical surface structures to prevent soil movement and/or soil erosion, which may cause
external axial or lateral forces on the pipeline.

Activation

Heavy rains, floods, earthquakes, and other causes of earth movement can activate the potential
threat associated with the existence of mechanical couplings.

Assessment

Anomalies

Meachanical Coupling ‘

The flowchart shown in Figure 17 can
be used to assess the potential threat due

to mechanical couplings in much the echanical cousi
. echanical couplings . " N
same manner discussed for acetylene ot wsed In construcion < Likeiinoad? Mechanical couplings exist

We]ds as fol]ows' o repairs or likely to have been used
5 .

1. Determine date of pipeline - e Line not restrained
construction and whether or not awial foroes and against axial force or
couplings are known to exist. If the e T
pipe is newer than 1960, the
likelihood that mechanical couplings f—Nisﬂmr;.i?S @
were used during pipeline orflooding
construction is relatively small. Earthquakes,

2. Ifthere is a likelihood that B
mechanical couplings exist, evaluate r
the restraint against pipe movement Mo Increased Threat Increased Potential Threat

and axial forces. If the line is
adequately restrained and/or
coupling reinforcements have been
installed, the potential for coupling-related problems is small.

Figure 17. Flowchart for coupling anomalies

3. [Ifthere is a likelihood that couplings exist and the couplings have not been reinforced and
pipeline in these areas is not anchored or restrained, evaluate the potential for earthquakes, heavy
rains, and other events that have the potential to introduce large axial or lateral loads. If such
events are likely, there is an increased risk due to the existence of couplings.

Summary and Conclusions

This report has evaluated vintage pipelines in reference to the historical evolution of the natural-gas
pipeline system in the US, and the related evolution of steel and pipe making practices, and pipeline
construction practices to meet the needs of that system. The potential of anomalies in this system has
been characterized in reference to steel and pipe making practices, and pipeline construction
practices. The potential importance of such anomalies to system integrity was assessed in terms of
the response of anomalies to loadings experienced by pipelines. This analysis showed that the threat
posed depends on a number of factors aside from the presence of the anomaly — the most important
factors are the size, orientation, and severity of the defect, the mechanical properties of the pipe
material, and the imposed loads.
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Consideration of the characteristic defects in vintage pipeline systems and their possible impact on
pipeline integrity leads to a number of important conclusions:

The design properties of pipeline steels do not diminish with time or aging of the system,
there being no evidence to suggest pipe steels “wear out” — to the best of the authors’
knowledge, no failure of a natural-gas pipeline has ever been attributed to aging of the line
pipe steel.

Historic anomalies on vintage pipelines can be managed in reference to flowcharts developed
for the anomalies most likely to threaten pipeline integrity — guidance is provided to
determine when a defect may exist, conditions that can “activate” the defect, and practices
used to mitigate the potential threat.

Anomalies introduced in historic steel- and pipe-making practices used by a small subset of
pipe manufacturers, which have been tabulated to simplify their identification. Identifying
when and where pipe was produced can be helpful in determining the potential that a defect
is present.

The most significant anomaly is inconsistent weld seam quality, which is largely limited to
the use of certain welding processes, such as electric resistance welding and flash welding.

Anomalies due to historic fabrication and construction practices are generally associated with
certain girth weld practices and wrinklebends.

Mitigation practices, including pressure testing, ILI, and improved operational controls can
be effective in limiting growth of many historic anomalies.

The use of pressure testing, which began on a widespread basis in the 1960s, serve to expose
critical or near-critical defects and so can limit their significance.

Data for the vintage system indicate that the rate of reportable incidents per volume of gas
transported has gone down over many decades of service by as much as a factor of ten, even
though the average age of the pipe is increasing. A decreasing trend likewise exists in terms
of mileage, although not as dramatic. Thus, one could conclude the vintage system is viable
and does not pose a unique threat to pipeline system safety.

Historic pipe-body and weld-seam anomalies that have the highest potential to impact pipeline
integrity are summarized in Table 8 (below), along with an indication of circumstances where such
anomalies can develop. Flowcharts provided for each characteristic anomaly indicate when and
where it might become active and so pose an increased threat to integrity. Likewise, these flowcharts
indicate mitigation measures when needed that should provide adequate management of such
features when embedded in a comprehensive IMP.

Table 8. Potentially significant historic anomalies

Threats Under Normal Loading Threats Under Abnormal Loading

HSC at hard spots or arc burns

Other forms of seam weld cracking and variable

quality seam welds

Preferential weld corrosion

Wrinklebend cracking and corrosion Wrinklebend cracking

Girth weld cracking

Coupling failures
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Appendix A: Incident Information Considered
Four incident datasets have been used in this study®2'®. Of these, Reference 21 is viewed as
providing two distinct datasets with the demarcation beginning in 2002 and the introduction of much
more detailed reporting.

Databases

The first dataset was collected by the United States Federal Power Commission (FPC) at the
direction of the U. S. Senate®®. It covers incidents that occurred from January 1950 through June
1965% as reported by 63 natural gas transmission companies. This dataset covers onshore in-service
incidents and includes the year of occurrence, cause, injuries and fatalities, diameter, wall thickness
grade, pressure at the time of the incident, and maximum operating pressure. No information is
provided as to whether the consequence was a leak or a rupture. This dataset contains records from
1,067 incidents.

The second dataset was collected under the auspices of the U. S. DoT Office of Pipeline Safety
(OPS) and covers transmission pipelines and certain higher-pressure distribution mains from 1970
through mid 1984%*". This dataset contains reports from onshore incidents that met certain
minimum reporting requirements and occurred during service, during a pre-service pressure test, or
during a subsequent retest. The reporting requirements for this dataset are property damage equal to
or above $5,000 or an injury/fatality. While this dataset contains all the data fields included in the
FPC dataset, pipe diameter and wall thickness have only been reported for a limited number of
incidents. The dataset includes a data field on whether a leak or rupture occurred and the cost of the
property damage. In many cases, one or both of these fields were not entered. Data from 7,864
incidents are contained in this dataset.

The third dataset was also collected by the OPS®" and covers transmission pipelines and certain
higher pressure distribution mains during the period from mid 1984 through 2000. It contains both
onshore and offshore reportable incidents but no pressure test or retest data. The reporting
requirements for this dataset are property damage level of $50,000 or more or an injury or fatality.
This dataset contains the data fields in the earlier OPS dataset. Pipe diameter and wall thickness are
generally reported. Data from 1,318 incidents are contained in this dataset.

The fourth dataset was collected by OPS®" and covers transmission pipelines from 2002-2003. The
reporting requirements for this dataset are property damage level of $50,000 or more or an injury or
fatality. This dataset contains most of the data fields in the earlier OPS dataset, plus the causal
categories have been expanded permitting more in depth analysis. This information combined with
the new annual reports by OPS give a clear picture of the distribution of vintages of pipe in service.
As it is a recent change, few additional incidents are represented in this period.

Service data from failures are included in each dataset, but only one dataset contains data from pre-
service pressure testing or retesting. In-service, pre-service, and re-test incidents are fundamentally
different, and pressure test failures should be considered separately from in-service incidents.
Pressure testing subjects the pipeline to a pressure that is higher than seen during operations. Pre-
service pressure tests remove (fail) some anomalies that would not fail during service, and retests

*? These data were compiled from the results of a pipeline incident data questionnaire submitted to natural gas
transmission operators by the Federal Power Commission in 1966.
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remove anomalies that have already survived in service for a significant amount of time.
Nonetheless, these data were used to identify types and sizes of anomalies that did not cause in-
service failures. This data was also used to identify pipe mills that produced anomalies even though
they did not similar to those that failed in service.

Finally, additional data from pipeline failure analyses and investigations conducted by the authors,
proprietary data, and through public sources have been included to supplement the three incident data
sources.

Database Limitations and Implications

There are some limitations to each of the datasets used. These include

e Incomplete, incorrect, or missing root causes. For example, a number of incidents are attributed
to anomalies in the pipe body, but no additional information is given in the pre 2002 incidents to
determine the mechanism of failure (e.g., hydrogen cracking). Another example is an incident
that is attributed to the pipe body but the verbal description suggests a seam weld failure.

e Missing manufacturer data. Many records do not include information on the pipe supplier or the
year in which the pipe was made, although the other parameters describing the pipe can help limit
the number of manufacturers and the time it was produced.

e Variability in reporting requirements. In addition to the basic differences discussed above, some
companies reported incidents that it considered “significant” even though they did not meet the
other regulatory requirements, while others did not.

e Differences in service. Some incidents reflect gas transmission service, while others reflect
distribution main service or gathering service.

e Asnoted above, service data are included in each dataset, but only one dataset contains data from
pre-service pressure testing or retesting. In-service, pre-service, and retest incidents are
fundamentally different, and failures that occur during pressure tests should be considered
separately from in-service incidents. Pressure testing subjects the pipeline to a pressure that is
higher than seen during operations allowing a safety factor between the operating pressure and
the test pressure. So, pre-service tests remove (fail) anomalies with stable behavior that would
not fail during service, and retests remove these same anomalies that have already survived in
service if they have grown. Sometimes, the retest if conducted at a higher pressure level than the
original test and it might remove stable behavior defects that passed the original test, but are now
subjected to higher stress. Nonetheless, these data were used to identify types and sizes of
anomalies to differentiate pipe that is subject to particular material and construction behavior.

Because of the above-noted limitations, and others, comparisons between the datasets are best made
on a qualitative basis, and caution should be taken to not interpret the data in an absolute sense.
Moreover, because these datasets typically contain first-to-occur incidents on unique pipeline
segments each of which is operated slightly differently and is constructed at differing times of
differing materials, such data cannot be pooled and analyzed to characterize “the US pipeline
system”.

Other Data Sources Used

A variety of databases“’*” and analyses were used in this study to help in identifying flaw

characteristics and assessing failure modes. Included here are U. S. incident datasets from liquid
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pipelines and a number of international datasets. Also included were data for hazardous liquid lines
from the OPS®" and North American and European data obtained from reports published by the
Alberta Energy and Utilities Board“"?, the Canadian National Energy Board®", the Transportation
Safety Board of Canada®*%”, the European Gas Pipeline Incident Data Group®®, CONCAWE®**Y,
the United Kingdom Health and Safety Executive®®*”, and the United Kingdom Onshore Pipeline
Operators’ Association®®?),

These data and information sources listed above were reviewed but not used in the statistical
summaries because:

e Most do not contain information on the pipe manufacturer. As shown in this report, the
likelihood of historic anomalies in the pipe body and weld seam varies significantly with pipe
manufacturer.

e Some reflect foreign pipe manufacturers not commonly used to supply material in the United
States.

e Many (international) datasets reflect younger pipelines. Construction of a pipeline infrastructure
began sooner in the United States than it did in most other countries. As a result, data from other
countries may not cover the range of pipeline characteristics seen in U. S. lines.

e Some reflect different operating characteristics. For example, liquid pipelines typically have
larger pressure swings at higher frequencies than gas lines and are more likely to experience
fatigue. Including such data could make some causes, such as construction transportation
induced cracking, appear more significant relative to other causal types.

Other analyses of pipeline incident data were also reviewed. Included here are studies done for or by
the American Petroleum Institute®”, the New Jersey Institute of Technology®'**®, Gas Piping
Technology Committee®”, INGAA, the Gas Research Institute®, and EFA Technologies®*°”.

Other Information Sources Considered

In addition, the authors reviewed a large number of confidential failure reports, as well as published
failure analyses from around the world as part of this study. These reviews were used to provide
additional insight into the causes of pipeline incidents, identify characteristics of anomalies that have
led to failures, and identify the conditions under which anomalies are “activated.” Of particular note,
the authors reviewed:

e Reports by the U. S. National Transportation Safety Board (NTSB); from which 17 were selected
for further analysis of historic anomalies on steel transmission lines®®.

e Failure analyses conducted by the Transportation Safety Board of Canada, from which four were
reviewed in depth because they reflected historic anomalies'®”.

e A number of proprietary failure reports related to historic anomalies provided by pipeline
companies. (These reports are not explicitly identified other than by identifying where
conclusions are supported or not supported by the reports)

e Reports on individual historic anomalies, on topics such as transportation fatigue, hydrogen stress
cracking at hard spots, and ERW seam-weld defects!”.

e Studies of pipeline failures under unusual conditions, such as earthquake loading (see, for
example, studies conducted by Texas A&M University”"'?),



Some published failure analyses were located but not used in the study. Data from the former Soviet
Union and elsewhere in the world were not used because the analyses did not provide sufficient
information to shed light on the types or characteristics of historic anomalies that caused incidents.

Some Case-Specific Results

The FPC database and the several OPS databases facilitate trending failure rates for B31.8S Threat
Categories 4 and 5 (see Table 1) as a function of time period. Without normalizing failure rates are
found as follows:

Average number of incidents per mile 1950-1955 — 8.39 x 10™
Average number of incidents per mile 1956-1960 — 5.59 x 10™
Average number of incidents per mile 1961-1965 —3.88 x 10™*
Average number of incidents per mile 1998-2002 —2.27 x 10™

This shows even though the average age of the pipeline infrastructure is greater, the rate of reportable
incidents per mile is decreasing. Over the time interval for these data, the reduction is continuous,
with roughly a factor-of-three decrease evident. Such reflects the fact that the larger defects in this
population of line pipes fail rather quickly, eventually leaving an essentially dormant (stable) set of
anomalies. It also might reflect differences in service conditions and other factors, although from a
service perspective conditions are likely worse now as demand for gas continues to increase.

An alternative way to evaluate trends in failure rate is in reference to gas volume transported. The
failure rate in this context is as follows:

Average number of incidents per mmcf/year 1950-1955 — 1.46 x 107
Average number of incidents per mmcf/year 1956-1960 — 6.86 x 107
Average number of incidents per mmcf/year 1961-1965 —4.29 x 10
Average number of incidents per mmcf/year 1998-2002 —2.93 x 10

From these results one can conclude that the rate of reportable incidents per amount of gas
transported is decreasing over the time, even though the average age of the pipe is increasing. In this
format, the reduction is again continuous over the interval, with the decline in rate greatest early on
in service as would be expected if the quality of the line pipe introduced into the system was
improving over time, and the larger defects in this population failed rather quickly, eventually
leaving an essentially dormant (stable) set of anomalies. When viewed this way, the reduction in
incident rate is the order of ten-fold*.

3 There are many possible approaches to normalize such data. Two aspects complicate this. First, the amount of
system-related information differs over the time intervals represented, and second the data reported and the detail
and accuracy of reporting change over this interval. Given this, the significant observations include that the rate is
reducing over time, and the process appears to reflect continuing improvement.
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Appendix B. Low-Stress Pipelines

Because pressure drives both fracture initiation and fracture propagation! ¥, low-wall-stress
pipelines have different failure characteristics than pipelines operating at high stress levels®”.
Moreover, pressure is a key factor in determining leak versus rupture response in the event of
fracture initiation'”. Finally, the extent of thermal exposure depends directly on pressure*". For
these reasons, critical defect sizes are large in low-wall-stress pipelines, most failures will result in
leak rather than rupture. It takes a very large defect to initiate a leak or rupture and it is unlikely that
fracture will propagate. These differences significantly reduce the potential likelihood and
consequences of an incident for such pipelines in comparison to higher stressed pipelines.

This section considers differences between incident history and consequences for lower stress
pipelines relative to higher stress lines. For present purposes, low-stressed pipelines are defined here
as those lines that operate at 30% SMYS or lower.

Low-Stress Pipeline Incident Data

The three incident dataset introduced earlier were analyzed to assess the effects of operating pressure
on the frequency at which incidents occur and on whether the incident was a leak or a rupture. In the
FPC incident dataset, roughly seven percent of the sum of all incidents occurred on pipelines
operating at or less than 30 percent SMYS.**

Table B-1 summarizes the FPC incidents attributed to historic anomalies. A little less than three
percent of the incidents due to historic anomalies are from lines operating at or less than 30 percent
of SMYS. The number of incidents associated with manufacturing, fabrication, and construction
anomalies on low stress

pipelines is very quite small

relative to that for higher Table B-1. Low and high stress incidents attributed to
stressed lines. historic anomalies in the FPC 1950-65 database
Table B-2 presents a similar Number | Number
comparison based on the Cause <=30% | >30%
onshore OPS reportable SMYS SMYS
incident data between 1984 -

and 2000. For this Manufacturing Related:

comparison, the dataset was Defects in the Pipe Body 1 23

culled to include only

incidents attributed to historic Defects in the Seam Weld 3 101
anomalies on onshore steel Fabrication or Construction Related:

transmission p 1pe11nes: The Defects in Field Welds 1 88
number of manufacturing-

related incidents attributed to Construction Damage 1 22
historic manufacturing Total (All Threats) 42 1024

anomalies in low stress

pipelines is similar to that

* Unfortunately, the results tabulated in the databases considered here occasionally are not sufficient to calculate percent
SMYS for all incidents. Consequently, the results tabulated must be viewed as an indicator of the situation evaluated,
rather than exact measure.
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from the FPC, but the number of due to fabrication and construction incidents anomalies is
significantly higher.”® This may be the result of increased use of small diameter lines in low stress
service and difficulties associated with working around more heavily congested areas. Small
diameter lines are more difficult to weld in the field due to the rapidly changing orientation of the
weld itself. Conversely, the number of higher stress incidents is significantly less in the OPS data
compared to the FPC data. Incidents attributed to defects in the seam weld are significantly lower,
perhaps reflecting better
quality control and testing
requirements in the pipe mill. Table B-2. Low and high stress incidents attributed to
historic anomalies in the OPS 1984-2000 database
In Table B-2, most of the

incidents at stresses below 30 Number | Number
percent of SMYS are Cause <=30% | >30%
described as a “leak” or SMYS SMYS

“other” in the dataset, rather
than as a rupture. In several

cases, though, ruptures were Defects in the Pipe Body 10 38
indicated for which the length

Manufacturing Related:

Defects in the Seam Weld 0 26
was reported as zero or a
small length. A “no length” Fabrication or Construction Related:
incident is, by definition, a —
leak as the product lost Defects in Field Welds 9 14
through a short opening is Construction Damage 0 0
small. Only one of the 22

Total (All Threats) 242 744

reported low-stress incidents
corresponded to a true
rupture: a 40-foot long rupture. That is and as expected, the data indicate the most likely outcome of
an incident in a low stress pipeline is a leak.

Evaluations including burst tests were conducted by British Gas to support development of the
pipeline design requirements in IGE/TD/1, “Steel Pipelines for High Pressure Gas Transmission
The specifications of this standard confirm the expectation of a leak rather than a rupture in a
pipeline operated at 30% SMY'S or less.

»5(73)

In summary, very few incidents have been attributed to historical manufacturing defects in low-wall-
stress pipelines. The number of low-stress incidents attributed to historic fabrication and
construction anomalies is higher quite likely because construction of parallel pipelines in common
rights-of-way has activated the larger features. For incidents attributed to either type of historic
anomalies, leak are anticipated rather than ruptures®.

% The time periods covered by the OPS (16 years) and the Federal Power Commission (15 years) datasets are comparable.
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Appendix C: Metallurgical Aging Issues

Background

Time dependent degradation that can reduce pipeline integrity can result from threats such as
external corrosion or increased external loading that may cause growth of a pre-existing pipe or
construction related flaw. These aspects along with re-inspection intervals are considered in other
reports©€**? as outlined in B31.8S. Time-temperature dependent reactions within the steel also are
possible at sufficiently high temperature and can cause changes in steel properties under such
circumstances. Because the working stress design (WSD) philosophy adopted in the U. S. pipeline
design codes®#- 26 assumes that material design properties remain constant over the operational life
of the pipeline, the constancy of these properties is essential to assure long-term integrity. The
possible time-dependence of pipeline integrity is considered in this appendix.

Code-Based Design Parameters and Other Important Factors

Reference 8 outlines WSD as applied to pipelines. WSD is based on elastic response under design
conditions and is based on the long-recognized theory of elasticity, which is elaborated in detail in
many textbooks®#- ™. Key parameters in WSD include the stiffness (of the line-pipe steel), termed
the elastic modulus denoted E, and its specified minimum yield stress*’, denoted SMYS. For simple
uniaxial tension, the stress, denoted here S, and strain, denoted here e, under elastic conditions are
linearly related according to Hooke’s law, which has the form:

S=Eoe. (C1)

Thus, the elastic modulus, E, is a constant of proportionality between stress and strain and also the
slope of the stress-strain curve in the linear region. This modulus also defines the stiffness (or
rigidity) and so underlies the deformation resistance of a structure while the stresses are linear elastic.
Thus, stiffness issues in design are resolved by design modifications rather than by metallurgical
adjustments.

A design factor, DF, whose value is less than one!”” is applied to SMYS to provide a margin of
safety to ensure the response remains elastic in service. On this basis, the maximum design stress
(MAS) is defined as:

MAS = DF o SMYS . (C2)

Design factors whose value is less than 1.0 are specified to ensure the maximum stress in the pipe
during operation remains safely within the elastic (linear) regime. The DF provides a margin of

safety against unexpected or unusual loading as well as the presence of anomalies. Early pipeline
designs used a single design factor’®, while later designs (e.g., 499CFR192) used three as follows:

e A class-location factor that accounts for population density near the line and ranges from 0.4 for
pipelines in heavily populated areas to 0.72 for lines in less populated or rural areas;

%6 See Reference 75 for the history and evolution of the U. S. codes since their initial appearance as consensus standards in
1935 and Reference 77 for discussion of related design factors.

*7 The term strength is typically used, which is a misnomer as strength has units of force whereas units of force per unit
area are appropriate. As such units define stress it is used here in lieu of strength. The yield stress is defined in
reference to permanent deformation, and typically is evaluated at an offset plastic strain of 0.002 or a total strain of
0.005. For details see Reference 8 or related textbooks.
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¢ A longitudinal joint factor that accounts for seam welds that had a higher flaw frequency and
ranges from 0.6 for early welding processes to 1.0; and

e A temperature de-rating factor, that applies for operating temperatures above 250 F (uncommon
because gas transmission pipelines typically operate at 140 F and less).

Pipeline integrity also can involve material properties other than those associated with WSD.
Parameters other than those involved in design become important when the pipe wall thickness
specified in accordance with WSD is diminished locally because of corrosion or the presence of an
anomaly. Parameters potentially important in such situations center around fracture resistance that is
needed for fracture control.

For pipeline applications, the toughness required for resistance to fracture initiation and propagation
has been typically specified in terms of Charpy V-Notch energy®”. With respect to fracture
propagation resistance, the relationship of the ductile-brittle transition temperature (DBTT) to the

pipeline operating temperature is also a concern®®.

Strain Aging Processes

Several types of metallurgical aging processes can occur. With respect to pipeline operating
conditions, the major concern is strain aging that can occur during or after application of a plastic
strain. Strain aging that occurs during plastic straining application is described as “dynamic strain
aging”"® and aging after strain application is referred to as “static strain aging”®**®". Either type of
strain aging could occur in a pipeline, but dynamic strain aging would favor lower strain rates and
typically higher temperatures that facilitate high rates of diffusion that are the order of the strain rate.
In gas pipelines, room temperature aging is the primary concern for most of the pipeline, however
near a comgressor station discharge, higher temperatures can exist, but are typically bounded above
by ~140 F.

In line pipe, the plastic strain necessary to promote strain aging can result from several sources.
During steel and pipe manufacturing, this includes lower temperature steel rolling, pipe forming, and
local flow associated welding residual stress. Typically, the plastic strain level introduced during
pipe forming is in the range of 1 to 2 percent for pipe with a diameter to thickness ratio between 50
and 100. Cold expansion is used for pipe sizing during some pipe manufacturing processes can
introduce an additional 1 percent of plastic strain. Thus, pipe forming typically involves plastic
strain levels of 2 to 3 percent. Plastic strain during construction can occur from welding (localized)
and cold field bending. The plastic strain from cold field bending at 1.5 degrees per diameter is
1.3%. During operation, the likely sources of plastic strain are deformation from outside forces and
mechanical damage, which in cases where the strains are large usually leads to replacement of the
line pipe.

It should be noted that the strains resulting from pipe manufacturing and construction are not all
applied in the same direction. Following strain aging, the response of steel to strain can be affected
by the direction of the additional applied strain with respect to the pre-strain. This is discussed in a
following section.

** See Reference 17 for detailed discussion of the several parameters involved in characterizing fracture resistance.

* Tabulations of discharge temperatures for early SCC incidents™ indicate temperatures less than this level were
essential to avoid widespread SCC (high pH SCC is accelerated by temperature). This led to the use of after-coolers and
controlled compression to keep temperatures below this level for many gas transmission systems. For this reason, 140 F
can be taken as an upper bound to discharge temperatures.
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General Effect of Strain Aging on Steels

Strain aging is a process that consists of plastic pre-strain and time period at an ambient or elevated
temperature. Dislocations created during plastic deformation become locked or pinned due to the
diffusion and concentrations of interstitial solute atoms (i.e., carbon, nitrogen) to the dislocations.
Dislocations are effective nucleation locations that promote solute precipitation and impede
additional dislocation movement. When dislocations become locked, an increased applied stress is
required to further deform the material.

Strain aging has been described as a four step process®**%_ Step 1 involves the migration of solute

atoms to dislocations effectively reducing their mobility or locking them. The quantity of solute
atoms affecting dislocations increases and precipitates form on the dislocations during Step 2. The
size of these precipitates increase in Step 3 and over-aging occurs in Step 4.

Material property alteration occurs during the different steps of the strain aging process. Table C-1
summarizes these effects. The aging step shown in Table C-1 indicates the stage during the strain
aging process when the effect begins to occur. Typically, a yield strength increase, a ductile-to-
brittle transition temperature (DBTT) shift to a higher temperature, and increased hardness are
among the first detectable effects. Other changes including an ultimate tensile strength increase and
an elongation to fracture change occur during later steps in the process. Unlike the other effects
shown in Table C-1, elongation to fracture data indicate a variation of the change resulting from
strain aging that can range from an increase to a decrease®*®, but in either case the effect is not
strong.

Table C-1. Aging effects
Property Effect Aging Step
Lower YP elongation (Luders) Increase 1
Hardness Increase 1,2
YS Increase 1
UTS Increase 23
DBTT Increase 1
Elongation to fracture Increase/Decrease 3

Other design related properties including the Charpy V-Notch energy absorption for a 100% shear
fracture decreases during strain aging. None of the strain aging literature reviewed indicated any
influence on the elastic modulus®**!#3:57),

The two main solute atoms typically contained in steels that influence strain aging are carbon and
nitrogen. Both carbon and nitrogen influence strain aging behavior since they both have a high
solubility in ferrite, a high diffusion coefficient, and can readily restrict or prevent dislocation
movement. At lower temperatures (< 212 deg. F), free nitrogen is the primary solute atom
contributing to strain aging. This is due to the fact that at lower temperatures, nitrogen has a greater
solubility in the ferrite matrix than carbon. Since the maximum operating temperature of gas
pipelines is 140 F or less, nitrogen would be the primary solute affecting strain aging.

Above 212 deg. F, carbon starts to play a role. Carbon can induce strain aging in steels at
temperatures above 212 deg. F and may have an effect at lower temperatures depending on the prior
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thermal history of the material. Very low levels of free carbon or nitrogen are sufficient for strain
aging to occur and higher levels will result in an increased response®*#!57:8%),

Alloy additions that tend to form stable nitrides (Al, Ti, and B) reduce the amount of free nitrogen
within the matrix thus reducing strain aging propensity at lower temperatures. Other alloying
elements such as V and Nb form stable nitrides and carbides that reduce both the free carbon and
nitrogen. If a sufficient quantity of these elements are present, the levels of free carbon and nitrogen
are reduced to the point that the strain aging propensity becomes limited but is not totally
eliminated®*>, Research has indicated that other typical steel alloying elements including silicon
and manganese, under certain conditions, can retard strain aging®**".

Considering the impact of typical steel alloying elements, strain aging response can also be related to
the steel manufacturing method. Steels that have been incompletely or partially deoxidized are more
susceptible to strain aging while fully deoxidized and microalloyed steels tend to be less susceptible.
Aging susceptibility can be related to the degree of deoxidation treatment and alloying additives in
the steel being manufactured. The strain aging susceptibility of several steels used for pipe
production is shown in Table C-2 below. They are listed in order of decreasing strain aging

tendency®**?,
Table C-2. Steel strain aging tendency
Rank Type of Steel
1 Rimmed steels
2 Semi-killed steels
3 Silicon killed steels
4 Aluminum killed steels
5 Silicon-Aluminum killed steels
6 Killed Microalloyed steels (HSLA)

Literature on strain aging research frequently includes data from evaluations of rimmed steels. For
pipeline applications, rimmed steels are not of particular interest. Rimmed steels contain little
soluble Al or other nitride formers leaving most of the N in solid solution thereby available for strain
aging. Therefore, they tend to be most susceptible to strain aging.

The other steel types shown in Table C-2 have been frequently used for line pipe steel production.
Historically, most Grade B through Grade X56 pipe was manufactured from semi-killed steels that
typically contained limited amounts of deoxidizers and other alloying elements with resultant higher
levels of free solutes. Grade X60 and higher strength line pipe were typically manufactured from
killed microalloyed steels that were deoxidized with either silicon, aluminum, or a combination of
silicon and aluminum. Silicon killed steels are deoxidized with silicon that can also combine with
nitrogen under certain conditions and retard strain aging. Aluminum is a commonly used deoxidizer
and also a nitride former thus it reduces the level of free nitrogen®®.

HSLA steels are susceptible to strain aging and exhibit many of the same aging characteristics as
plain carbon steels. These steels are typically produced by controlled rolling and cooling and contain
additions of V, Nb, Ti, and other elements for development of higher strength through solution and
precipitation hardening mechanisms. It has been found that strain aging activation energy for HSLA
steels is higher than for killed or semi-killed steels so strain aging occurs at a slower rate. It should
also be noted that in addition to HSLA steels, other steel types shown in Table C-2 including some
semi-killed steels that were produced in the mid 1960s and later may have also contained Nb or V
additions or both®*%7-91-92),
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In addition to the effects of steel composition discussed above, other variables including the pre-
strain direction and level, aging temperature, and prior material condition can influence strain aging
response. The relationship of pre-strain direction prior to aging to the direction of any additional
strain does affect material response. A material pre-strained, aged and then loaded in the same
direction will exhibit a comparatively rapid return of the lower yield stress. Where the same material
is pre-strained in compression or in tension perpendicular to a subsequently applied strain, the lower
yield stress return is delayed. However, other properties including ultimate tensile strength and
elongation are not affected by this strain direction relationship. It has also been shown that amount
of tensile pre-strain (on the order of 2-7%) does not have a significant effect on that amount of yield
strength increase®**>.

Data from strain aging evaluations have indicated that steel property modifications can result from
straining and aging. Pre-strain prior to aging can cause a significant proportion of the total change.
This includes a significant fraction of the DBTT shift to higher temperatures that occurs in plain
carbon and HSLA steels®**3),

Strain Aging Results for Steels

Different test procedures have been used to evaluate the extent to which strain aging occurs including
impact tests (Charpy V-Notch and similar), hardness tests, and tensile tests. Strain aging experiments
often are conducted at elevated temperatures and high pre-strain levels to accelerate the process.
These temperatures are often well above those experienced in operating pipelines. The results of
such evaluations can be equated to lower aging temperatures and equivalent aging times. Methods
have been developed based on the Arrhenius relationship to permit such comparisons under certain
conditions®**?,

Two of the methods that can be used to equate the results of strain aging evaluations to lower
temperature equivalent aging times are shown as Equations C3 and C4. Equation C3 is only
applicable to rimmed or plain carbon steels and should be used to predict the effect of aging
temperature after application of a defined pre-strain. It is also based on the assumption that nitrogen
is the major active solute and that the solute concentration does not change with temperature.

Also, Equation C3 does not account for the effects of carbon that can contribute to the aging effects
at temperatures greater than 212 deg. F. Strain aging response estimates from tests conducted at
higher temperatures can be a combination of nitrogen and carbon diffusion and precipitation.
Therefore, the strain aging response indicated by such data may represent a more extreme effect
when compared to typical pipeline operating temperatures®**>.

: T
log(?) - 4000[<%)—<T1)}—log(f> ©)

where: t. = Equivalent aging time at lower temperature
t = Time at aging temperature
T, = Lower or room temperature (K)
T = Aging temperature (K)

For other steels with different strain aging activation energies, similar equations have been proposed
to equate different temperatures and times required for aging following a pre-strain. For instance,
Equation C4 has been proposed for application to HSLA steels as follows®?:
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l0g(3) - 7500[(%) - (%)} (C4)

Equation C4 is valid up to 400 F aging temperatures and the definitions of terms are as described
above for Equation C3.

Evaluation of Strain Aging Data

Strain aging data from the literature has been reviewed and evaluated to determine trends and
illustrate the expected effects on pipeline integrity. The available data represent a wide variety of
carbon steel materials subjected to various strain aging treatments. This review has focused on data
illustrating the performance of carbon steels subjected to pre-strains less than 5% and lower
temperature aging conditions, as these are more representative of strain aging in operating gas
pipelines.

An evaluation described in Reference 94 included data from a semi-killed, low carbon steel that was
partially deoxidized with silicon. The material was pre-strained between 2.3 and 18.5% followed by
aging at 250 deg. C for one hour. Although the aging temperature is high in reference to any gas-
transmission pipeline, the lower end of the range of pre-strains considered is similar to that for line
pipe. Figure B-1 illustrates the variation in yield and tensile strengths due to a 2.3 to 9.25% pre-
strain and pre-strain plus an aging treatment. The yield and tensile strengths shown at zero percent
strain represent the initial material properties. These data illustrate one example where the pre-strain
accounted for all of the yield and tensile strength increase shown. Straining plus aging resulted in a
slightly decreased response.

The effect of long term aging (21 years) at room temperature on an aluminum killed steel following a
0.5% temper rolling treatment was described Reference 95. The results of this work have been
summarized in Figure B-1. Very little yield strength, tensile strength, or hardness variation occurred
over this period. In this case, the
percent elongation (not shown)
increased slightly during this
period. Other data reviewed, 50
however, have demonstrated that
the change in percent elongation
does not exhibit a consistent trend,
nor is there evidence of a
significant effect®®.

60

40

30
// —+ Yield Stress + PS

Ay —= Tensile Stress + PS ]

One of the more extensive
evaluations of line pipe steel strain
aging behavior was conducted by

United States Steel® (USS). The ---+--Yield Stress + PS +Age
objective of this evaluation was to 10 .-m--Tensile Stress + PS + Age | |
determine the effects of heating
cycles from application of fusion 0 ' ' L L
bonded epoxy coatings on line 0 2 4 6 8 10
pipe. A 3% pre-strain was used to Strain (%)

simulate the pipe manufacturing
induced plastic strain in large
diameter double submerged-arc
welded (DSAW) line pipe formed

Yield & Tensile Stress (ksi)

Figure C-1 Strain aging data compiled
from Reference 94
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by the U-O-E* process®®.

Except for a rimmed steel, the USS evaluation included the different types of steel listed in Table C-
2. Seven fully killed and semi-killed steels with several containing microalloying elements were
included. Steels were finished in the hot rolled condition (1800F) and two controlled rolling
schedules using 1550 or 1330 F as a finishing temperature. Aging was conducted at 250 F and 475 F
(0.5 hr.) with the latter temperature included to simulate fusion bonded coating applications. Data
collected included yield strength, tensile strength, elongation, reduction of area, Charpy vee-notch
(CVN) upper shelf energy (USE), and Charpy 50% shear area transition temperature (SATT)®®.

Figures 3 and 4 present comparable sets of data generated as part of the USS study that indicate the
extent of aging effects on

steel, including those used in 50

vintage pipelines. Figure 3 45

presents results for a semi- m ﬁ:iﬁﬂ

killed plain carbon steel % 40

while Figure 4 presents E 35

results for a Si-Al killed o Room temperature data

steel. In all cases results for T 30

the as-rolled (AR) condition T 25 pme e e,

are contrasted to the effects ol

of pre-strain, whose effect £ 20

on steel fracture resistance = 15

characterized by several ‘Eﬂ 10 —— Y8 ]
different resistance measures L = TS

is well known, as is the o 5 —— HRB [ |
effect of pre-strain on 0 . . -

integrity and integrity

management of pipelines’". 1 10 100 1000 10000
Thereafter, the effects of Aging time (weeks)

aging are presented in
contrast to unaged, with
results presented for aging
aging at either 250 F or
475 F*.

Figure C-2. Room temperature strain aging data compiled from
Reference 95

The results in Figure C-3a illustrate the dependence of yield and tensile strength changes the semi-
killed plain carbon steel finished by hot rolling at 1800 F. This figure contrasts the as-rolled (AR)
condition to pre-strain without aging, and then following aging at either 250 F or 450 F. The tensile
stress was essentially unaffected by pre-strain or after aging. The yield stress can be seen to increase

3% The “U-O-E” process indicates a particular pipe manufacturing method typically used to produce DSAW pipe. Plate is
formed into a “U” shape, then into a cylinder (“O-shape”), welded, and then cold expanded (“E”).

*! See for example the extensive references cited in Reference 5 or Reference 19, and the related discussion.

%2 Aging in reference to 250 F involves a temperature well beyond that encountered in gas transmission pipeline service.
As noted earlier herein, a temperature of about 140F can be considered an upper bound for such service after the late
1960s when the tie between higher service temperature and SCC was identified. Before then, compressor discharge
temperatures as high as 170 F had been recorded, with slightly higher temperatures being plausible. As such, results for
250 F or 450 F are of academic interest in reference to accelerating the effects of aging, which was the focus of such
research.
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due to pre-strain and thereafter to 100

a lesser extent due to the 90 Semikilled - Hot Rolled
subsequent aging even for the - . e
higher temperature. =
—_—
The variation of Charpy USE and E 70 /./’/_—
50% SATT for the same semi- * 60 /
killed steel are shown in £ 50 .
Figure C-3b. A reduction in § 40
Charpy USE is evident due to the &
effects of pre-strain that accounts =
for more than half of the overall 20 St
reduction when the effects of 10 el
aging are included. This . . .
difference in energy is of the 0 _
same order as the typical AR 3% Strain 3%+250F 3%+475F
variability in this parameter Condition
within a joint of pipe so such a) variation in yield and tensile stress
differences are not of great 90
practical significance. The . Semikilled - Hot Rolled =
Charpy 50% SATT increased b 80 //
somewhat beyond that due to E 70
pre-straining, but again such 3 =) /
differences are not of great :% =
practical significance in contrast T 80 .
to variability within a pipe joint. % 10 \\_.\ .
All steels evaluated that are £ o
typical of those available for use w
in vintage pipelines show trends 2 20 Sl CH
in yield and ultimate stress < 10 —+—50% SATT
- 0
comparable to those shown in
Figure C-3a. While similarities 0 ' ' '
exist in stress response with pre- AR 3% Strain 3%+250F 3%+4T5F
strain and aging, significant Condition

differences are evident in the
fracture resistance in comparison
to that in Figure C-3b. This is
evident in Figures C-4a and C-
4b, which present results from a Si-Al fully killed steel included in the USS evaluation.

b) variation in CVN properties
Figure C-3. Effect of aging on a semi-killed steel

Comparing the trends in Figures C3a and C4a indicates that the tensile stress for both is largely
independent of thermal or mechanical history. The yield stress for the controlled-roll steel shows the
expected effects of strain hardening, as evident in the increase due to the pre-strain. Aging results in
a further beneficial increase in the yield stress as compared to SMY'S.

As shown in Figure C-4b, Charpy USE changes little in reference to typical scatter in a joint of line
pipe, while the Charpy 50% SATT shows an increase with pre-strain, with the subsequent aging
having less effect. But, regardless of the change in SATT, the temperature remains well below
typical service temperatures for cross-country pipelines.
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Figures C-3 and C-4 represent
two of the seven steels included
in the USS study and of these
reflect two of the six rolling
schedules considered. To better
capture the influence of aging on
properties important to design
and integrity the results of all
seven steels in each of the three
rolling schedules have been
evaluated. The USS study
included results for yield and
tensile stress in addition t o
elongation, reduction in area,
CVN USE and CVN 50-percent
SATT?’. Of these parameters,
yield stress is central to pipeline
design, while elongation or
reduction in area, serve as
measures of fracture initiation
resistance as can CVN USE via
correlation to parameters like J-
integral, and CVN USE and
CVN 50-percent SATT serve as
measures of fracture propagation
resistance.

The yield stress as well as the
tensile stress for all cases
behaved as the trends shown in
Figures C-3 and C-4. Inno case
was the yield stress after pre-
strain and aging less than the
initial yield stress, and in most
cases the resulting yield stress
after this history was
significantly larger than the
initial value.

Results for elongation, reduction
in area, CVN USE and CVN 50-
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Figure C-4. Effect of aging on a Si-Al killed steel

percent SATT are somewhat more complex in their behavior such that figures are used to represent
these trends. As the tendency for elongation and reduction in area are similar as anticipated, only
data for reduction in area are presented. Figure C-5 presents these results in terms of the cumulative
distribution of percent reduction, CVN USE, and 50-percent SATT in parts a through c respectively.
Each part of this figure presents the cumulative frequency on the y-axis and the corresponding
parameter value on the x-axis. In each case the figure contrasts the result after the pre-strain to the

33 That modulus is not considered points to their awareness that it is independent of such effects over their range of interest

C-9



corresponding result after the hold- e |
time at 250 F, which represents the on % RA L., ==
influence of the thermal aging. 2 8o | T °
Results for the pre-strain condition = + o

prior to aging are shown as the open =§ 6o |- }

squares in each view, while the o a5 -

results after the hold at 250 F are E ol -

shown as the + symbols. The result E a " o PS =3%
after the hold at 250 F is used for 20 | . + PS+250F
this comparison rather than the data OO )

for the hold at 475 F as the lesser of . o '

these temperatures is an upper bound 50 52 54 56 58 60 62 64 68 &8 7O

: . Reduction i %
to the circumstances that might eauctionh area

occur in pipelines. a) on percent reduction in area
Figure C-5a presents the resu}ts for T awmem— ]
percent reduction in area, which here on CVN USE I
serves as a surrogate for fracture 2 0 b L, @ e
initiation resistance. In the formatof & =
this plot, values of area reduction 2 e L
that are less than that prior to the § a
hold time indicate a reduction in § 10 F =
resistance to fracture initiation. In E o PS=3%
many cases the result is unchanged © a0 | +PS+250F
by the aging, while in others it °
increased or decreased slightly, the ) e
extent to which is magnified for this 0 10 20 30 40 50 60 70 80 90 100
figure by the selection of the scale b EH’N U%‘géﬂ-'m
that begins at 50 percent. As the ) on Charpy
variation shows no clear trend and ] ]
the scatter is the order of that typical 100 |1 Assessing the ffect of aging P
in this parameter, the data do not - .
indicate aging has a detrimental % or L9
influence on fracture initiation 2 e L a .
resistance assessed in terms of this ® o
surrogate. £ w |

£ O 0O O o0 5 @
Consider now Figure C-5a which S oL S
presents results for CVN USE, or S AL ki
which can serve as a surrogate for o s~ L

fracture initiation resistance, and is a
measure of fracture propagation e
resistance. In the format of this plot,

values of CVN USE that are less , c)on 50-perce.nt SATT

than that prior to the hold time Figure C-5. Effect of aging on seven steels
indicate a reduction in resistance to

fracture initiation. The figure shows

that in many cases the result is unchanged by aging, while in others it increased or decreased slightly,
the extent to which is well within the scatter typical of this parameter. As the variation shows no
clear trend and the scatter is the order of that typical in this parameter, the data do not indicate aging

-100 80 60 -40 -20 1) 20 40 60 80 100

C-10



has a detrimental influence on fracture initiation resistance assessed in terms of this surrogate, or
fracture propagation resistance.

Finally, consider Figure C-5c¢, which presents the results for 50-percent SATT, which here is an
indicator of possible change in the ductile to brittle fracture that serves as an indirect measure of
fracture propagation consequences. In the format of this plot, values of SATT that are greater than
that prior to the hold time indicate an increased tendency for brittle fracture in situations where the
actual SATT lies above the pipeline’s service temperature. In some cases the result is unchanged by
the aging, while in others it increased slightly by as much as 20 F, although at the higher transition
temperatures the shift appears to be diminishing. In the transition regime, a shift of up to 20 F lies
within the range of variability in this parameter. More importantly, while the variation does show a
trend that leis within the scatter typical in this parameter, the data do not indicate SATT whose level
lies at or appreciably above the service temperatures of cross-country pipelines. Consequently, its
influence on fracture mode is not practically significant.

In summary, the results for the comprehensive USS steel study of aging effects leads to similar trends
across the full range of steels and rolling schedules considered, as follows:

Yield strength increased with pre-strain,

Pre-strain alone accounted the same incremental increase as due to aging, or more,

Tensile strength either remained essentially constant or increased slightly,

The CVN USE was largely invariant for aging at 250 F, but tended to decrease at 475 F,

The CVN 85% SATT increased, but even then was below the operating temperatures
experienced in cross-country pipelines,

e Ductility was largely invariant of aging at 250 F.

Effect of Strain Aging on Integrity

The strain aging data reviewed indicate that pre-strain and aging do affect the properties of line pipe
steels typical of those used in vintage pipelines. Changes in three properties have a potential impact
on fracture initiation and propagation, the data trends show increase in DBTT, and a decrease in both
CVN USE and elongation to fracture. The reason for concern over these changes lies in the fact that
fracture control depends on these parameters. Consequently, where fracture control plans have been
developed for vintage pipelines, the values CVN USE and DBTT used to establish the required
toughness to provide for fracture initiation and propagation resistance of line pipe are diminished
somewhat by aging. While a potential concern, fracture control did not become a design
consideration until the advent of fracture mechanics, which in a practical context for many structures
dates to the 1970s. Significantly, even today most pipeline codes don’t require fracture control plans.
On this basis, a change in such parameters compared to their design requirements is a moot point for
vintage pipelines.

While fracture control plans are not an issue, a consequential decrease in fracture resistance is a
factor for vintage pipelines. Because quasi-static or dynamic fracture initiation is the necessary
precursor to propagation, preventive measures and adequate fracture initiation resistance are central
in reducing the chance propagating fracture could occur. Of the parameters characterized, no
measure or surrogate for quasi-static initiation resistance was found to be degraded due to aging at
250 F, which is an upper bound to temperatures that might be experienced in pipelines. Given that
initiation is minimized by toughness levels that maximize pipe defect tolerance, the likelihood of
fracture propagation is likewise minimized.
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As noted above, initiation resistance characterized in reference to both ductility (reduction in area)
and CVN USE were both invariant of aging at 250 F. Therefore, in reference to fracture initiation,
strain aging can be anticipated to have a minor effect if any. Likewise, as CVN USE was invariant of
aging at 250 F, there is little change anticipated in susceptibility to fracture propagation due to aging.
The observed increase in CVN 50% SATT was small, but even after this change was typically less
than the operating temperatures experienced in cross-country pipelines, which again indicates that
aging has little practical significance in reference to fracture mode.

It follows that aging constitutes a comparatively minor influence, with any change due strain aging
being a second order effect with little practical influence on fracture initiation and propagation
behavior. Consistent with this, the authors are not aware of any pipeline failure attributable to strain
aging effects on an in-service gas transmission pipeline.

Modulus of Elasticity

As noted earlier in reference to Equation C1, the elastic modulus is central to pipeline design. The
value of this modulus is determined by atomic binding forces and the crystalline structure of the
material involved, which is steel for the vintage transmission system. These binding forces and
crystallography cannot be changed without modifying the basic nature of the steel. For this reason,
within a given class of materials such as steel the elastic modulus is among the most microstructure
invariant mechanical properties. It can be marginally affected by alloying additions, heat treatment,
and cold work. Other factors including crystallographic defects such as vacancies, dislocations, or
polycrystalline features like grain size also have a minimal effect on the elastic modulus®®*®.

Depending on their concentration, alloy additions in solid solution with alpha iron can either increase
or decrease the elastic modulus. However, at the levels typically used in steels, such changes are
minimal. For instance, heat treated alloy steel may have a higher elastic limit and yield strength but
the elastic modulus is the same®®*'%?.

In single crystals and small aggregates of crystals the elastic modulus varies with crystallographic
orientation and structure. For example, if the elastic modulus is determined along different
crystallographic directions, different values will result that range from about 18 to 41x10° psi in iron.
The typically used steel elastic modulus value for steels (i.e., 30 x 10° psi) represents an averaged or
mean value of a randomly oriented polycrystalline structure'*"'%%,

One of the most significant factors affecting the elastic modulus is temperature. The elastic modulus
decreases with increasing temperature but within the typical natural gas pipeline operating
temperature range (40 deg. F to < 140 deg. F), it is essentially constant. Figure A-5 illustrates the
variation of elastic modulus based on data typical set for a structural steel. It was evident from the
literature reviewed that elastic modulus determinations have been made using a variety of static and
dynamic methods. This has contributed to the variation of values reported®”-'*?.

Summary

This review indicates that strain aging can affect material properties whose detrimental effects occur
at aging temperatures well above that experienced on operating pipelines. Trends developed in a
comprehensive evaluation of seven steels each involving three rolling schedules led to the following
trends:

e Yield strength increased with pre-strain,
e Pre-strain alone accounted the same incremental increase as due to aging, or more,
e Tensile strength either remained essentially constant or increased slightly,
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e The CVN USE was largely invariant for aging at 250 F, but tended to decrease at 475 F,

e The CVN 85% SATT increased, but even then was below the operating temperatures
experienced in cross-country pipelines, and,

e Ductility was largely invariant of aging at 250 F.

These results lead to the conclusion that aging is unlikely to be a factor in the performance of vintage
pipelines.

Regarding design parameters that underlie WSD as used for pipelines, this review indicates that
strain aging does not adversely affect the design basis, as follows:

e The elastic modulus remains a constant for normal gas pipeline operating conditions, and,

e The yield strength increases with aging during the initial steps and may decrease later in the
process but not below initial levels.
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Appendix D: Historic Steel- and Pipe-Making Processes

As noted in the background section, anomalies that lead to the threats addressed by this report
include manufacturing-related and welding/fabrication-related features. This appendix considers
historic steel and pipe-making practices, and where appropriate describes the types of anomalies they
produced.

Steel-Making Processes

Pipe steels have been made using a variety of steel-making processes as outlined on the timeline in
Figure D-1. Steel-making processes affect the steel’s grain structure and the presence and location of
impurities or undesirable constituents

Steel manufacturing in the United States began with the introduction of the Bessemer process in
1865. Pipe manufacturers began using Bessemer steel for production of butt welded, lap welded, and
seamless pipe. Introduction of the open hearth steel making process quickly followed (1870s-1880s)
and evolved as the primary steel producing method in the world in the early 1900s. These
developments were followed by other processes including electric furnace and basic oxygen
processes. Electric furnace
steel production began between
1900 and 1910. In the mid
1950s, basic oxygen steel
making was implemented, and N 3

by 1969 accounted for nearly I

half of the annual steel el R
production.

< Historic Modern @ —0

Bessemer

. . Electric Furnace
The major steel manufacturing

processes used for steel

; . ) Ingot Casting

production for line pipe :
applications through the 1960s Continuous Casting
included the open hearth, basic
Oxygen, and Bessemer E Controlled Rolling
processes. Some electric :

. : Accelerated Cooling
furnace steel was used for line : —

pipe in limited quantities. Prior
to the 1960s, ingot casting and :
hot rolling were typically used Microalloying
to produce plate and skelp®* for
line pipe production. Partially i i i I T T ; T T T T

. . 35 . .
deoxidized™ (semi-killed) and 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
fully deoxidized (killed) steels

Alloying for Strength
) :

Figure D-1. Steel production history

** Skelp, as used in this report, refers to a continuous strip of steel that is coiled by the steel maker. For pipe, the skelp is
unrolled and either cut followed by forming and welding or formed and welded in a continuous process, then cut to
length.

** Oxygen in combination of other elements forms nonmetallic inclusions, which are considered impurities. Sulfide
inclusions were also common.
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were used for line pipe production. Depending on the steel deoxidation practice used, ingot
structural soundness varied. During the same period, higher yield strength materials began being
used for line pipe. The primary method for producing higher strength steels was increased alloying
element contents (typically carbon and manganese), which tended to reduce the weldability® of the
material based on the welding techniques in use.

Pre-1960 steels have higher residual impurity levels and more frequent internal anomalies than later
steels. In many cases, these impurities are aligned in planes that are parallel to the pipe surfaces.
Impurities are not necessarily detrimental to pipeline integrity, but they can act as initiation sites for
some forms of corrosion or cracking.

In the 1960s and into the 1970s, major steel manufacturing and plate/skelp rolling improvements
were implemented. Microalloyed steels with additions of niobium, vanadium, and other elements
coupled with improved steel rolling practices (controlled rolling) and improved impurity controls
(desulfurization, inclusion shape control, vacuum degassing) resulted in “cleaner” steels with higher
yield strengths, increased toughness levels®’, and improved weldability. This allowed engineering
specifications for newer pipe to change. Continuous casting began to be used in the same time
period, further improving steel quality and providing more efficient production.

Additional steel manufacturing developments occurred in the 1970s and 1980s through control of
steel microstructures, additional rolling method improvements (accelerated cooling), and chemical
additions. These methods have resulted in pipe with higher yield strengths (stronger pipe for the
same wall thickness), fewer impurities, and improved weldability. More sophisticated steel
manufacturing controls and improved nondestructive inspection systems have also resulted in a
reduction of steel related anomalies found in modern line pipe!'®'?7.

In summary, vintage steel-making processes produced steels that are more likely to contain
impurities and internal anomalies than modern steels, but these are not necessarily detrimental.
Weldability of vintage steels varies and is typically less than that of modern steels. By the 1960s,
and into the 1970s, steel manufacturing matured to the point where these improved steel materials
were routinely available for pipe production. Steel production processes included the controls to
limit inherent impurities and reduce alloy levels to consistently produce higher specification steels
with improved weldability.

Pipe-Making Processes

Pipe-making processes®® evolved in concert with steel-making processes“?. Pipe making can
introduce anomalies or create anomalies through interaction with existing imperfections and
anomalies in the steel. The final form of a flaw after pipe making typically depends on the forming
and welding process used.

Table D-1 summarizes the primary major pipe-making processes for line pipe, the dates each process
was used, the diameter range produced, the typical pipe lengths, and identifying characteristics. Note
that several of the manufacturing processes have been discontinued.

%6 Weldability typically refers to the ease with which a weld can be made without cracking. It is typically evaluated based
on the alloy content of steel.

37 . . e . .
Toughness refers to a material’s resistance to crack initiation and propagation.

*¥ Several pipe-making processes described here were also used to produce iron pipe, which is not covered in this report.
Many of these processes also were used to produce pipe for other applications, such as water systems.
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Table D-1. Pipe-making processes and dates

Process Dates C_ommon Max Unique Identifying
Process Diameters | Length Characteristic(s)
Start End (inch) (feet)
Furnace Butt Weld No visible weld; relatively
(FBW) 1832 1954 183 20 short joint length
Continuous Butt Uniform wall thickness
Weld (CBW) 1923 Current 1/8—4-172 40 with no visible weld
Lap Weld 1887 1962 11/4-30 | 2226 | \affledike pattern over
the weld seam
1917- 1942
Hammer Weld 1921 (or later) 20-96 30
Electric Resistance Occasional “trim tool
Welded (ERW) 1928 Current 1-1/2-24 80 marks” near the weld zone
Square weld bead shape
Flash weld (EFW) 1930 1972 8-5/8 — 36 40 on the ID and OD
Single Sided Arc 1952 Elliptical weld bead on the
Weld 1925 (or later) To 96 30 outside diameter
Elliptical weld bead on the
Double Submerged- e .
Arc Weld (DSAW) 1946 Current 16 - 48 40 1ns1d§ and outside
diameters
1890 To 6 Surface roughness, and
Seamless 1899 Current To 16 40 helical variation in wall
1938 To 26 thickness
Spiral Weld 1948 Current To 56 40 Helical weld seam

The following paragraphs provide a general description of each pipe-making process.

Furnace Butt*® and Continuous Butt Welded Pipe®

Furnace butt welding was among the earliest manufacturing processes used to produce line pipe in
the United States. Furnace butt welding began in 1832, prior to the use of steel materials. Pipe was
produced by pulling furnace pre-heated lengths of skelp through a bell shaped die to form the pipe
and create a forged weld without the addition of a filler material. Production rates were low, and this
process was replaced by continuous butt welding in 1923.

Continuous butt welded pipe uses a coiled skelp (product of the steel making process) that is
continuously formed into a pipe. The skelp is preheated prior to forming, after which a forged weld
is produced through a series of rolls, again without filler material. Continuous butt welding is still
used to produce a limited number of lower yield strength API and ASTM pipe grades.

* Furnace butt-welded pipe has no easily identifiable characteristic other than a short joint length.

0 Continuous butt welded pipe also has no easily identifiable characteristic. It can sometimes be distinguished from
seamless pipe by its relatively consistent wall thickness.
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Lap and Hammer Welded Pipe*

Lap and hammer welding are related processes that were among the earliest used in the United
States. Lap welding was used to produce a wide range of pipe diameters, whereas hammer welding
was only used for large diameter pipe. In both processes, pipe was produced from a steel plate with
both edges sheared or “scarfed” to produce a tapered welding surface. For lap welding, the plate was
heated and formed into a pipe, with the tapered edges “forge welded” between a ball on the inside of
the pipe and a roll on the outside of the pipe. With hammer welding, a forged weld was produced by
successive hammer impacts on the outside against an anvil inside the pipe. Both processes did not
use filler material in the weld.

Electric Resistance® and Flash Welded Pipe®

Electric-resistance welded (ERW) pipe is produced by a continuous forming process in which coils
of skelp are formed into pipe through a series of rolls and the edges are heated to produce a solid
state bond without a filler metal. Metal that is extruded from the weld zone is trimmed, after which
the weld zone (or entire pipe) may be subjected to a normalizing heat treatment. Pipe is then cut to
the desired length.

Early ERW pipe was produced from single lengths of steel plate, single coils of steel, or coils
sequentially welded together during the production process. Welding heat was typically achieved
with low frequency alternating-current (i.e., 60-360 Hz) electric-resistance welders. In some cases,
the weld zones in early ERW pipe were incompletely normalized or not heat treated at all. This
creates slightly different characteristics in the weld zone (i.e. near the seam weld). If certain
operating conditions exist, these anomalies can cause defects to appear.

Conversion from low to high frequency welding in existing ERW mills began in the 1960s with the
last mills converted in 1970. Today, ERW pipe is produced from sequentially welded coils, with
welding achieved by high frequency (i.e., 350-500 kHz) electric resistance or induction coils, and
most manufacturers normalize their weld seams.

Flash welded pipe is similar to ERW as it was made without a filler metal and used localized electric
resistance (direct current) heating and forging to produce a solid-state bond. The primary difference
between ERW pipe and flash weld is that the entire length of a flash weld was produced at one time.
Like ERW, flash welding left metal extruded from the weld line on the pipe surfaces. Typically, the
extruded metal was trimmed with a characteristic small upset left on the inside and outside surfaces.

Single-Side Arc and Double Submerged-Arc Welded Pipe

This category refers to a number of pipe making processes that involve arc welding with a filler
material. Single side arc welding (SSAW) encompasses a group of now discontinued welding
processes including single sided automatic welded, manual submerged-arc welding, and other arc
welding processes, such as manual and automated applications of the shielded metal-arc welding

! Lap welded pipe can often be identified by a waffle-like pattern that is frequently visible on the outside surface over this
scarf weld. This pattern is created by serrations on surface of the external rolls used in the welding process.

*2 ERW pipe usually has little to no visible weld reinforcement on the inside or outside surfaces. Any flash (metal
extruded from the fusion zone during the welding process) is removed after welding. Sometime, longitudinal marks left
by the trim tools are visible on the pipe surface.

* Flash welded pipe typically has a characteristic square weld profile left when the flash was trimmed (flash welded pipe
was not trimmed down to the pipe surface). The remaining flash typically projects about 1/16-inch above the inside and
outside pipe surfaces.
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(SMAW) process. Single side arc welding was largely discontinued after double submerged-arc
welded (DSAW) pipe began production.

DSAW is an automated, multi-wire application of the submerged-arc welding process with at least
one weld bead made on the inside and outside surfaces of a preformed plate. DSAW pipe has a
characteristic elliptical weld bead projecting above the inside and outside pipe surfaces.

Most commonly (in DSAW pipe mills), the pipe is formed from plate whose edges are crimped*,
pressed to a U-shape, and then pressed to an O-shape. Less common line pipe forming methods
include pyramid roll bending, where a plate is bent as it moves back and forth between three rollers.
In all cases, after the weld is made, the pipe may be expanded using an internal mechanical or
hydraulic expander.

Spiral-Welded Pipe

Spiral-welded pipe has been produced in United States since 1948. Pipe is made from a coiled skelp
or sequentially welded plates that are continuously formed to produce a helical seam and then welded
or tack welded on the forming stand. Most domestic spiral pipe has been produced for water
pipelines and uses other than natural gas and petroleum-products transmission pipelines.

Spiral-welded pipe was made using several welding processes including hammer welding and ERW.
Later, several manufacturers produced spiral-welded pipe using double submerged-arc welding.
Very little DSAW spiral-welded pipe has been used in natural gas pipelines in the United States,
most of which was produced by foreign pipe manufacturers. None of the records and data reviewed
identifies a reportable incident including spiral-welded pipe. Spiral pipe is, however, broadly used in
Canada and Europe. Like all line pipe, spiral-welded pipe produced in a proven mill with quality
controls on the skelp and pipe production leads to a quality pipe.

Seamless Pipe

Seamless is another pipe manufacturing process that has been used for line pipe production
beginning in 1890 whose basic concept continues in use today. The seamless pipe-making process is
fundamentally different from that used for welded pipe. Several different methods have been used to
produce seamless pipe. Most commonly, a billet (a solid round of steel) is pierced and then rolled to
produce the desired diameter and wall thickness. This manufacturing process inherently results in
pipe with wall thickness variations around the circumference and along the length of the pipe. This
is typically not found in welded pipe design. In general, these variations have no significant effect on
pipeline integrity since the design specification is based on the minimum wall thickness of the pipe.

Summary of Pipe Production Processes

In summary, pipe specifications improved with the introduction of the DSAW process and again in
the 1960s and early 1970s. Most of the earlier pipe production practices were phased out at this time
or were in the process of being modified (i.e., low to high frequency ERW pipe) to compete.

* Locally bent to the radius of the pipe.
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Pipe Specifications and Quality Standards

Early Specifications and Quality Control Methods

Pipe quality standards were first developed in the early 1900s and continue to evolve today. In the
early days of pipe production, quality control was largely based on visual inspection and hydrostatic
testing of finished pipe products. Welding quality was controlled by the welding operator, whose
experience and judgment were essential to the quality of the product and so an essential aspect of the
pipe production process.

Prior to the introduction and application of American Petroleum Institute (API) pipe manufacturing
specifications, pipe quality requirements were often specified and controlled by the purchaser™®.
Methods included company pipe specifications, manufacturing inspection by company personnel,
third party inspection contractors, or a combination of these methods. Another quality control
method included the application of pipe production procedures established by the manufacturer and
formally adopted by the purchaser in the pipe purchase agreement. Such procedures were often
amended to suit the particular pipe order requirements.

One of the key specifications associated with the manufacture of pipe is its strength. Two conditions
are generally measured for pipe, which include the UTS and the yield stress, YS*.

API Specifications 5L and 5LX*’

Most of the line pipe in service today was manufactured in accordance with API Specifications 5L or
SLX. These specifications, which are regularly updated, provide minimum requirements for pipe
used in natural gas and hazardous liquid lines. The specifications typically provide requirements for
chemical composition, mechanical properties, pressure testing, dimensions, weights, end preparation,
inspection, and quality criteria. Even when the API specifications were used, though, many pipeline
operators chose to provide additional requirements in proprietary specifications. These additional
requirements have often been predicated on the intended pipeline service environment and/or the
fluids to be transported.

The evolution of the API specifications provides useful insight into pipe characteristics and quality.
With respect to vintage line pipe, the most significant criteria are those related to strength, inspection,
destructive testing, and hydrostatic pressure testing.

Strength or Grade

From their first editions of the API specification through the present, yield and tensile strength
requirements have increased on a regular basis, reflecting advancements in steel- and pipe-making
processes. For example, one of the original pipe grades (Grade A) has specified minimum yield
strength*® of 25 ksi (i.e. thousands of pounds per square inch), while the most recently added grade
(X80) calls for yield strength of 80 ksi. In addition, requirements for grades with 100 ksi (X100) and

* Many companies have the records of the pipe specifications and quality control procedures and the compiled results of
those efforts.

* These terms are defined earlier in this report.

* The first edition of API Specifications 5L and 5LX were published in 1928 and 1948, respectively, with “X” grade used
to designate higher strength grades. These two documents along with API 5LS (for spiral welded pipe) were combined
as API 5L in March 1983.

* Recall earlier discussion noting that strength here is a misnomer, as the units involved are those of stress. Nevertheless,
this section continues the historical notation.
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also 120 ksi (X120) yield stress are actively being developed for use in future API Specifications.
This increase in strength of the pipe has allowed the pressure containing capacity to increase while
using the same pipe wall thickness.

Inspection

From their first editions through 1962, the API pipe inspection requirements addressed workmanship
and flaws. Workmanship criteria covered pipe surface appearance, while critical manufacturing
anomalies were defined as any flaw that exceeded a specified fraction of the wall thickness (typically
12.5%) and certain types of weld defects. Pipe lengths that did not meet the workmanship criteria or
contained critical manufacturing anomalies were to be repaired or rejected.

In the early 1960s, a more definitive list of critical manufacturing anomalies appeared in API
specifications. The list included all anomalies that exceeded 12.5% of the pipe wall thickness plus
cracks, leaks, dents with depth exceeding 0.25-inch, offset plate edges, out-of-line weld beads,
excessive weld reinforcement, improper trimming of flash, hard spots, surface breaking laminations
and inclusions, arc burns, and weld undercut. Non-destructive inspections of seam welds were also
added in the 1960s. Depending on the weld type, the entire weld was required to be inspected using
radiological, ultrasonic, or electromagnetic techniques. In addition, magnetic particle inspection of
each pipe end was required to locate partial or incomplete welds, intermittent welds, cracks, seams,
and slivers. End inspection is also used to locate nonmetallic inclusions or steel delamination that
intersects with the weld bevel surface that could affect girth welding.

Destructive Tests

API specifications require destructive testing (typically one set of tests per 100 or 200 pipe joints) to
evaluate the strength and ductility the steel and weld seams. In the earliest API specifications,
destructive tests*’ were used to demonstrate the pipe body met strength and elongation requirements
and the weld seam could withstand high strains without cracking. By the early 1960s, weld tensile
and ductility tests™ were included. Fracture toughness testing used to be at the discretion of the
purchaser, but recently a minimum level was imposed.

Hydrostatic Pressure Testings!

Hydrostatic pressure testing is used to detect (fail) anomalies in the pipe body and weld that are
critical at the test conditions (pressure levels significantly higher than operational pressures). In the
earliest versions of API 5L, pressure tests were largely used to ensure leak tightness. As the
minimum test pressure increased, the maximum remaining flaw size remaining after the hydrostatic
pressure test decreased. Figure D-2 shows the maximum API 5L and 5LX pressure test requirements
as a function of the manufacture year for large diameter pipe.

* Destructive tests verify the integrity of the pipe by exposing the pipe samples to significantly higher stresses than occurs
in pipeline operation. The difference in the actual yield stress measured in such tests and the specified minimum yield
strength reflect the additional conservatism.

% Sample pipe joints are selected and coupons (small representative section of pipe) are cut from the pipe and various
destructive tests are conducted to determine the characteristics of the pipe.

5! References 14, 15, 23, 27, 28, 82, and 110 provide comprehensive coverage that validates the use of this practice,
identifies where it is beneficial, and indicates viable test protocols for various concerns such as SCC and approaches to
limit pressure reversals.
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Figure D-2. History API hydrotest requirements

In API 5L, the maximum hydrostatic test pressures increased from 40 to 50% of the SMYS in 1928
to 60 to 75% SMYS in 1970. In API 5LX, the maximum pressures increased from 85% SMY'S to
90% SMYS, well above operating stress levels. Current test pressures of 60 to 75% are required for
pipe diameters below 8 inches and 85 to 90% is required for larger diameters.

Construction and Fabrication Practices

Pipeline construction methods evolved as more and more pipelines were laid. American Society
Mechanical Engineers (ASME) Code B31.1.8 was issued in 1935, which provided consensus
standards requirements for pipeline construction. ASME B31.8¥ was issued in 1955 and reflected
industry consensus standards that had evolved since 19357%, which formed the basis for pipeline
design and construction. B31.8 became mandatory under the Federal Pipeline Safety Act in 1968.

Pipeline construction encompasses a wide range of activities. Typical activities include clearing and
grading a right of way, trenching, stringing the pieces of pipe along the right of way, bending the
pipe, when needed to conform with the terrain, welding or otherwise connecting pipe pieces together,
coating the pipe’” and field welds, lowering the welded sections into the trench, backfilling around
the assembled pipe sections, testing the completed pipeline, and restoring the right of way. Several
other activities are required for special circumstances, such as when crossing a river, road, or wetland
area. The activities that have the greatest potential impact on pipeline integrity are:

1. Joining,

2. Bending,

3. Backfilling, and depending on pipe production history and specifications
4. Pre-service pressure testing or retesting.

The others have less impact and are not discussed further in this report.

> Modern pipe is coated prior to transportation to the right of way.
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Joining>®

Many early pipelines were constructed from cast and wrought iron pipe assembled with caulked
joints and threaded collars. As Bessemer steel became available in 1865, line pipe production
transitioned to steel rather than continue with iron pipe, and the use of threaded collars continued. A
recurring problem with threaded couplings was leaking, which led to the development of mechanical
couplings. Mechanical couplings began to replace threaded collars in 1891. Couplings were not as
leak prone as threaded collars but also leaked in some circumstances.

Mechanical couplings began to be replaced by oxy-acetylene welded joints in the early 1900s.
Around 1915, oxy-acetylene welding was used to fabricate the first long-distance pipeline and early
SMAW (“stick electrode’) was applied to pipelines. In 1925, the SMAW process using electrodes
coated with extruded cellulose was applied to pipelines. The quality of field welds made with oxy-
acetylene and early SMAW processes were sometimes inconsistent.

Additional evolution of stick welding occurred, and in 1930, all position®* SMAW became practical.
By about 1933, SMAW was used instead of oxy-acetylene welding for all but small diameter pipe.
The first standardized welder qualifications were required in the early 1930s and included destructive
testing of sample welds. Some company welding specifications were also being used at that time.

The “stove pipe” pipeline construction technique was first used in the early 1930s and became the
preferred construction method in the 1940s. Internal line-up clamps were first used in 1945. Both of
these modifications of pipeline construction techniques favorably impacted welding quality. Pipeline
weld inspection quality further increased with the application of radiography and weld acceptance
standards in the late 1940s. API 1104 (Welding of Pipelines and Related Facilities), issued in 1949
and currently in its 19th edition) was immediately adopted for pipeline construction. More extensive
development of field radiography and its field use followed in the early 1950s. In about 1960, field
radiography of girth welds had become a pipeline construction requirement, with field-proven value.

Initially, welding was used to fabricate branch connections and other components, which often
included fillet welds that can be difficult to inspect and can for high carbon-equivalent steels can be
prone to cold cracking. Recognizing this, methods to produce fittings evolved from field fabrications
(common prior to the mid 1950s) to shop production where quality control was easier as was quality
assurance via mature NDE techniques. Other construction improvements including double jointing
and the use of internal line-up clamps occurred in the 1940s. Pipeline radiographic methods further
improved with the introduction of the first successful internal X-ray crawler in 1965.

Bending

To accommodate necessary direction and elevation changes along a pipeline route, several methods
have been used. Vintage pipe laying practices include the use of bent pipe sections provided by pipe
manufacturers, miter bends, angled mechanical couplings, hot/cold wrinkle-bending and smooth
bends. Small changes in direction were easy to accommodate in vintage construction where
couplings were used, or through the elastic flexibility of the pipe string, a practice that continues in
use today.

Miter bends consisted of adjacent pipe sections cut at an angle and welded together to produce
locally abrupt changes in direction. Depending on the direction change required, miter bends could

> This section draws on material published over the years in the Oil and Gas Journal, Pipeline News, and other early
industry magazines in Battelle’s archives, and a web search.

> Pipe can be welded on the top, sides, and bottom of the pipe without rotating pipe.
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consist of one or more such welds. Miter bends have been prohibited by many construction
specifications since the late 1940s and early 1950s.

Various wrinkle-bending®® processes were used on pipelines constructed in the mid 1950s and
earlier. Earlier wrinkle-bending methods (~1930s and earlier) often included heating the pipe by
various methods prior to bending. Pipeline construction bending methods entered a transitional
period in the 1940s. Development of improved bending equipment capable of producing smooth
field bends in large diameter thin wall pipe was stimulated by requirements for the construction of
the War Emergency Pipelines. The first of these bending machines was used for pipeline
construction in 1942-1943.

Wrinkle-bending continued to be used through the 1940s and into the early 1950s. In the late 1940s,
many pipeline construction specifications prohibited hot (wrinkle) bending. By the early 1950s,
hot/cold wrinkle-bending was still a viable option along with hydraulic bending machines. Wrinkle-
bending was phased out in the early 1950s. External bending shoes for producing smooth bends in
smaller diameter pipe (~12-inch diameter) began to be used in about 1944.

Hot bends were field fabricated wherein a piece of pipe was heated, after which the pipe was bent, or
shop bent usually the pipe was packed with sand to support the wall thickness during bending. Hot
bends where used today are made in dedicated bending shops that rely on practices and controls to
produce quality bends. Like miter bends, field-made hot bends have been prohibited by many
construction specifications since the late 1940s and early 1950s.

Cold field bending began its evolution to the controlled process in use today when controlled bending
machines of various forms began to appear in the 1940. Uncontrolled vintage cold bending
techniques introduced anomalies such as buckles, wrinkles, ripples, and variable strength and wall
thickness. Such processes have evolved such that the pipe is stretched and bent around a shoe with
an internal mandrel, which facilitates control of the bend in the pipe and limits anomalies to
inconsequential levels"*®.

Backfilling

After a pipeline has been welded and lowered into a trench, the line is backfilled. During backfilling,
several types of anomalies can be introduced. In historic construction practices, the material
removed from the trench was used to backfill without removing rocks, possibly resulting in coating
damage, scrapes, and dents. In severe cases, sand and other soil was brought in to pad the pipeline.
In addition, pipe was sometimes laid on rock ledges, also leading to dents as the pipe settled.
Recently, machines have been designed to separate fine soil from large rocks permitting segregated
material to be backfilled on the pipeline minimizing the possibility of coating damage. Further
discussion of this topic can be found in Reference 109.

Post Construction Pressure Testing

Post construction pressure testing also evolved over time. Prior to the early 1950s, gas pressure
testing was frequently done. Hydrostatic pressure testing was investigated in the late 1940s and
began to be applied in the early 1950s as its merits were published®**>?_ From the early 1950s
through 1960s, pressure tests were conducted with both gas and water. The practice of gas testing
ended in the 1950s as a result of a long-running brittle fracture during such testing. Beginning in

> So-called “wrinklebends” are not uncommon in vintage pipelines. For examples and a history, see Appendix A of
Reference 47. Such bends are considered in more detail here in Appendix G.
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early 1960s, hydrostatic testing was widespread, and with the enactment of the Pipeline Safety Act in
1968 became mandatory.

Before, 1950, pressure testing was conducted at pressures ranging from near the maximum allowable
operating pressure, to 110% of the maximum operating pressure, or 50 to 100 psig above the
maximum operating pressure. Such pressures were typically used in gas pressure testing. After
1960, hydrostatic pressure testing was commonly performed at pressures of 125% of the maximum
allowable operating pressure. This is the minimum level cited in U. S. regulations for pressure-based
strength testing of pipelines. More recently, pressure testing to SMYS or above has been used as a
strength test to demonstrate a high-pressure-carrying capacity. Much has been done to refine
hydrostatic testing practices recently, including the introduction of the “spike test”"'”, which is now
recognized in various forms in some recommended practices and standards©# "> "'V This spike test
capitalizes on the observation that leak-tightness testing can be effective at pressures less than
required for strength testing!'”. As a strength test it imposes a short-term high pressure on the pipe to
expose near-critical defects without unnecessary growth of anomalies during the test.

In summary, pipeline construction practices evolved along with steel and pipe making practices. By
the late 1940s through the early 1950s, many of the modern construction practices were either
adopted or began to be applied. This included improved welding, more sophisticated inspection
methods, and higher pressure hydrostatic testing that began selectively in the 1970s and is now
recommended in some practices!'?.

Quality Requirements

This topic has been covered in more detail under the same heading in Appendix D. Suffice it here to
note that several industry specifications were written to provide minimum requirements for pipeline
welding and construction. The most significant is API Recommended Practice 1104 for field
welding, which was first issued in 1949 and continues to be revised almost annually as new
information and practices become available. In reference to this appendix, API 1104 called for
nondestructive testing of welds, along with acceptance criteria. Also relevant here is the observation
that welder qualification, which included destructive testing, became common in the 1930s.

Relative Significance and Summary

Fabrication and construction anomalies tend to be of less concern to pipeline integrity than most
other threats. The most significant fabrication and construction anomalies from the perspective of
pipeline integrity are girth-weld problems, coupling problems, wrinkles, and dents.

Girth-Weld Problems, Coupling Problems, and Wrinkles

Anomalies at girth welds, couplings, and wrinkles are generally benign unless the pipeline is acted
upon by unusual or high axial tensile or bending loads. Under axial tensile and bending loads,
historic girth-weld anomalies can become active, couplings can leak or pull apart, and wrinkles can
flex, leading to fatigue cracking. In addition, wrinkling can sometimes damage the coating on a
pipeline or become a site for moisture to accumulate, leading to corrosion.

Potential failures due to defects in pipeline girth and fabrication welds are a function of the type of
welding and the era in which the welds were made. Welding processes and techniques were initially
crude but improved with time. By the early 1940s, the processes and techniques had been
significantly improved and inspection techniques had been developed to further improve the overall
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quality of girth welds. Potentially problematic processes include oxyacetylene welding and vintage
stick welding.

Vintage hot bending and various wrinkle-bending processes were used on pipelines constructed up
through the mid 1950s. Depending on methods used and care exercised, wrinklebend quality can
vary widely. As noted above, wrinklebend problems are associated with locations where external
loading is high and/or a cyclic stress environment exists. Increased external loading and or cyclic
stress can interact with the wrinklebend geometry creating the conditions necessary for fatigue.
Metal loss in a wrinkle resulting from external and/or internal corrosion can also increase the local
stress in a wrinkle thus increasing the chance of fatigue.

Mechanical couplings are a potential threat anywhere settlement or soil movement provides the loads
needed to induce a leak or separate the pipe from the coupling. A 1.5 degree bend is considered
sufficient to cause coupling leaks or separation.

Dents

Dents that form when a pipe settles on a rock or rock ledge can become a threat to integrity if cracks
form and grow in service. Rock dents are typically constrained, which if fully effective precludes the
re-rounding needed to initiate and grow cracks. Consequently, rock dents are often of little concern
to pipeline integrity. On the other hand, dents formed from the weight of the hydrostatic testing
water can be subject to cracking in operation due to the removal of the water and subsequent re-
rounding that occurs. Further on the relative significance of dents can be found in Reference 113,
with criteria to assess such features presented in various forms in References 18 and 19.

Related problems at or near rocks and rock ledges include coating damage and, under selected
conditions, shielding of the cathodic protection current.
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Appendix E: Experience with Historic Pipelines

The following sections present incident data, pipe manufacturing processes, and pipe manufacturers.
In each section, incidents attributed to a defect in the pipe body and those due to a problem in the
seam weld are included. Note that only one of the datasets (the OPS data from 1970 through mid
1984) includes incidents that occurred during pre-service and subsequent pressure testing. Neither of
the other two datasets includes test data. The data on pre-service testing and retest are included
because, while not directly related to service failures, they provide an indication of when anomalies
were produced.

The data are also grouped by year for each manufacturer when the incidents occurred in periods
separated by one year or less. The data should be taken as an indication of the time periods when
anomalies were experienced.

Butt Welded Pipe

Butt welded pipe is prone to anomalies related to weld strength and reliability. When anomalies are
present, the weld seam may be weaker than the pipe body. 49CFR192 includes a longitudinal joint
factor (described earlier) of 0.6 for butt welded pipe to account for the potential that defective welds
can be weaker than the body of the pipe. Very little, if any, butt welded pipe has been used for high
pressure transmission lines since about 1940.

Reference 46 lists 19 manufacturers of furnace or continuous butt-welded pipe from 1911 through
present.”® These 19 manufacturers operated 40 mills, producing pipe from % inch to 4.5 inches in
diameter. Of these, the incident data identify five manufacturers for which incidents are attributed to
anomalies in the pipe body or seam weld.

Reference 46 summarizes reported pipe-body and seam-weld incidents. A total of 7 pipe body
incidents have been reported for butt-welded pipe, six of which occurred in service. A much larger
number of seam-weld incidents were reported, but none of these occurred in service.”’

Reference 46 shows that relatively few pipe-body incidents have occurred in butt-welded pipe.

There is no apparent trend in terms of year of production. Pipe produced by Youngstown Sheet &
Tube may be somewhat more prone to pipe-body problems, but the data are too sparse to make a
definitive conclusion. The small number of service incidents attributed to defects in the body of butt-
welded pipe may reflect the amount of pipe in service: butt-welded pipe is produced in small
diameters, which is not widely used in transmission pipelines. The number may also reflect that
most incidents may have occurred well before the dates for which incident reporting began (1950)
and that much of the potentially defective pipe has since been replaced or retired.

A much larger number of seam-weld incidents have been reported. Both Armco and Republic Steel
show many retest failures due to seam-weld anomalies. In each case, the incidents are on a single
pipeline and from pipe made during a single year, suggesting a lapse in quality assurance. The
relatively large number of incidents raises questions about the effectiveness of quality assurance
programs for these suppliers. Armco (in 1949) and Republic Steel (in 1931) account for over 90

%0 Reference 46 lists manufacturers of API-stamped pipe. These lists are necessarily incomplete, especially for earlier
pipe-making processes. Butt-welded pipe was available well before 1911.

*7 The occurrence of failures in-service is distinguished from those when not in service because the latter occur during
pressure testing that are done at much higher pressure, or under other circumstances designed to expose potentially
deleterious anomalies prior to their causing problems during operations.
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percent of the reported incidents on vintage natural-gas pipelines based on the data assembled in
Appendix A, which is summarized in Table E-1.

Table E-1. Incidents attributed to butt welded pipe

_ Pipe Body Seam Weld
Pipe Year P P
Manufacturer Made e | Retest | Service e | Retest | Service
Service Service
A. O. Smith® ‘50 1
Armco ‘49 49
Bethlehem ‘42 1
‘31 11
. 2 1
Republic >
‘57 1
48159 1
’28-30 2
Youngstown Sheet & .
53 1
Tube
‘58 1
Totals 0 1 6 0 62 0

Lap and Hammer Welded Pipe

Lap and hammer welded pipe were prone to weld defects resulting from slag or oxides present on the
welding surfaces or because the weld was “burnt” (overheated). Proper welding temperatures and
weld quality depend on the process controls used during welding. Like butt welded pipe, 49CFR192
accounts for lap and hammer weld defects with a longitudinal joint factor or through the use of an
effective yield stress determined by full-scale burst tests.

Reference 46 lists 12 manufacturers of lap- or hammer-welded pipe from around 1920 through 1969.
These 12 manufacturers operated 23 mills, producing pipe from 1-% to 36 inches in diameter. Of
these, the incident data identify two manufacturers for which incidents are attributed to anomalies in
the pipe body or seam weld.

Table E-2 summarizes reported pipe-body and seam-weld incidents. A total of 26 pipe body
incidents have been reported for lap and hammer welded pipe, four of which occurred in service. A
total of 58 seam-weld incidents were reported, of which 17 occurred in service. Only two
manufacturers are included in the list, with U. S. Steel accounting for the vast majority of the
reported incidents. The predominance of U. S. Steel in Table E-2 suggests recurrent quality control
problems with that mill.

*¥ There are a number of apparent errors in the published incident datasets used in this study. For example, A. O. Smith is
listed as the manufacturer of butt-welded pipe that failed during a retest, but Reference 46 does not include A. O. Smith
as a producer of butt-welded pipe. The data in the tables in this appendix include the pipe manufacturers identified in
the incident datasets, regardless of whether the manufacturers are listed in Reference 46.

% Reference 46 states that Republic Steel stopped producing butt-welded pipe in 1964.
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Table E-2. Incidents attributed to lap and hammer welded pipe

Pipe Body Seam Weld

Pipe Manufacturer vear P P

Made '® | Retest | Service e | Retest Service

Service Service

’29-31 17 4 27 14
U. S. Steel (National ‘35 1
Tube, National Supply) ‘43 3 12

‘55 2 1

Youngstown Sheet & 0 2 1
Tube
Totals 22 4 41 17

Electric Resistance and Flash Welded Pipe

Regardless of when or how ERW pipe was (is) made, good quality welds can be (are) made with
proper process controls. Nonetheless, historic ERW welds can be more prone to the following types
of anomalies:

1. Lack of fusion and oxides along the bond line, generally due to poor process controls,

2. Stitched welds (alternating complete and incompletely fused or partially fused areas) due to
uneven heating (generally associated with low-frequency ERW processes),

3. Hook-cracks near the bond line caused by inclusions in the plane of the wall thickness at the
edge of the skelp that are upset or turned toward the pipe surface in the forging process,

4. Excessive trim or grooving (wall thickness reduction), and
5. Arc burns resulting from poor or intermittent welding electrode contact adjacent to the weld.

As the ERW process evolved in conjunction with mill inspections and quality controls, the likelihood
of ERW seam defects decreased. For example, ERW pipe manufacturers began converting from low
to high frequency (alternating current) welding in the early 1960s. This modification essentially
eliminated “stitched welds” as a quality concern. During this same period, pipe steel quality also
improved, reducing the incidence of hook cracks. The anomalies in flash welded seam are the same
as found in low frequency ERW seams.

Reference 46 lists 72 manufacturers of ERW pipe from 1929 through present. Of these, 25 continue
to produce ERW pipe. These manufacturers operated 86 mills (per Reference 46, 42 are currently in
operation), producing pipe from 1/2 to 36 inches in diameter (per Reference 46, the current range is
1/2 to 24 inches). Of these, the incident data identify 12 manufacturers — one out of six
manufacturers — for which incidents are attributed to anomalies in the pipe body or seam weld.

Table E-3 summarizes the reported low frequency ERW pipe-body and seam-weld incidents, while
Table E-4 summarizes the comparable results for high frequency ERW pipe®. The incident datasets

5 Production practices in high-frequency ERW have evolved since this process was first introduced, as have mill
inspection practices, which has led to much improved pipe quality. Nevertheless, pre-service hydrotesting periodically
expose seam defects in this product, even from so-called quality mills.
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did not identify low versus high frequency pipe. Consequently, data separated in these tables reflects
the use of Reference 46 and personal experience to cull data from the incident databases. Nine out of
the 12 manufacturers have incidents reported for both low frequency and high frequency ERW pipe;
two have reports for low frequency only, and one has reports for high frequency only.

The number of incidents listed for low frequency ERW pipe is significantly larger than that for high

frequency ERW pipe. Given the amount of ERW produced, the numbers of pipe body incidents are

reasonably consistent with those for the other pipe manufacturing methods discussed above and with
improvements in steel-making practices and in API inspection specifications.

Table E-3. Incidents attributed to low frequency ERW pipe

Pipe Body Seam Weld
Pipe Manufacturer vear(s) Pre- -
Made re- Retest | Service Pre . Retest | Service
Service Service
Acero Del Pacifica ’51-52 17 8
American Steel Pipe 37! 1
’57-58 3 1
Bethlehem ‘69 )
Cal Metal ‘57 2
Jones & Laughlin ’57-64 1 1 17 2
Kaiser ’51-56 1 1 13 1
’60-63 1 2 3 2
Lone Star ’59-65 7 17 2
) ’31-32 1 2
Republic *38-62 3 5 118 8
Stupp ‘40 1
‘31 1 1
U. S. Steel ‘61 1
‘65 1
‘19 20
31 3
Youngstown Sheet & <40-59 1 6 20 9 54
Tube
’66-67 1 1
“71 1
Totals 6 9 39 3 302 86

Both low and high frequency ERW shows test and retest incidents. The retest data are typically from
programs aimed at removing potentially weak ERW seams from service. The low frequency pipe
shows significantly more in-service seam-weld incidents, which is expected.

' According to Reference 46, ACIPCO did not begin producing ERW pipe until 1963.
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Several pipe manufacturers dominate the number of reported incidents for both low and high
frequency pipe. For low frequency pipe, Republic and Youngstown Sheet & Tube account for 70
percent of the reported incidents, while Acero del Pacifica, Jones & Laughlin, Kaiser, and Lone Star
account for over 20 percent more.

For the high frequency pipe, American Steel Pipe, Stupp, and U. S. Steel dominate, accounting for
nearly 75 percent of the total. Nearly all of the incidents attributed to Stupp pipe occurred during a
relatively short period — from 1970 to 1977. Kaiser (~4 percent), Jones & Laughlin (~7 percent), and
Lone Star (~6 percent) are also notable.

Table E-4. Incidents attributed to high frequency ERW pipe

_ Pipe Body Seam Weld
Pipe Year
Manufacturer | Made | Pre- | oot | service | P | Retest | Service
Service Service
American Steel Pipe >70-78 6 2 28
Bethlehem ‘73 1 3
“70 1 1
Cal Metal
“77 1
>70-73 6 8
Jones & Laughlin
>79-80 2
) *71-75 1 6
Kaiser
‘83
Lone Star >70-76 1 11
“70 1
Republic
‘81 1
Sty 70-77 3 3 30 1
PP '81-82 3 2
“70 1
“74 1
Tex Tube
‘78 1
‘82 8
U. S. Steel ’68-82 13 4 52 11
Totals 30 4 9 114 33 25

Table E-5 summarizes reported pipe-body and seam-weld incidents for flash welded pipe. Only one
manufacturer, A. O. Smith, produced flash welded pipe. A total of 276 incidents are evident in this
table, with most being attributed to the weld. Problematic pipe appears to have been made in nearly
every year for which flash-welded pipe was produced. One of the problems with flash welded pipe is
that the weld seam was not heat treated.

A number of retest failures in A. O. Smith flash welded pipe have occurred after 1984%, as the
pipeline industry instituted programs to excise defective flash welded pipe from their systems.

% In mid 1984, OPS stopped collected data on pre-service and retest failures.
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Pressure testing above the maximum allowable operating pressure is an effective way of removing
defective flash welded (and ERW) pipe.

Table E-5. Incidents attributed to flash welded pipe

Pipe Body Seam Weld
Pipe Manufacturer vear Pre- Pre-
Made re Retest | Service re Retest | Service
Service Service
’28-31 5 3 2
37 1

) ’40-43 29 4

A-O Smith 46-65 8 18 162 37

‘67 2

’69-71 2 2 1

Totals 2 13 19 0 196 46

Single-Sided Arc and Double Submerged-Arc Welded Pipe

Single arc and double submerged-arc welds are not particularly prone to anomalies. There have been
isolated occurrences of the following anomalies:

1) weld metal cracks,

2) toe cracks at the edge of the weld reinforcement,
3) lack of sidewall or inter-run fusion,

4) inclusions,

5) weld metal porosity,

6) offset welds, and

7) undercut.

These anomalies are much more prevalent in vintage single arc and double submerged-arc welded
pipe than they are in modern production.

Reference 46 lists 22 manufacturers of arc welded or double submerged-arc welded pipe from 1940
through present. Of these, 8 manufacturers continue to produce double submerged-arc welded pipe.
These manufacturers operated 30 mills, 11 of which are still in operation, currently producing pipe
from 16 to 120 inches in diameter. Of these, the incident data identify 8 manufacturers — roughly one
out of three manufacturers — for which incidents are attributed to anomalies in the pipe body or seam
weld.

Table E-6 summarizes the reported arc welded and double submerged-arc welded pipe-body and
seam-weld incidents. Again, several manufacturers dominate the reported incidents, with Kaiser
accounting for nearly half and U. S. Steel accounting for nearly 20 percent of the total.

A more detailed examination of the incident data for double submerged-arc welded pipe shows a
strong dependence on age. Over 44 percent of the incidents are attributed to pipe produced in 1950,
with another 17 percent in 1949, 1951, or 1952. These years represent the time period in which
double submerged-arc welded pipe was gaining widespread acceptance in the United States.
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Table E-6. Incidents attributed to arc welded and
double submerged-arc welded pipe

Pipe Body Seam Weld
Pipe Year
Manufacturer | Made Pre- Pre-

Service Retest | Service Service Retest | Service
Acero Del Paci ’52-53 8
‘52 1
ARMCO >73-74 5 4
‘79
‘52
’57-62 1 1 5 4
>71-72 2
‘75 1
Claymont ‘51 5 2
‘47
‘50 8
’54-56
’49-56 51
‘60
Kaiser >70-73 1 3
‘76
’79-81 1 1
’48-50 4 1
Republic ‘67
‘73 5 1
31 1
’49-51 3 3
’54-62
’65-66
’69-71 2
>77-82
Totals 8 80 24 11 89 42

Bethlehem

Consolidated
Western

57

i NN I \S T )

US Steel

— NN

Spiral-Welded Pipe

There are two basic processes by which spiral welded pipe can be made. Small amounts of vintage
spiral-welded pipe were made by hammer welding and ERW processes, mostly for the water
industry. Later, several foreign manufacturers produced spiral-welded pipe using double submerged-
arc welding. None of the incident records examined by the authors identify spiral-welded pipe as the
type of pipe that led to incidents.
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Seamless Pipe

Irregularities that have occurred in seamless pipe include scabs, blisters, slivers, seams, laps,
laminations, pits, roll-ins, hot tears, and plug scores. Surface imperfections, such as blisters, slivers,
seams, pits, plug scores and laps, arise from the twisting, upsetting and abrading of the surface during
pipe formation. Hot tears result from the working of the metal with an insufficient temperature for
rewelding of torn material. Laminations typically result from imperfections and insufficient ingot

cropping.

Reference 46 lists 18 manufacturers of seamless pipe operating 30 pipe mills from 1895 through
present. These manufacturers produced pipe in diameters from 1/4 to 26 inches. Of these, the
incident data identify only one manufacturer — U. S. Steel — for which incidents are attributed. Table
E-7 summarizes the data.

Table E-7. Incidents attributed to seamless pipe

Pipe Year Prg— Retest | Service
Manufacturer Made | Service
US Steel 30 2
‘33
‘38 2
’43-53 15 7
‘56 1
‘59 4
’64-65 1 1
70-74 9
>T7-78 3
Totals 9 22 15

Upsets in Pipe Making and Pipeline Construction

This section considers the occurrence of problems that occurred during the process of pipe making or
pipeline construction that created anomalies prevalent across a range of product types or suppliers.
There are two generic categories of such anomalies — arc burns and hardspots that are a potential
source for hydrogen stress cracking, and transportation-induced fatigue cracking.

Hydrogen Stress Cracking - Arc Burns and Hard Spots

Hydrogen stress cracking on gas transmission pipelines transporting sweet dry gas is nearly always
associated with arc burns, hard spots, with such cracking also possible in high-hardness ERW seams.

The presence of arc burns and hard spots is not, by itself, sufficient to indicate cracking will occur.
In order for cracking to occur several other conditions must co-exist. First, the hard spot or arc burn
must be exposed to the environment where diffusion of atomic hydrogen into steel can occur. On
pipelines, such conditions can be created in the presence of higher than normal cathodic protection
potentials that liberate hydrogen at the exposed metal surfaces. A second condition for HSC requires
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that the hard spot be exposed, typically as a result of coating degradation®. While coating
degradation is not uncommon, the amount of bare steel in a poorly coated line is typically small.
Last, the hard spot must be sufficiently hard. Hydrogen stress cracking occurs at hardness at or
above about Rockwell C22**Y, with lower hardness levels being associated with strong sources of
hydrogen, such as can occur with sour service.

Table E-8. Hard spot incident summary

. Pipe Pipe Production .
Pipe Seam Type Manufacturer vear No. Of Incidents
1952 17
1954 1
Flash weld A.O. Smith
1955 1
1957 1
Bethlehem 1957 2
DSAW Kaiser 1955 1
. 1949 2
Republic
1957 1
v Sheet & 1947 1
oungstown Sheet
ERW Tube (YS&T) 1950 1
1960 1

Transportation Damage

Line pipe with weld seam reinforcement that protrudes above the pipe surface (i.e., FW, DSAW) has
experienced shipping fatigue cracks due to the seams contacting rail car bottoms or other pipes, with
cracks forming at the edge of the weld reinforcement bead®#-* 7%, Fatigue cracks have also formed
in all types of line pipe due to rivet heads, projections in rail cars contacting the pipe body or pipe
ends, foreign objects in a rail car, bearing strip misalignment, or insufficient support®&-**7”_ In these
cases, the conditions necessary to promote fatigue cracking result from vibration during shipment.

Transportation fatigue often occurred in pipe with high diameter/thickness ratios in the period prior
to 1970. Between 1957 and 1962, 32 field failures were recorded. This included pipe with
diameter/thickness (D/t) ratios that ranged from 54 to 91. Full-scale tests to measure actual pipe
stress (D/t range: 88-128) were conducted during this same period. Field failures and test data
prompted development of a pipe loading Recommended Practice for rail transportation by the API
(American Petroleum Institute) first issued in 1965 as API RP 5L. This was followed by similar
recommended practices for pipe shipment in vessels (API RP 5L5, 1975) and inland waterways (API
RP 5L6, 1979). The requirements contained in these documents have reduced the frequency of
transportation related damage.

% Tt is also possible for the stress fields due to pipe forming and service pressure to nucleate and grow cracks in hard
spots. While this is plausible, such cracking would either be severe enough to be exposed early in service, or otherwise
exposed in pressure testing. Remaining cracks would lie dormant unless changes in service due to pressure increase
activated them.
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Requirements for pipe transportation by rail have been included 49CFR192 since 1973. Any pipe
with a D/t ratio of 70 or higher to be operated at a hoop stress of 20% SMY'S or greater must be
transported in accordance with API 5L1. For pipe transported prior to November, 1970, a proof test
commensurate with the class location must be conducted.

Quality Requirements

A number of specifications were developed to establish minimum requirements for pipe used in
transmission pipelines. Commonly used pipe specifications are API Specifications 5L and 5LX.
These specifications provide requirements on composition, mechanical properties, pressure testing,
dimensions, weights, end preparation, inspection, and other quality components with toughness
recently being included. The requirements on pressure (hydrostatic) testing and inspection have the
largest effects on pipeline integrity.

It should be noted that not all pipelines were constructed from pipe manufactured in accordance with
API specifications. Prior to the introduction of API specifications, quality requirements were
established by each purchaser. Methods included company pipe specifications, manufacturing
inspections by company personnel, and third party inspections by contractors, individually or in
combination. Additional measures included defined pipe production procedures established by a
pipe manufacturer, as amended and/or agreed to by the purchaser to suit particular requirements.

The API specifications provided an industry-wide basis for pipe specifications and standardized
many of the pipe making practices. In time, they largely replaced the requirements developed by
individual purchasers. Nonetheless, many pipeline operators chose (and continue to choose) to add
requirements in proprietary specifications. These additions are typically predicated on the intended
pipeline service environment and/or the fluids to be transported.

The evolution of pipe quality control requirements contained in the API specifications provides
useful insight into pipe characteristics and quality. From their first editions through the present, yield
and tensile strength requirements have increased on a regular basis, reflecting improvements in steel-
and pipe-making processes. For example, one of the original pipe grades (Grade A) has a minimum
yield strength of 25 ksi, while the most recently added grade (X80) calls for a yield strength of

80 ksi. In addition, requirements for 100 ksi (X100) and 120 ksi (X120) steels are actively being
developed for future API Specifications. In addition, mechanical testing requirements have been
added. Typical destructive testing requirements include bend and strength tests of production welds
to ensure they are at least as strong as the pipe body.

Pressure testing and inspections are important quality assurance methods used in the API
specifications. In the earliest versions of API 5L, pressure tests were largely used to ensure leak
tightness, not strength, with minimum hydrostatic pressures of 40 to 50% SMYS. By 1970, the API
SL pressure requirements had increased to 60 to 75% SMYS — comparable to the maximum stress
levels in Class 1 and 2 locations.

The API 5LX pressure requirements are generally higher (60 to 75% pipe diameters below 8 inches
and 85 to 90% for larger diameters). For pipe diameters greater than 8 inches, the mill hydrostatic
tests produce stresses well above operating stress levels.

From the earliest API specifications, destructive tests were required on pipe and weld samples
(typically one set of tests per 100 or 200 pipe joints). Typically tests were used to demonstrate the
pipe body met the strength and elongation requirements while bending tests were used to
demonstrate the weld seam could withstand high strain levels without cracking. Early workmanship
requirements stated that the pipe should be free of “injurious defects”, including defective welds,
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pits, blisters, slivers, and laminations. Injurious defects were further defined as those defects greater
than 12.5% of the wall thickness. Additional visual inspections to identify injurious defects were at
the discretion of the purchaser.

By the early 1960s, more destructive tests were required, including weld tensile and ductility tests.
Fracture toughness testing was at the discretion of the purchaser. The list of workmanship defects
had been expanded to address a wide variety of conditions, including dents, offset of plate edges, out-
of-line weld beads, excessive weld reinforcement, improper trimming of flash, and hard spots. Other
defect types were identified, including all cracks and leaks, surface breaking laminations and
inclusions, arc burns, weld undercut, arc burns, and any other imperfection having a depth greater
than 12.5% of the wall thickness.

Non-destructive inspections of welds were also added in the 1960s. Depending on the weld type, the
entire weld was required to be inspected using radiological, ultrasonic, or electromagnetic
techniques. In addition, magnetic particle inspection of each pipe end was required to locate open
welds, partial or incomplete welds, intermittent welds, cracks, seams, and slivers.

In summary, since 1928, API specifications have evolved to ensure minimum pipe quality, with their
evolution reflecting changes in steel- and pipe-making practices, and the expanding capabilities of
real-time nondestructive inspection. By the early 1960s, the specifications began to significantly
reduce the historic pipe body and weld seam anomalies discussed above. Because of this impact,
quality control and quality assurance have become central to the pipe production and supply
specifications in use throughout the industry.

Relative Significance of Anomalies

Tables E-9 and E-10 summarize these process and production anomalies and their characteristics,
while the ensuing paragraphs consider their potential impact on integrity. These tables and the

Table E-9. Weld-seam anomalies

Pipe-Making Process Defect or Characteristic Comments
Furnace Butt Welded, . .
Continuous Butt Welded Pipe, | Oxides trapped between weld surfaces; Add'ress'ed m 4.9CFR192 with
. . . longitudinal joint factor, or by
Lap Welded and Hammer inconsistent quality welds . .
. use of an effective yield stress
Welded Pipe
Welding controls and
Oxides trapped in weld, inconsistent inspection practices have
quality welds largely eliminated these types
of anomalies
Electric Resistance Welded Stitched welds More common in low-
(ERW) and frequency ERW pipe
Flash Welded Pipe More common in earlier steels
Hook cracks with higher levels of impurities
and inclusions
Excessive trim Rare in modern line pipe
Arc burns and hard weld zones Like hard spots (see Table E-8)
Single Arc Welded and Weld metal cracks, toe cracks, lack of
Double Submerged-Arc sidewall or inter-run fusion, undercut Rare
Welded Pipe inclusions, porosity, offset welds,.
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following discussion rely on the author’s personal experience and/or published data to identify the
most significant anomalies, where possible. This approach is necessary for two reasons. First, as
compared to other incident causes, pipe body and seam weld anomalies are a much less frequent
cause, as was evident in the introduction to this report. Thus, the potential database available for
trending or statistical analysis is limited. Second, the reporting requirements for OPS data did not
motivate reporting details of the type of pipe-body or weld-seam defect that led to an incident, which
precludes conclusively determining anomalies of greatest concern. The same was true for the FPC
database. In spite of this, there is a significant literature that can be used to better understand the
cause — effect relationship between defects and incidents.

Table E-10. Summary of pipe-body and weld-seam anomalies

. Most Frequently
Evaluation
o Years Reported Comments
Criteria
Manufacturer(s)
Pipe Specific
Butt/Lap weld Pre 1960 Armco, Republic | ¢ Of  longitudinal joint factor
reduces loading on weld
DSAW, SSAW,
and other welded Pre 1960 Kaiser, U. S. Steel
seams
Acero del Pacifica, Jones &
Low frequency Pre 1971 Republic, Youngstown | Laughlin, Kaiser, and Lone Star
ERW Sheet & Tube also have higher incident rates
than others manufacturers
Kaiser, Jones &Laughlin, and
High Frequency Lone State also have higher
ERW Pre 1980 Stupp incident rates than others
manufacturers
Flash weld A. O. Smith All
1940s and early 50s;
Seamless 1970s U. S. Steel
Defect Specific
Cracking in Hard
Spots or Arc 1950s A. O. Smith
Burns
Double submerged-arc and flash
. welded pipe are more
Trarlés;ziorlt;non Pre 1970 susceptible than other types of
& pipe; High diameter-to-thickness
ratios are more prone to damage
Vintage pipe is more ) . . o
: Thin walled pipe and pipe with high
. likely to have . ; .
Mechanical . . diameter-to-thickness ratios are
experienced mechanical
Damage d due to handl; more prone to some forms of
amage due to handling cracking in mechanical damage
than later pipe
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Important information sources include the five-page tabulation and analysis of historical defects
causing pre-service and hydrostatic retest failures that comprises Table A1-3 in Appendix A of
Reference 15. These tables reflect input from Europe via Mr. Peter Peters, then retired but recently
manager of Mannesmann Mulheim Works, and the U.S. and elsewhere via Dr Malcolm Gray, a
principal of MicroAlloying International. This information was supplemented by results in
archived Battelle failure reports developed to assess and characterize defects that caused failures
in hydrotesting during the era such failures were reported but not as in-service incidents.

Another key source was the quite extensive evaluation of failure causes documented on behalf of
the PRCI as Reference 70. Finally, the extensive literature selected in regard to historic pipelines
and organized here as Reference 68 was useful, although somewhat more topical that is typically
needed to meet the needs here.

When the process of assembling the data and evaluating causes was completed, the data from failure
analyses, the authors’ experience, and the literature indicate that incidents originating at a defect in
the weld seam are most commonly due to cracks in or around the weld, inconsistent quality welds, or
preferential corrosion in or near the weld. Other causes are much less important as compared to this
to this one.

Cracking

The most common form of cracking in seam welds is hook cracks associated with ERW or flash-
welded pipe. Hook cracks are most likely in pipe made from earlier steels. Hook cracks are
generally stable up to the maximum pressure to which the pipe has been exposed, unless the pipe is
exposed to large pressure cycles.

Inconsistent Quality Seam Welds

Inconsistent quality seam welds are potential anomalies for all of the earlier pipe-making processes.

While most pipe manufacturers succeeded in making pipe of consistent quality, there are several

notable exceptions:

e Acero del Pacifica (low frequency ERW pipe),

e American Steel Pipe (high-frequency ERW pipe),

e A. O. Smith (flash-welded pipe),

e Armco (butt-welded pipe),

o Jones & Laughlin (low- and high-frequency ERW pipe),

o Kaiser (low- and high- frequency ERW pipe, arc or double submerged-arc welded pipe),

e Lone Star (low- and high- frequency ERW pipe),

o Republic (butt-welded pipe, low-frequency ERW pipe),

o Stupp (high-frequency ERW pipe),

o U.S. Steel (lap welded pipe, high-frequency ERW pipe, arc or double submerged-arc welded
pipe, seamless pipe), and

¢ Youngstown Sheet & Tube (low-frequency ERW pipe).

Inconsistent quality welds are considered stable up to the maximum pressure to which the pipe has

been exposed in prior service. Pressure testing of pipelines with seam defects opens the door to
pressure reversals.
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Appendix F. Pipe Body Incidents by Pipe Manufacturer

Figures F-1 through F-17 present data from the three databases used in this study to identify those
pipe manufacturers and years in which incidents occurred in the pipe body. All figures are shown on
the same scales, save for Figure F because the incident rate there differs significantly from the others.

The incidents are broken down into three categories:

e Pre-service — such incidents occurred during a pre-pressure test done prior to commissioning
a pipeline, at a pressure that is a multiple of the maximum allowable operating pressure.

e Service — such incidents occurred during normal revenue operation at a pressure
corresponding to design limitations driven by demand.

e Retest — such incidents occurred during a pressure retest conducted after a pipeline is put into
service, at a pressure that is a multiple of the maximum allowable operating pressure.
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Appendix G: Historic Fabrication and Construction Practices

Pipe Joining — Girth and Fabrication Welds

As Figure G-1 indicates, several different welding practices have been used to join line pipe. These
processes have evolved significantly over the timeline shown there.

Application of early welding processes on pipelines started in the early 1900s with the oxy-acetylene
process. In about 1914-1916, oxy- - Historic Madem .

acetylene welding was used to
i Proof Testing

fabricate the first long distance
‘Wirin kle Bending

pipeline. At about this time, early
shielded-metal-arc (SMAW, “stick [T
electrode”) welding was first Smooth Bendng
applied to pipelines. In 1925, the |
first SMA welding was done on Threaded Callars -
pipelines, which used electrodes g
with an extruded cellulosic
coating. Field weld quality using Oxy-fostylene Weldi
both oxy-acetylene and early :-i'

SMAW processes was marginal at : e e ———
best. Visual examination was the Backing Rings |

primary field inspection method. ",

Additional evolution of the SMA -.'"-., | riznd Lnelp Lo

process resulted and in 1930 all T Automaic Welding
position SMA welding became |
practical. By about 1933, SMA ' o ' o i o
welding was used instead of oxy- 1900 4940 1920 1930 1940 1950 1950 4970 1980 1980 2000
acetylene welding for all but small
diameter pipe. The first welder
qualifications were required in the
early 1930s that included destructive testing. Some company welding specifications were also being
used at that time.

Madhanica Couplings

oo [,

Figure G-1. Pipeline construction practices

The “stove pipe” pipeline construction technique was first used in the early 1930s and became the
preferred construction method in the 1940s. Internal line-up clamps were first used in 1945. Both of
these pipeline construction technique modifications favorably impacted welding quality.

Pipeline weld inspection quality increased with the application of radiography in the late 1940s and
weld acceptance standards were being developed. API 1104 was issued in 1949 and immediately
adopted for pipeline construction. More extensive application of field radiography followed in the
early 1950s. In about 1960, field radiography of girth welds became a pipeline construction
requirement.

Field fabrication of bends and components also evolved. The use of miter bends and field hot
bending were prohibited by most construction specifications in the late 1940s — early 1950s. Other
components such as branch connections and other components were often field fabricated prior to the
mid 1950s. These fabrications often included fillet welds that were difficult to properly inspect
without the availability more mature NDE techniques.
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Along with the evolution of welding and nondestructive inspection processes, materials used for line
pipe and components also improved. In the 1960s, line pipe manufacture with lower carbon steels
(i.e., microalloyed steels) began with a result being generally improved weldabilty. Prior to this
time, many girth and fabrication welds were made on relatively high carbon equivalent materials
(ITW CE> ~ 0.45) that tended to be more sensitive to cracking.

Appendix C presents additional information and more details concerning many of the events
applicable to welding processes and quality shown in Figure G-1. Considering the pipeline
welding/inspection related items evident in Figure G-1, ~1950 tends to be a defining point in time.
The following occurred in about 1950, all of which lead to improved weld quality:

SMA welding had become a more mature field welding process.

The “stove pipe” pipeline construction was the preferred method in the 1940s

Internal line-up clamp use began in 1945.

Gamma/X-ray radiography of welds was implemented in the mid 1940s

Welder qualification methods had been implemented earlier by some and became a

requirement in API 1104 in 1949.

e Weld acceptance criteria had been implemented on some pipeline construction and
became a requirement in 1949 as API 1104 was adopted.

e Pipeline construction SAW double jointing was implemented about 1957.

Historical data on the number of girth weld incidents included in the three historical databases
between 1950 and 2000 is summarized in Figures G-2a and G-2b. Figure G-2a includes a timeline
for some of the key events in girth-weld practices. In Figure G-2a it is apparent that there are peaks
for girth welds in the 1930s and in the 1950s that tend to coincide with the peaks in line pipe
production and pipeline construction.

Figure G-2a indicates a relatively high girth weld incident rate in the early 1950s although several
pipeline welding and construction improvements discussed above were already in place. Figure G-2a
also illustrates that the most significant girth weld incident rate decline began in the late 1960s
although it was relatively low throughout the 1960s. Additional girth welding improvements
occurred in the 1960s through use of microalloyed steels with improved weldability and increased
requirements for girth weld radiography. Additional historical data pertaining to other incidents
pertaining to field welds is provided in Figure G-2b. However, no useful trends are indicated by
these data.

The events related to welding quality in the welding construction timeline and the historical incident
data discussed in reference to Figure G-2a suggest that the interval from 1955-1960 can be viewed as
the period defining a reduction in defective girth/fabrication welds and the related threat. It also
represents the period when the use of field-fabricated components such as branch connections was
declining. In general, this period coincides with a transition in welding methods, pipeline
construction techniques, and inspection quality/frequency that resulted in significant welding related
improvements. The threat associated with welds produced after this period is low compared to
earlier years.

Pipe Joining — Mechanical Couplings

Pipelines were joined using various methods including mechanical couplings prior to the
development of suitable field welding methods. Caulked joints and threaded collars were used on
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very early pipelines and the
Dresser coupling was first
used in 1891. By the late
1920s mechanical coupling
applications were
decreasing as welding
became the preferred pipe
joining method®.
However, their use in
welded pipelines continued
into the 1930s to allow for
in-service axial pipe
expansion.

Mechanical couplings are
sensitive to external
loading. Their application
in early pipelines was often
on 20-foot pipe lengths and
shallow burial depths. As
pipeline pressures and
diameters began to
increase, the lateral
restraint needed to assure
pipeline stability became a
concern. It was recognized
that deeper burial and
longer pipe lengths would
be required achieve
improved pipeline stability.
Improved pipeline welding
practices reduced the need
for couplings at short
intervals.

External loading sufficient
to create about a 1.5-degree
bend through a mechanical
coupling can a separation
to occur. Similarly,
backfill removal adjacent to
a coupling under a lateral
load may allow previously
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Figure G-2. Trends in the failure of field welds
through 2000

restrained pipe to bend thus allowing a coupling separation.

# See Reference 112 for discussion of typical vintage construction practices wherein couplings were often used between
welded double joints of line pipe. This reference also discusses rehabilitation of vintage construction.
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Where mechanical couplings are present, any loading condition that may deform a pipeline should be
considered as a potential threat. A coupling threat should be assumed at locations where earth
movement and heavy rains/floods could interact with a coupled pipeline. In assessing a coupling
threat, the pipe burial depth and coupling frequency should also be considered.

Wrinklebends and Buckles®®

Pipe bending practices used during early pipeline construction practices typically resulted in
circumferential pipe deformation or wrinkles centered at the bend radius. This deformation occurred
at each bending location. The number of wrinkles in a given bend depended on the total angle bend
angle required. Thus, a “wrinklebend” could contain various numbers of individual wrinkle
locations. Depending on methods used (and care exercised), wrinklebend quality varied widely®®. Tt
ranged from severe buckles to almost no visible wrinkle or local deformation at the bend intrados.

Various wrinkle-bending processes were used on pipelines constructed in the mid 1950s and earlier.
Earlier wrinkle-bending methods (~1930s) often included heating the pipe prior to bending. Pipeline
construction bending methods entered a transitional period in the 1940s. Development of improved
bending equipment capable of producing smooth field bends in large diameter thin wall pipe was
stimulated by requirements for the War Emergency pipelines. In 1942-1943, the first improved
bending machine was used for pipeline construction. Wrinkle-bending, however, continued to be
used through the 1940s. In the late 1940s, many pipeline construction specifications prohibited hot
(wrinkle) bending. By the early 1950s, hot/cold wrinkle-bending was still being considered a viable
option along with hydraulic bending machines. Wrinkle-bending was phased out in the early 1950s.
If no information is available to the contrary, it should be assumed that any pipeline constructed in
1955 or earlier contains wrinklebends.

It should be noted that wrinkle-bending process described above were most likely focused on larger
pipe diameters (i.e., 16 inch and larger). Historical records indicate that nominal 12-inch OD pipe
was bent with external shoes as early as 1944. Wrinkle bent pipe of diameters 8 and 12-inch have
been removed from service.

The geometric discontinuity created by wrinkle formation develops a local bend that is sensitive to
external loading that causes it to flex. When in service within the WSD limits under conditions that
do not flex this area, the associated anomalies are stable. However, at locations where external
loading has increased and/or a cyclic stress environment exists, wrinklebend integrity can become an
issue. Increased external loading and/or cyclic stress can interact with the wrinklebend geometry
creating the conditions that could promote time-dependent degradation. Metal loss in a wrinkle
resulting from external and/or internal corrosion can cause additional local stress in a wrinkle thus
increasing the chance of time dependent degradation. Reference 47 provides criteria that facilitate
IMPs involving wrinklebends.

Buckles in pipelines are similar to wrinklebends except they are typically formed in-service due to
external loading. Locations with confirmed threats including earth movement and heavy rains/floods
can potentially create the conditions that can initiate time-dependent degradation. Once a buckle is
formed, operational cyclic stress can also lead to fatigue cracking in a buckle. Assessment and
corrective action, as needed, can be facilitated via Reference 47.

5 Reference 47 provides a comprehensive review of wrinklebend practices and criteria that facilitate IMPs.
5 See Appendix A of Reference 47 for a complete history of such processes and examples of bend quality.
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Valves and Other Components

The incident data contains minimal information that can be used as a basis to meaningfully
evaluate the performance of pipeline components. Some information, however, is available on
valve incidents, which forms the basis for this appendix.

Figure G-3 illustrates the distribution of valve related incidents with time. Unfortunately, the valve
related data do not provide the specific failure cause. It is evident From Figure G-3 that the
number of incidents has remained low and essentially constant over a long period. This trend
indicates that valve failure resulting in a reportable incident has not been a significant issue, with no
incidents reported since the mid 1980s.

Table G-1. Valve incidents by supplier

Valve Number of Valve Number of
Manufacturer Incidents Manufacturer Incidents
Fisher 2 Balon 1
Crane 4 WKM 1
Darling 1 Mé&J 1
Grove 3 Orbit 1
Rockwell 4 Rockwell 1
Wheatley 9 (8 in 1982) Misc 3
Walworth 2

Table G-1 presents the data available that included manufacturer, which represents about half of
such incidents, and indicates the number of incidents associated with each. From this manufacturer
data, it is evident that incidents have included a wide variety of valve types including, ball, gate,
plug, and check valves. Overall,

the incident data was divided

reasonably equally between the Valve Incidents

manufacturers represented with ~ , ~

the exception of Wheatley. kS

Among other products, 2o

Wheatley produced check valves &

that were commonly used in g o

pipelines. Some valve designs, E

particularly gate valves can be =

impacted by external loading "

that distorts the body thereby

impedlng normal Operation' ° o W o W o Ww o W o w o w o w o LQI“;”II-ICI\““D
External loading has also 232 0538833883305 03 333 3
promoted gate valve failures in Year of Valve Manufacture

the weld joining the pipe to the Figure G-3. Valve incidents

valve body.
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Appendix H: Pipeline Construction Timelines

Table H-1. Timeline for construction methods

Date(s) Event
1800s Threaded collars used to join pipe up to 12 inch OD.
Late 1800s Maximum of 8-10 inch OD pipe; threaded joints
1887 Wrought iron pipe up to 24-inch OD used for pipelines. Bessemer steel began to replace
wrought for lap welded pipe.
1891 Dresser couplings first used.
1899 First 30-inch lap welded pipe produced.
First 20-inch OD seamless pipe produced.
1907 Coated welding electrodes developed.
1911 First oxy-acetylene process pipeline welding.
First portable electric welding machine developed.
1914 -1916 Oxy-acetylene welding first used on long distance pipelines.
Improved SMAW welding electrodes becoming available.
First application of SMA electrodes on pipelines.
1917 Use of pipe coatings considered essential. Painting used for pipe protection in some
cases.
1920 Commercial production of “electric welded” pipe began.
Steel lap welded pipe up to 24 inch OD available.
Ditching machine first used for pipeline construction
Some pipeline welding with bare “stick” electrodes.
1922 Backing rings required for early “stick” electrode welding on pipelines.
Oxy-acetylene process roll welding of 5 pipe lengths together to improve production
rates, improved quality; method used for next 10-12 years.
1924 First all welded (14, 16, 18-inch OD) pipeline completed.
First extruded cellulosic SMAW electrodes produced; field weld quality was poor. Rapid
flux development and pipeline use followed.
1925 A.O. Smith started production of welded pipe made from plate with an automated
shielded electrode process — 16 to 24-inch OD.
Pipe flashwelding process being developed.
Mechanical couplings still used in all welded pipelines to allow for thermal expansion.
Late 1920s All field girth welds visually inspected and some field NDT was used.
Bell/ spigot joint developed to reduce weld leakage and use of backing rings
1926 Introduction of large diameter, thin wall seamless pipe with improved quality
1927 Lincoln introduced Fleetweld 5 SMAW coated electrode.
First long distance, electric welded pipeline (155 miles, 8-inch OD). Bell/ spigot joints
1928 made with two passes. Motor driven electric welding machines used.
First use of aerial photography for pipeline location.
First edition of API 5L published.
1929 Additional use of electric welding of bell/spigot joints on pipelines. 45 weld failures the
first year.
All position SMA welding without backing rings became practical.
1930 First use of coated electrodes for pipeline field welding.
Use of Dresser couplings for 18-20 foot pipe lengths in shallow ditch considered
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unreliable due to limited lateral support. Longer distance between couplings and deeper
ditch needed. Protection of coupled pipelines against outside forces difficult to achieve.
Initial use of welder qualifications.

1000 mile pipeline constructed primarily with SMAW; some oxy-acetylene and mill
welded double joints. Backing rings used initially and then discontinued during project.

~ 1930

Lap welded, Bessemer steel pipe up to 24-inch OD is most common line pipe.
Depression era reduced pipeline activity for about 7 years.

Early 1930s

First welder qualification requirements. Test welds destructively evaluated per company
specifications.
Modified oxy-acetylene welding with multiple tips to increase production rates.

Oxy-acetylene welding only used for small diameter pipe.

1933 First SMAW pipeline welding without backing rings.
First use of “stove pipe” pipeline construction method.

1935 American Standard Code for Pressure Piping issued by ASME.

1936 More extensive use of “stove pipe” pipeline construction method.

1940 Various cold bending methods. Used tractors, cables; some done with external bending
shoe.

1940s “Stove pipe” becomes preferred pipeline construction method.

1941 Automatic welding first attempted; not successful.

1942 Double coat/wrap field coating introduced.
First use of thin wall, large OD pipe on War Emergency liquid pipelines. Smooth bends

1942-1943 for such liquid service required development of bending machines; provided to

construction contractors.

1943 Large diameter cold bending machine in use.

1945 Use of internal line-up clamps began.
First use of X-ray radiography (18-inch OD pipe).
First use of large OD (30-inch) DSAW pipe (214 miles)

1946 . . . . ) .
Company pipe, field welding, construction specifications applied.
Gamma RT specification applied. Weld defect acceptance criteria used by Standard Oil.
Girth weld gamma RT initially required cutting hole in pipe to insert source and then
began using double wall technique from outside.
Gamma RT weld acceptance standards still in developmental stages. Acceptance based
on inspector opinion.

1948 First hydraulic pipe bending machine.
DSAW process preferred for large OD pipe production.
High pressure pipeline hydrotesting begins.
API 5LX issued.
Radiograph interpretation still not mature. Training aids published.

1949 RT specified on most new gas pipelines and to a lesser extent on liquids pipelines.
X-ray radiography used for => 20 inch pipe.
API 1104 published and immediately adopted for pipeline construction.

~ 1949 Wrinkle-bending still used for pipeline bending.
Miter bends and hot field bending prohibited by most pipe construction specifications.
More extensive use of girth weld X-ray radiography (1/3 of welds examined)
1949-1950 Early attempt to use automated field SAW double jointing; equipment too bulky for

ROW use.

Early 1950s

Production of line pipe at high level compared to previous years.
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1952 Hot/cold yvrinkle—bending and hydraulic bending considered viable for pipeline
construction.

1955 Gas pipeline construction code issued by ASME and immediately adopted.

1957 First appl'ication of portable, automated SAW double joining process used for pipeline
construction

1958 Automated GMA welder used by H.C. Price; skilled operator required; too slow to
complete entire weld.
Girth weld RT a proven practice a generally required for pipeline construction.

1960 CRC/ER&E/Battelle developed automatic GMA welder; used on 6 inch OD pipe, CO2
shielding; semi-automatic GMA repairs.

1960s Use of microalloyed pipeline steels began.

1963 First application of semi-automatic GMA process for pipeline welding.

1965 First successful automatic crawler for pipeline X-ray radiography.
Automatic/semi-automatic GMA welding on Grade X100 pipe.

1968 Federal Pipeline Safety Act: B31.8 now mandatory.

Table H-2. Timeline for construction, joining and field welding, and nondestructive
inspection methods

Date(s)

Event

Earlier

Use of threaded collars/couplings to join pipe.

1910s

Continued use of collars and couplings.
First oxy-acetylene welding on long distance pipelines.
First shielded metal arc welding on pipelines.

1920s

Continued use of collars and couplings, oxy-acetylene welding, and shielded metal arc
welding.

First roll welding with oxy-acetylene process.

First shielded metal arc welding with extruded cellulosic electrodes.

First bare “stick” welding. Backing rings required — 45 weld failures the first year.
First bell/spigot joints.

First requirements for visual inspections of all field girth welds.

First use of aerial photography for pipeline location.

First use of ditching machine for pipeline construction.

1930s

Reduction in use of couplings, especially for short (18 to 20 foot) pipe lengths.
Reduction in use of oxy-acetylene welding. First modified oxy-acetylene welding with
multiple tips; process used for small diameters only.

Widespread use of all-position shielded metal arc welding without backing rings.
Initial welder qualification requirements; test welds destructively evaluated.

First use of “stove pipe” pipeline construction method.

American Standard Code for Pressure Piping issued by ASME.
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Date(s)

Event

1940s

Little or no use of couplings.

Widespread use of all-position shielded metal arc welding.

First use of automatic welding; not successful.

First use of internal line-up clamps.

Stove pipe” becomes preferred pipeline construction method.

Company pipe, field welding, construction specifications applied.

First use of gamma ray inspections of girth welds. By the end of the decade, radiographic
inspection was required on most new gas pipelines and to a lesser extent on liquids
pipelines.

First X-ray inspections.

Various cold bending methods in use. First use of hydraulic and large-diameter bending
machines.

API 1104 published and immediately adopted for pipeline construction.

1950s

First automated gas metal arc welding; skilled operator required; too slow to complete
entire weld.

First application of portable, automated submerged arc welding double joining process
used for pipeline construction.

Hot/cold wrinkle-bending and hydraulic bending considered viable for pipeline
construction.

Gas pipeline construction code issued by ASME and immediately adopted.

1960s

Radiographic inspection a proven practice and generally required for pipeline construction.
Automatic welding began to be successfully implemented.

First application of semi-automatic GMA process for pipeline welding.

First successful automatic crawler for pipeline X-ray radiography.
Automatic/semi-automatic GMA welding on Grade X100 pipe.

Federal Pipeline Safety Act: B31.8 now mandatory.




