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FAILURE RAi ES IN PIPING MANUFACTURED
TO DIFFERENT STANDARDS

A report prepared by Richard W. Barnes and G. Douglas Cooper, G.D. Cooper Consultants
Inc., under contract to the Atomic Energy Control Board.

ABSTRACT

Most non-nuclear process piping systems in Canada and the United States are constructed to
the requirements of the piping codes of the American Society of Mechanical Engineers
(ASME B31.1 and B31.3). Section III of the ASME Boiler and Pressure Vessel Code, has
additional requirements for piping that are expected to provide further assurance of pressure
boundary integrity. This project attempted to determine if the additional requirements of
Section III were beneficial in preventing failure of the pressure boundary.

The approach taken in this study was to determine the causes of failure of non-nuclear piping
subjected to service similar to that experienced by piping in CANDU nuclear power plants.
The study examined information on carbon steel piping systems filled with water/steam
which operate up to a maximum temperature of 600 °F and a maximum pressure of 1600 psi.
The failure mechanisms were identified and analysed to determine whether application of the
requirements of Section III would have prevented the failure.

Through a process of interviews and literature search, 186 failures were identified and
assembled into a reference database. Many of the records were incomplete; therefore, the
reference database was trimmed to include a subset of 65 failure points supported by
complete data. This subset formed the basis for this study. The results from the study of
other databases assembled for similar purposes were reviewed and compared to the
conclusions reached in this study. These reviews confirmed the conclusions reached in this
study.

RÉSUMÉ

La plupart des ensembles de tuyaux industriels destinés à des applications non nucléaires au
Canada et aux États-Unis sont construits conformément aux exigences des codes de tuyauterie
de l'American Society of Mechanical Engineers (ASME B31.1 et B31.3). La section III du
Boiler and Pressure Vessel Code de l'ASME contient des exigences additionnelles pour la
tuyauterie destinée à offrir en plus une assurance d'intégrité de l'enveloppe de pression.
Dans le projet, on a essayé de déterminer si les exigences additionnelles de la section III
jouaient un rôle bénéfique dans la prévention de la défaillance de l'enveloppe de pression.

L'approche adoptée dans l'étude consistait à déterminer les causes de la défaillance de tuyaux
destinés à des applications non nucléaires, exposés à des conditions d'utilisation semblables à
celles auxquelles sont exposés les tuyaux dans les centrales nucléaires CANDU. Dans
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l'étude, on a examiné des informations portant sur des réseaux de tuyaux en acier ordinaire
remplis d'eau et de vapeur qui sont utilisés à une température maximale de 600 "F et une
pression maximale de 1600 lb/po2. On a identifié et analysé les mécanismes de défaillance
afin de déterminer si l'application des exigences de la section III aurait permis de prévenir
les défaillances.

Par un processus d'entrevues et de recherche documentaire, on a identifié 186 défaillances et
on les a regroupées dans une base de données de référence. Bon nombre des enregistrements
étaient incomplets. On a par conséquent épuré la base de données de façon qu'elle
comprenne un sous-ensemble de 65 points de défaillance supporté par des données complètes.
Ce sous-ensemble a servi de base pour la présente étude. Les résultats de l'étude et d'autres
bases de données créées pour des fins similaires ont été examinés et utilisés pour faire des
comparaisons avec les conclusions de la présente étude. Ces examens ont confirmé les
conclusions de la présente étude.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the statements made
or opinions expressed in this publication and neither the Board nor the authors assume
liability with respect to any damage or loss incurred as a result of the use of the information
contained in this publication.
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1.0 INTRODUCTION

In order to provide greater assurance of pressure boundary integrity, the three piping codes in Section III,
Division 1* of the Boiler and Pressure vessel Code (B&PV Code) of the American Society of Mechanical
Engineers (ASME) contain additional requirements over those of the ASME non-nuclear piping codes,
B31.1 (ref. 8) and B31.3 (ref. 9). The objective of this study was to determine the impact of these
additional requirements on the prevention of failure. The approach required by the contract was to
collect data on actual piping failures; identify, review and analyse the root causes of these failures; and
then determine whether the application of the requirements of Section IN would have prevented them
from occurring.

The results of this study will provide a useful background for the development of consistent approaches
to meet the industry's need for safety and reliability in the construction, repair and regulation of activities
associated with piping systems for nuclear power plant service. It will also provide additional support to
the AECB staff in their regulation of operating nuclear power plants. This information will be of
assistance to them in two areas. The first is in the evaluation of requests for the substitution of code class
in piping systems as a result of the repair, replacement and modification of nuclear systems. The second
is in the evaluation of recommendations to change the code class requirements of the applicable standards
of the Canadian Standards Association.

1.1 Background

There were eight tasks identified for this project. The first task consisted of gathering data on piping
failures from any available non-nuclear source that had service conditions similar to those of a CANDU
reactor. This limited the study to the collection and examination of failure information associated with
carbon steel piping systems filled with water (steam), which operate at temperatures up to 600 °F and at
pressures up to 1600 psi. Tasks two and three consisted of identifying the root causes of failure
associated with each of the pipe failures, and then grouping the pipe failures according to root cause.

Following on from this, the next three tasks were: to analyse Section III requirements to determine
whether or not application of these requirements would have prevented the failure; to summarize the
results of the analysis and to identify the requirements of the Section III Code that would have prevented
the failure from occurring; and finally, to develop the probability of failure for each one of the five piping
codes.

This last task could not be done. The data collected were not specific enough to enable that type of
evaluation to be made, and this position was accepted by the AECB project staff. The difficulty in
collecting detailed data is a common experience in this type of study. This difficulty is commented on in
the reports of earlier studies similar to this one. The remaining two tasks were the preparation of this
report and presentation of the findings of this work in a seminar that was conducted by the AECB in
Ottawa on March 31, 1995.

This study is an important first step in answering frequently asked questions about the value of the
existing Section III requirements which exceed those of ASME B31 piping codes for power piping and
other industrial piping.

Class 1, Subsection NB (ref. 3); Class 2, Subsection NC (ref. 4) and Class 3, Subsection ND (ref 5.)
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2.0 DATA COLLECTION AND GROUPING OF FAILURES

This chapter discusses the activities undertaken to complete the first three tasks of this project, namely,
the collection of relevant data on piping failures in non-nuclear systems, determination of root cause for
each failure and finally, grouping of the failures under the root causes identified. This grouping is
presented in Appendix B, Table Bl of this report shown on pages 44-53.

2.1 Availability of Piping Failure Information

Piping failures occur at all industrial process facilities, ranging from fossil powered generating stations, to
refining facilities, to chemical processing facilities. Much of the failure information in these industries is
never seen in published literature. Probably the major reason for this paucity of information is the
pressure on the plant operators to maintain production. The effort required to assemble the failure
information in a form that can be presented in a public forum with credibility, is beyond the scope, budget
and perceived need to publish this data. There is more interest in spending the available money on
prevention of failures than on publication of the causes of failures. The motivation for maintaining a
degree of confidentiality is also intensified by the possibility of lawsuits and/or the need to keep sensitive
operating information from competitors.

For large accidents, information is usually unavailable because of the existence of lawsuits and the
potential for new lawsuits. Nevertheless, original information is available, if time can be devoted to the
search and collection of the data. As a result of the investigation done for this project, 186 failures were
identified and assembled into a reference database that forms the basis for this report (see Ref. 1). For
the purposes of this study a failure was taken to mean a breach of the pressure boundary. This definition
was extended to include the few examples (brought to our attention) when changes were made to piping
systems, because it was discovered that the damage to the pressure boundary had reached a point when
failure appeared to be imminent, even though the pressure boundary had not been breached at that point.

2.1.1 Primary Sources of Data

About 100 of the 186 failure records assembled in the database may be called "raw data". The term "raw
data" denotes failure information obtained directly from personnel at the plant site, either in discussion
with them and/or from reference to documentation held at the plant. This term also includes failures
reported in internal documents held in company libraries such as Ontario Hydro Public Reference Centre,
or presentations on failures which are reported in meeting minutes such as those of the ASME B31.1
Subcommittee. The actual source of the information was recorded on the data sheet for each failure
record in the database. Contributors included personnel from refineries, chemical plants, plastics
manufacturing plants, thermal power stations, etc.

Information on another 60 failures was retrieved from failure reports in the files of the Inspection and
Enforcement Branch, at the Technical Standards Division of the Ministry of Consumer and Commercial
Relations in Ontario. The Boilers and Pressure Vessels Act in Ontario (ref. 10) requires plant owners to
report to the Chief Inspector of the Province within 24 hours, any property damage and/or personal injury
as a result of a break in the pressure boundary. The remaining failures identified in the database have
been gleaned from published literature such as papers from the annual ASME Pressure Vessel and Piping
Conferences. A list of the "raw data" sources of information is given in Table 1.



2.1.2 Other Sources of Data

Other sources of information were identified and yielded data on failures. In most instances, the
information could not be independently verified or evaluated. This prevented the data from being
accepted as valid "raw data". Data which fell into this category is useful as a supplementary source to
the primary data and is a valuable tool for checking and comparing with the conclusions reached from the
primary data. Sources for this data type included general references provided by refineries, a database
from the National Board of Boiler and Pressure Vessel Inspectors - Columbus, Ohio, a report from the
Pressure Vessel Research Committee (PVRC) - Piping Review Committee, and limited databases from
two inspection companies.

Table 1 - Sources of "Raw Data" Information

Company-Product

Esso-Refinery

Sunoco-Refinery

Safety Kleen-Oil Recovery

Novacor Plastics-Chemical

Novacor-Chemical

Esso-Chemical

Polysar Rubber-Chemical

Terra International-Chemical

Ontario Hydro Reference Centre

Technical Standards Division, MCCR

PVP Conference Papers

Meeting Minutes B31.1

Location

Sarnia

Corunna

Breslau

Mooretown

St. Clair River Site

Sarnia

Sarnia

Sombra

Toronto

Toronto

Toronto Libraries

New York

2.2 Acceptability of Data Points

The study collected and examined failure information on carbon steel piping systems filled with water
(steam), which operate at temperatures up to 600 °F and at pressures up to 1600 psi. In the initial
development of the failure database, it was agreed with the AECB staff, that for a data point to be
considered valid, information was required for each of the variables shown in Table 2. The information
for a large number of the 186 failure records is incomplete. Within the time constraints and budget of this
study, it was not possible to generate the effort required to collect the missing information. In some
cases it may not have been possible to get the complete information at all, since archives have been lost or
destroyed.



Meeting the above requirement resulted in a reduction of the collected records in the original database
from 186 failure records to 65 records. These failures are presented in Appendix B, Table Bl.
Information on the background references, location of the files and the company name, although present
in the reference documentation, have been removed from Table B1 in the report to protect the
confidentiality of the source. The analysis of the data in Table Bl is given in Chapter 3 of this report.

One of the terms of reference for this study was that the failures should be in water (steam) systems. It
was explained by the AECB Project staff that this limitation was placed because many failures in
refineries and chemical plants are the result of the corrosive nature of the process fluid. It became evident
during the data collection phase that a failure in a pipe carrying corrosive fluid could still be a valid data
point, provided the failure was not influenced in some way by the nature of the fluid. When it was judged
that the fluid did not impact on the cause of the failure, the data point was included in the database.

For the other three variables in the terms of reference, material, pressure and temperature a similar
rationale was applied. Use of this rationale for these three variables did not produce many extra data
points. For example, failures at the higher temperatures were most often the direct result of metallurgical
processes that occur at the higher temperatures, e.g., creep. This placed the record outside the scope of
this study and therefore, the record was unacceptable as part of the database for the project.

Table 2 - Information Fields for Record of Failure

General Information

Case Number

Location of Files

Background Reference

Company/Plant

Process Information

Pipe Diameter

Pipe Thickness

Material

Pressure

Temperature

System

Fluid

Construction Code

Failure Details

Date of Failure

Location of Failure

Phase of Life Cycle

Nature of Failure

Cause of Failure

2.2.1 Prevention of Bias in the Information Provided

In the collection of the data, every effort was made to avoid introducing a bias to the contributors. The
only statement of requirements given in a discussion with a contributor were the terms of reference and a
brief explanation of the objective. It was emphasized that all pipe failures were of interest regardless of
cause. This approach was taken to reduce the possibility of establishing a bias towards a certain type of
failure as a result of the investigators' approach.



There was also another reason for this approach. The paucity of available "raw data", especially at the
beginning of the project, made it necessary to remove as many barriers as possible to people providing
information. Therefore, a simple statement of requirements provided the least threat to potential
contributors. The overall response was excellent. As a result of this data collection experience, the
investigators believe that there is an abundance of information on pipe failures in existence. The
challenge is to gain access to this information within the framework of reasonable time, cost and effort.

2.3 Nature of the Data Collected

It is important to recognize that the failure points assembled in the Reference Database and in Appendix
B, Table Bl, are not statistically random. Therefore, they are not necessarily representative of the piping
failures in industry. However, the analysis and comparison with the Section III requirements provide a
good understanding of the type of protection received from the requirements of Section III, and whether
or not Section III would have assisted in the prevention of the failures.

Although many of the failure records in the reference database are incomplete, they are still real failures
and can be of considerable value in the development of valid conclusions, providing the missing
information is not relevant to the conclusion. An analysis of the information in the large reference
database in combination with the other data sources mentioned earlier, is given in Chapters 4 & 5.

Another aspect of the data collected is the qualitative nature of the information. Much of the technical
detail on a failure was in company files. The time frame for the study did not permit pursuit of this
information in depth. Further, it may not have been possible to gain access to the company files for many
of the failure points.

Even when access was gained to files and/or reports, the analysis often reported only the metallurgical
findings. Many of the process variables were missing, and while the metallurgical analysis identified the
actual root causes, it did not allow for the development of a history to failure. This is important
information for the development of a complete understanding of why that particular failure occurred.
The only way to proceed with this lack of information was by an inductive reasoning process in an
attempt to reach an understanding of the failure. A deductive approach would have been preferred,
because it would have minimized speculation.

The information provided in the reports and databases usually lacked full disclosure. This often reduced a
quantitative approach to a qualitative approach because a piece of information was missing. It was the
data points gained through the face-to-face interviews that yielded the most complete information on a
particular failure. However, the lack of reference to formal documentation for most of these discussions,
also placed this information in the qualitative category.



3.0 IMPACT OF SECTION HI REQUIREMENTS

In this chapter, the potential impact of the Section III requirements on prevention of the root causes
identified in Table Bl of Appendix B are discussed. The work discussed in this Chapter covers Tasks 4
and 5 of the project.

3.1 ASME Codes - Approach to Pressure Boundary Integrity of Piping

The ASME B&PV Code has developed a systematic approach to the application of requirements that if
met, provide assurance of pressure boundary integrity of piping and other pressure boundary
components. Firstly, the basic premise behind all of the ASME pressure boundary codes is "..no pressure
boundary failure." There is also a similarity of approach between Section HI and the other
"construction" codes, Section I (ref 47) and Section VIII (ref. 48), of the Boiler and Pressure Vessel
Code. Section III has tightened the control of the design and manufacture of the pressure boundary items
by defining specific responsibilities for the plant owner, the designer, the manufacturer of pressure
boundary components, parts and their assembly. Further Section III defines additional requirements to be
met in the areas of the design specification, the design, control of material, its manufacture and repair, the
manufacture of the pressure boundary items, their examination and testing, and implementation of quality
assurance programs combined with a classification approach.

The classification approach is based on the concept of providing greater assurance of pressure boundary
integrity for components which have potential for a greater impact on the safety of the public. This
classification approach is divided into three classes, Class 1, Class 2 and Class 3. There are specific
requirements for each class, which are defined in the ASME B&PV Code by Subsection NB (Class 1),
Subsection NC (Class 2) and Subsection ND (Class 3), respectively. Generally, Class 1 is applied to the
systems associated with cooling the fuel, and these systems are more likely to experience high levels of
radioactivity. Class 2 is mainly used for containment piping, and Class 3 is applied to systems expected
to experience lower levels of radioactivity.

Within each subsection (Code Class) in Section III, the construction of a component is divided into seven
areas: material, design, fabrication, welding, examination, testing and overpressure protection, and each
subsection contains requirements to be met in each of these areas. A similar approach, although not
exactly the same, is used for the ASME B31.1 and B31.3 piping codes. Section III has added two more
areas: strict control on the content and responsibility for the design specification and design output
documents, and requirements for quality assurance, which is applied to the control of materials and the
construction of components.

Within the framework of these areas, Section III limits the type of materials that can be used in the
construction of piping in the different classes; controls welding through limitation on material, procedures
and personnel qualification; controls the joining of materials and products by practices that have been
proven to be reliable and effective; places restriction and requirements on the examination methods used
to determine the integrity and acceptability of base materials and joints, as well as the repair of materials.
Further, Section III provides specific requirements to protect piping from

. explosive rupture because strength capacity was exceeded,

. failure due to thermal fatigue,

. plastic collapse of the piping as a result of design loads and low cycle dynamic loads (including
seismic), and

. brittle fracture through control of material properties.



Section III also provides a general guidance list of potential loads/root causes of failure. These are not all
inclusive, but are ones the designer should consider. It is worth noting, that Class 1 provides a different
design approach from Classes 2 & 3. The Class 1 approach is known as Design by Analysis. The
requirements for Class 1 are more restrictive, which is due mainly to the reduction in the actual basic
margins. This reduction in basic margin is compensated for by allowing the use of only highly ductile,
proven material, by the definition of and design for specific conditions, increased examination, especially
volumetric examination, and stricter controls on acceptance limits.

The ASME Codes are not handbooks even though there is a tendency to treat them as such. The
designer is expected to develop a design for a component in accordance with the best engineering
practice. The design is checked to determine that the code requirements have been met. Components
and/or piping systems constructed to meet the requirements of the codes, have the best assurance that the
integrity of the pressure boundary will be maintained when they are first pressurized, and afterwards,
during the operating life of the systems. This presumes that the system has been correctly and fully
specified for the loads and conditions that it will experience during its lifetime and that it will be operated
within the boundary of that design specification.

Once operation of the system has started, the direct applicability of these codes ceases. With the start of
operation, the process of ageing begins. There are margins and allowances placed in these codes in an
attempt to take recognition of the damage mechanisms/ageing processes that can shorten the life of the
pressure boundary of a system. In some cases, for example corrosion, the actual allowance is an estimate
dependent on the experience and ability of the designer.

There is no attempt made in the codes to explicitly address all the root causes at this time. It is difficult
to provide explicit rules for many of them, and it is left to the designer to understand the process and the
operative root causes for a particular process and to provide the margin against failure in the design.

3.2 Root Causes Identified

A list of the root causes of failure identified, is given in Table Bl, and the number of failures associated
with each root cause is presented in Table 3 below.

The terms used in the description of these root causes are generic and often include causes of failure
which although related to the generic term, are often more complex than the generic term. The aspects
covered by each term are given below.

Abrasion: Abrasion is the thinning of a pipe wall resulting from contact and rubbing against another
object.

Corrosion: Corrosion covers general internal corrosion including external corrosion, corrosion/erosion,
corrosion fatigue, stress corrosion and galvanic corrosion.

Fatigue: Fatigue covers thermal fatigue, low cycle fatigue and vibration fatigue.



Table 3 - Root Causes Presented in Table Bl

No.

1

2

3

4

5

6

7

8

9

10

11

Basic Root Cause

Abrasion

Corrosion

Fatigue

Mechanical

Manufacturing Defect

Water hammer

Overpressure

Erosion

Freezing

Overheating

Overload

Total

No. of
Failures

1

22

16

2
r 12

1

1

3

5

1

1

65

Mechanical: Refers to impacts on the pressure boundary that occur outside the action of the process
system. An example of this type of failure is the impact of a fork truck or dropping of a concrete block
on a pipe.

Note: This type of root cause is not addressed by the Boiler and Pressure Vessel Code. Since it was decided not to do any
pruning of the records at this point, failures of this type were included.

Manufacturing defect: Covers defects that are a result of the manufacturing process. Examples are
weld defects, forging defects such as laps, etc., pre-heat, overheating and other mistakes that occur
during manufacture.

Water hammer: The impact of slugs, shock waves and rarefaction waves which can produce very high
forces on bends and pipe transitions and result in broken hangers and pipe wall damage. Water hammer
combined with another failure mechanism such as a fatigue crack or a pipe wall weakened by
erosion/corrosion may result in a pipe wall rupture.

Overpressure: Failures that result from an excess of pressure which exceeds the capacity of the pipe to
withstand the internal pressure and results in bowing, bulging, rupture or cracking.

Erosion: Removal of metal from the wall, resulting in thinning and holes. It is often the result of impact
on the pipe wall of fluid particles such as water in steam and solid particles in fluids.

Freezing: When a pipe is ruptured due to freezing of the water in the pipe.



Overheating: The pipe pressure boundary failure that results from high metal temperatures due to
overheating.

Overload: A pipe pressure boundary failure (collapse) resulting from hanger failure or other static loads
applied to the pipe run.

The terms, Manufacturing Defect and Mechanical, are significantly different from the others because the
other root cause descriptions are explicitly definitive in their meaning. These two terms are collective by
nature, and have failure records within their collection that are totally unrelated. For example under
manufacturing defect, there is a machining tolerance defect and a forging defect. Both are obviously
associated with manufacturing but unrelated, except that both may have been caused by human error.

3.3 Methodology of the Analysis

Outlined below is the methodology used to determine whether the application of Section III requirements
would have prevented these failures from occurring. The root causes of failure were divided into two
separate groups. The first group included the root causes which were clearly defined, such as
corrosion/erosion, vibration fatigue etc., and in which each failure was similar to the other failures
collected under that root cause description.

The second group, as discussed previously, consisted of two root causes which were collective in nature,
and resulted in the collection of failure records that were associated with the title description. These
records were usually unlike the other failure records that fell within the common description of the root
cause e.g., a forging defect and a machining tolerance defect are manufacturing defects collected under
the root cause description of manufacturing defect, but are not similar in any way. For this second group
of root causes, each failure had to be considered individually for coverage by the Code.

The process used to analyse each of these groups was to identify all relevant references in the five codes,
B31.1, B31.3, Subsection NB (Class 1), Subsection NC (Class 2), and Subsection ND (Class 3) that
applied to that particular root cause/failure. From this review, the extent of the coverage of these root
causes by each code could be determined and compared. The results are summarized in the discussion of
Subsection 3.4 below and compared in Tables 4 and 5. The code clauses that apply to the different root
causes of failure are listed in Table Al of Appendix A, pages 40-41. A space containing a dotted line
indicates no coverage for that root cause of failure by that Code.

3.4 Root Causes of Failure and ASME Code Requirements

Each root cause identified in Table 3 of this report is evaluated against the requirements specified in the
five ASME piping codes B31.1, B31.3 and Section III, Subsections NB, NC, ND. As far as could be
determined, all the piping systems associated with the failures reported in Table B1, (which is the source
for Table 3), were constructed to ASME Piping Codes B31.1 or B31.3.

In all five piping codes, there are two types of requirements provided. The first type are general advisory
requirements, for which the responsibility has been placed directly on the designer to understand and
provide a design capable of withstanding the loadings and conditions that would result in pipe failure
from the root cause. The second type of requirements are specific requirements that the design must
meet, and in doing so, if the loads and conditions have been specified correctly, the root cause is negated.



3.4.1 Abrasion

The three piping codes in Section III provide a general warning about abrasion. There is no mention of
this type of damage in B31.1 and B31.3.

3.4.2 Internal Corrosion

Carbon steel piping used in cold water, hot water or steam service, experiences general corrosion. The
extent of the corrosion is dependent on several factors such as oxygen content of the fluid, the chemistry
of the fluid, the state of motion (flowing or stagnant), combination of metals present, etc. All five codes
allow the designer to put in a corrosion allowance in the calculation of the wall thickness. It is the
responsibility of the designer to determine the actual allowance that must be made for the service.

Internal corrosion may be general, but can be local, such as in pitting and galvanic action. The corrosion
allowance used in the thickness equation is for general corrosion. It may not be possible to provide an
adequate allowance against pitting and galvanic action. The designer should be aware of the possibility
and attempt to avoid the conditions that would lead to these types of corrosion. There is one example of
galvanic action in the database, Table Bl. In this case, the parent metal was sacrificed rather than the
weld. This resulted in extensive loss of wall material. None of the codes provide specific rules to combat
corrosion problems associated with fluid chemistry control, galvanic corrosion, and piping configurations.
Such considerations are the responsibility of the system designer and/or piping designer.

3.4.3 Corrosion-Erosion

All five codes require the processes associated with corrosion-erosion be considered in the design. If the
designer thinks that the phenomenon is likely to be present, the Code requires as a minimum, an increase
in the wall thickness to accommodate this situation,. Specific requirements are not given. Closely related
to this is the phenomenon of erosion itself. This occurs due to the high energy impact of particles in the
fluid such as steam droplets and/or insoluble particles moving around in the fluid. All five codes provide
general guidance about this possibility but no specific requirements.

3.4.4 External Corrosion

The code warns the designer about corrosion and requires the designer to make allowance for it.
Normally only the more obvious internal corrosion is considered as the mechanism. However, this study
identified several instances of external corrosion both general and local and a few instances of external
galvanic corrosion. Inspection staff of plants visited warned that locating external corrosion sites was
difficult. It was found almost impossible to predict where the corrosion will occur, or even if is likely to
occur. External corrosion is mentioned explicitly in the ASME Code B31.1, and covered by a general
statement in Subsections NB, NC and ND.

3.4.5 External Stress Corrosion Cracking

Another variation of external corrosion that caused failure was external stress corrosion cracking. This
occurred as a result of the interaction of products leached from the insulation with the pipe wall. Once
again, the five codes provide only generic direction and not specific rules for this phenomenon.
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3.4.6 Thermal Fatigue and Low Cvcle Dynamic Loading

Variations in temperature of the system can lead to very large cyclic stress ranges. Each of the five codes
requires that thermal cyclic stresses be evaluated. The requirements in this regard are almost identical for
Section III, Subsection NC and ND, and ASME Piping Codes B31.1 and B31.3. These codes require
calculation of the equivalent number of full range temperature cycles postulated to occur during the life of
the plant. The value for the allowable stress range is based on the number of equivalent full range
temperature cycles and from that, the acceptability of the piping system to withstand the thermal cycling
is determined. It should be noted the allowable stress which is part of the assessment calculation, is
calculated differently in B31.3 than in the other three codes, and this results in a higher allowable stress.
However, there was no evidence that this difference had any impact on the failures seen in this database
of 65 points or for that matter, the reference database. There are no requirements to do a fatigue analysis
for low cycle dynamic loads in these four codes. The method used to handle this type of loading is to
design for plastic collapse. This is a conservative approach and bounds the design condition.

In Section III, Subsection NB, a formal fatigue analysis for cyclic stress ranges including dynamic loading
and thermal cycling is usually required. However, if the operating conditions meet certain criteria, then a
fatigue analysis is not required. The consideration of dynamic loading and thermal cycling is a formal
step required by Subsection NB and must be done. In order to perform a formal fatigue analysis, a
greater understanding and definition of the cyclic loading on the component and the response of the
component to that loading is required which, of itself, provides a better design.

3.4.7 High Cycle Fatigue (Vibration)

All five codes provide general guidance to the designer with respect to vibration. It is well recognized
that vibration must be controlled since it leads to pipe failure. The difficulty has always been predicting
where vibration will be a problem. This is particularly true for the smaller pipe diameters. This is further
exacerbated by the fact that small diameter pipes are not normally regarded as being important to safety
and therefore, do not receive the attention needed to detect vibration.

The piping codes provide some specific requirements to be met, if it is recognized that a pipe will be
subjected to high cycle fatigue. For instance, Section III Subsections, NB, NC, ND and B31.1 prohibit
the use of soldered joints completely, if the pipe is subject to vibration. The nuclear codes require the
designer to undertake a walk-around the plant during commissioning and start-up to locate and reconcile
pipe that is vibrating.

3.4.8 Failures due to Interaction of Objects with the Piping

Collisions with piping that lead to pressure boundary failures occur. The consequences of this type of
loading is termed mechanical failure in Table Bl. This type of loading is not covered by any of the codes
mentioned in this report.

3.4.9 Piping Failures due to Manufacturing Defects

Each of the five codes requires examination of the product during manufacture. When defects are found
they must be removed. The basic premise is that the item/component is without defect when it is
delivered from manufacture/fabrication. The quantity, type and detail of examination and testing are
closely linked to the design requirements. For example, in welding a butt joint, the quantity and type of
examination to be done on the joint is dependent on the joint efficiency used in the design calculations.
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There is variation in these requirements from code to code. Although not demonstrated in the existing
database, previous experience indicates that even when there is 100% examination, defects still seem to
be missed. However, the more extensive requirements of Section HI will result in a greater percentage of
the defects being detected.

3.4.10 Overheating of Piping

Overheating can change the material properties of the pipe. If the impact is detrimental, then the integrity
of the pressure boundary of the pipe is compromised. All five codes require a design temperature to be
selected. The actual definition of design temperature varies between the Section III codes and the two
B31 piping codes. The value of the allowable stress which provides the safety margin in the design, is
impacted by the design temperature. The allowable stress and the design pressure are part of the
equation used to determine the wall thickness needed to withstand the service loads.

When the allowable maximum temperature is exceeded, it is often the result of an unpredicted operating
situation or an accident. This condition may not have been covered by the design specification or the
design specification did not predict the extent of the event.

3.4.11 Overpressure of Piping

All five codes require that the piping systems be protected with adequate overpressure protection.
However, the specific requirements for the different codes vary. Subsection NB contains the most
restrictive set of requirements. It is not clear that these increased limitations improve the operating safety
of the system.

3.4.12 Overloading of Piping

All five codes require that the piping be properly supported so that it is not over-stressed due to its own
weight, content weight and the loads of attached equipment and the insulation supported by the pipe.
Other loads included are the impact of earthquakes and those loads identified as a result of startup,
shutdown and operation.

3.4.13 Freezing of Pipe Contents

Freezing of pipe contents is mentioned in B31.1 and B31.3, although not explicitly. When water freezes,
it initially expands, and the loads on the pipe from this expansion should be allowed for in the design.
Most times freezing occurs as an accidental situation and therefore, the failure would fall into the
category of an operator error.

3.4.14 Water Hammer

All five codes refer to water hammer and caution that it must be avoided or its impact considered in the
design when the event is known to occur as a result of the nature of the process. Section III requires
consideration of water hammer and requires the impact of water hammer to be limited to the primary
bending stress limits. Most water hammer events are a result of operator error and therefore, would not
have been considered in the design.
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3.5 Summary of Root Causes in Table 3 Vs. Code Requirements

Set out below in Table 4 is a summary of the coverage of the root causes by the various ASME Codes,
B31.1, B31.3, Section III, Subsection NB (Class 1), NC (Class 2) and ND (Class 3). The Mechanical
and Manufacturing Defects are covered by Table 5 where each individual failure is examined.

One point immediately evident from Table 4 is the close relationship between the various pressure
boundary codes in piping. Except for manufacturing defects, freezing, and abrasion, the choice of any
one of the recent codes would have made little or no difference for over 75% of the failures in Table 4.
The rules are similar, if not the same, in many areas of the five codes. This should not be a surprise, since
the basic premise behind the ASME code development is, "No pressure boundary failure". Therefore,
when one code committee finds it necessary to make a specific change, the other code committee will
usually examine that action and follow along with similar changes, if applicable.

No.

1

2

3

4

5

6

7

8

9

10

11

Table 4 - Coverage of Root

Root Causes

Abrasion

Corrosion

- Internal Corrosion

- External Corrosion

- Corrosion/Erosion

- Galvanic Corrosion

- Stress Corrosion

Fatigue

- Dynamic Load (not seismic)

- Thermal Loads

- Vibration High Cycle

Mechanical

Manufacturing Defect

Water hammer

Overpressure

Erosion

Freezing

Overheating

Overload

B31.1

No

Yes

Yes

Yes

Yes

Yes

Yes (S)

Yes(S)

Yes

Table 5

Table 5

Yes

Yes (S)

Yes

Yes

Yes(S)

Yes (S)

Causes by

B31.3

No

Yes

Yes

Yes

Yes

Yes

Yes(S)

Yes (S)

Yes

Table 5

Table 5

Yes

Yes(S)

Yes

Yes

Yes (S)

Yes(S)

ASME Codes

Class 1

Yes

Yes

Yes

Yes

Yes

Yes

Yes(S)

Yes(S)

Yes

Table 5

Table 5

Yes

Yes(S)

Yes

No

Yes (S)

Yes (S)

Class 2

Yes

Yes

Yes

Yes

Yes

Yes

Yes(S)

Yes (S)

Yes

Table 5

Table 5

Yes

Yes(S)

Yes

No

Yes (S)

Yes (S)

Class 3

Yes

Yes

Yes

Yes

Yes

Yes

Yes (S)

Yes(S)

Yes

Table 5

Table 5

Yes

Yes(S)

Yes

No

Yes(S)

Yes (S)
Note: "Yes " means it is covered by the Code and "(S) " means specific requirements
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For most of the root causes there is general guidance given in the codes. It is not easy to provide specific
guidance for many of the root causes of failure, because the circumstances surrounding the occurrence of
many of the failures are mostly unique to the process and the company approach to operation. It became
obvious during the data collection process, that when a code does not contain specific requirements foi
recurring failures, often a company produces its own design and fabrication procedures, in an attempt to
reduce the number of failures experienced eg., vibration fatigue of small nipples.

There is another example of this type of action. Recently, the petroleum industry has become aware of
the potentially large economic and safety impact that can result from the use of the wrong material. With
the advent of relatively cheap and accurate material analysers, they have begun to analyse the chemical
content of each piece of material used (and replace it if it does not correspond to the design
specification), even though this is not a requirement in any of the codes. Section III requirements for
material control are more stringent than the non-nuclear codes eg., a Certified Material Test Report is
required for most material unless it falls under the size exemption of NCA-3867.4 (ref. 2). The non-
nuclear industry is undertaking a more extensive verification of materials than required under the Section
III Code.

All mechanical failures fall into the category of no impact, because the root causes are all related to an
operating plant and therefore, are not covered by a construction code.

More significantly, the three codes in Section III seem to be more effective than the other two codes, in
the area of manufacturing defects. The control of material, the requirements for volumetric and surface
examination of welds associated with the manufacture of fittings and pipe, the rules for repair of defects
in material, together with control of the manufacturing process provide the capability for detection of the
defects that resulted in failures under this category. It is not possible to say that they would have
prevented the occurrence 100% of the time, but the potential for finding the flaws is there.

3.5.1 Failures due to Manufacturing Defects

It is clear from Table 5 that the increased requirements of Section III in the control, examination, and
repair of defects, and the control of manufacture and welding provides the potential to discover the
defects that lead to the pipe failures. In the case of Item 108 (lap opened), the failure was discovered
during the hydro test. This might have been detected by the requirements of all five codes, because all of
them require a hydrostatic test of about the same magnitude, although the NB test pressure is lower and
B31.1 does allow an initial service test at the normal operating pressure in lieu of the usual hydrostatic
test, under certain circumstances. If the forging had been slightly stronger, it might have withstood the
hydrostatic test, and the flaw might not have been detected. The volumetric examination requirements
for materials in Subsection NB, might have picked up this lap defect. This requirement is unique to
Subsection NB. Subsections NC & ND have surface examination requirements for forgings under certain
circumstances and therefore, the lap might have been detected.

A somewhat similar comment could be made for Item 279 as has been made above for Item 108. The
crack in the elbow of Item 279 was discovered before it was placed in the system, but it did pass the
manufacturing process. In this actual example the hydro test would have certainly have caused it to leak,
but a crack that did not go through the whole wall might have withstood the hydro test. For Item 243
(wrong materials), general guidance is provided in B31.3 about the use of halides with stainless steels.
This advice is not present in the other four codes. Since this system was constructed to B31.3, this
would have been a design error since the code had warned against it. The design requirements of Section
III would not have prevented this. On the other hand, if this had been a supplier's mistake, the material
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Table 5 - Coverage of Mechanical & Manufacturing Defect Root Causes

No.

242

231

215

279

230

241

226

243

108

219

232

229

212

213

Root Causes

Mechanical

- Stepping on pipe

- High velocity impact

Manufacturing Defect

- Poor machine tolerances

- Crack through wall of elbow

- Flange cracked due to overheating

- Pipe Scarf weld with inclusions

- Forging defect

- Wrong use of materials; bellows split

- Lap opened up in hydro test

- Improper formation of ERW joint

- Fitting fails; weld process defective

- Hole drilled by accident

- Lack of overlap of passes on fillet weld

- Lack of overlap of passes on fillet weld

B31.1

No

No

No

No/Yes

No

No

No

No

No/Yes

No

No

Yes

No

No

B31.3

Yes

No

No

No/Yes

No

No

No

Yes

No/Yes

No

No

Yes

No

No

Class 1

No

No

Yes

Yes

Yes

Yes

Yes

NA

Yes

Yes

Yes

Yes

Yes

Yes

Class 2

No

No

Yes

No/Yes

Yes

Yes

No

No

Yes/No

Yes

Yes

Yes

Yes

Yes

Class 3

No

No

Yes

No/Yes

Yes

No

No

No

Yes/No

No

No

Yes

No

No
Note: "Yes " means there are Code requirements that might have resulted in its detection and when combined "Yes/No'

means that detection was not an absolute certainity. When reversed, "No/Yes ", it means the were no code
requirements, but it might have still been detected. NA means bellow are not allowed for Class 1 piping.

Table 6 - Types of Failures from Manufacturing Defects

Type of Failure

Leak

Explosive Release

Pinhole Leak

Large Leak

None

No.

3

1

3

1

3

Item Nos.

215,279,226

241

212,213,219

243

108,229,232,230
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controls of Section III should have detected the mistake. In the case of Item 229 (incorrect hole drilled),
all the codes would have required it to be corrected. The defects of Items 212 (lack of overlap pass) and
213 (lack of overlap pass), might have been discovered by meeting the surface examination requirements
for fillet welds in Class 1 and Class 2 but not Class 3, which requires only surface examination of fillet
welds for diameters greater than two inches.

In Table 6, the type of failure resulting from the manufacturing defect is summarized. In this sample of
65 failures, one of the failures in the manufacturing defects resulted in an explosive type release. The
remaining defects were either leaks (and one of them was a large leak), or failure without coolant loss. .
In 4.0, an analysis of the type of failure is done on the larger more statistically significant group of the
reference database, which includes the 65 failures as a subset.

3.6 Concluding Remarks - Why Do the Failures Still Occur?

The large majority of the root causes of the failures in this subset of 65 failure points have been covered
by the same or similar design requirements in all five codes. The requirements are often general/advisory
in content leaving it to the designer to make the decision on exactly what must be done to mitigate the
impact. Most times this type of advice is given when it is difficult to predict where this type of root cause
will occur eg., such as corrosion-erosion or vibration-fatigue. In fact, to provide detailed requirements to
cover these root causes, if that were possible, would result in substantially larger codes with severe
impact on their ease of use.

With all the effort, research and development that goes into the development of codes of practice, failures
still occur. Systems and components that are designed to meet the code requirements still experience
failure due to these root causes. Several factors could give rise to this problem. The first is the ability to
correctly predict the loadings and conditions in the design specification. Next the designer has to
understand the detailed nature of the impact of these conditions on the design and what must be done in
the design to handle/compensate for the impact. This can be a significant problem at times even for the
most experienced designer. A third factor may be the increased tendency of designers to rely on analysis
instead of the application of sound practice design and layout practices based on past experience. The
failures identified in this subset cannot be covered successfully by analytical techniques.

Components and systems are also significantly impacted by maintenance and operation. When these
activities result in the system operating outside the original design envelope, the design itself can be
severely compromised. The complexity of the ageing mechanisms associated with many of the root
causes also prevents development of satisfactory criteria, The design solution is left up to the judgment,
knowledge and experience of the designer to provide a satisfactory answer.

In this sample of 65 points, the areas in which Section III has the potential to make an impact, is in the
control, use and preparation of material and the more stringent requirements for manufacture that are part
of the Section III requirements. While the potential for exclusion or detection of the defects in this
sample is increased very significantly, there is still not a 100% assurance that all of the defects would
have been found before operation. The size of the equipment, the method of manufacture and the
sensitivity of the measurement associated with these variables are all factors that leave room for some
uncertainly to exist. That is why the design margins inherent in the code requirements are so important.
They ensure that lower allowable stresses will be used in the design to enable the material to be more
tolerant of undetected defects. They provide the added assurance that the pressure boundary will
maintain its integrity during operation. This approach has proven to be extremely successful over the
many years of use of the five Codes.
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4.0 ANALYSIS OF DATA IN REFERENCE DATABASE

The 186 data points in the reference database, are genuine failures even though the information is
incomplete for a large number of points. These deficiencies prevented the use of these data points in the
evaluation of the potential impact of the Section III. Further review of the data indicates the presence of
relationships of significant interest which could be of value when applied to new designs and prevent
piping failures. The results of this analysis is reported in this chapter.

Before proceeding with the discussion on these relationships a word of caution is required. The sample
of 186 failure records is really very small and is not a random sample and therefore may not be
representative of the failures in industry. Thus, the conclusions reached should not be treated as an
absolute. The second caution has to do with the relationships themselves. For example, corrosion/erosion
failures can occur in piping of any size if the correct conditions exist, but this study shows that for this
particular sample, it is prevalent in a certain diameter range. This does not mean that there is a real
technical (metallurgical) relationship for this sample between diameter and root cause. However, these
relationships always beg for an explanation and in so far as the explanations developed are accurate, the
information can be of considerable use in the design, construction and operation of a piping system. For
this particular root cause of failure, when consideration is given to the reason for this correlation, the
relationship between pipe size and type of service seems to be relevant. In the industries and plant sizes
from which this sample is drawn, it would appear that there is a tendency to use certain pipe sizes for
certain types of service, hence the relationship to pipe diameter in this sample. The usefulness of this
information is for the designer and the pipe fabricator, warning them that certain types of service result in
certain types of failure and they should be aware of this in their design so that they can mitigate the
impact.

4.1 Relationship between Root Cause and Pipe Failure

Table 7 lists the root causes identified as the reason for the pipe failures in the Reference Database (ref.
1). Corrosion processes account for 31% of the total failures. Dividing this general category of
corrosion into subcategories reveals that 45% of the total corrosion failures are due to corrosion/erosion
and 33% are due to external corrosion. Fatigue accounts for 23% of the total failures. Examination of
the subcategories under fatigue, reveals that fatigue failures due to high cycle vibration make up 75% of
the total fatigue failures. Mechanical type events resulting in pipe failure make up 13% of the total
failures and are the next highest on the list. This is closely followed by water hammer and manufacturing
defects with 8%, followed by overpressure failures at 6%.

4.2 Relationship between Pipe Diameter and Pipe Failure

A breakdown of pipe failures as a function of diameter is given in Table 8. Approximately 84% of all
failures occurred for pipe diameters twelve inches and less, while 70% of the failures occurred for pipes
six inches in diameter or less and 36% of all the failures occurred for pipes two inches in diameter or
less.
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Table 7 - List of Root Causes

No.

1

2

3

4

5

6

7

8

9

10

11

Basic Root Cause

Abrasion

Corrosion

Fatigue

Mechanical

Manufacturing Defect

Water Hammer

Overpressure

Erosion

Freezing

Overheating

Overload

Total

No. of
Failures

1

42

32

17

11

11

8

5

5

2

1

135

Note: The total number of failures differs from the actual number of failure points because not all failures had the root causes
identified. When this information was missing, those points could not be used in this table. However this does not prevent
these points being used in the comparison with other variables when this comparison is meaningful and correct.

The root causes associated with each diameter are given in Tables 9(a), 9(b), 9(c) below. Several
variables influence the type of root causes of failure associated with different diameters pipes. A major
impact is the type of service the pipe sees. A review of the database shows that process lines and header
type supply lines are generally two inch diameter or greater. The smaller lines are often used as drain
lines, sample lines, nipples for instruments, thermowell connections, recirculation lines at the discharge of
pumps, low flow type systems that provide a more utilitarian type of service. The plants from which this
information was obtained were all similar in size and different size plants might have produced a different
relationship between root cause of failure and pipe diameter.

The type of service the pipe provides also determines its perceived importance in the overall system
maintenance and repair, and therefore determines the effort associated with ensuring its integrity. A
failed drain line or instrument line will be fixed but might not receive the same effort or attention from the
operating staff as a process line that can shut down the entire process or lead to a highly explosive cloud
of gas, which in this case can also occur from a leak in a very small diameter line.

Requirements provided by the different codes to ensure pressure boundary integrity may be more
effective at one diameter range than at another because of the nature of the loading and the resulting root
cause associated with that loading. For example, rules are provided for the prevention of fatigue failures.
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Table 8 - Relationship of Pipe Failure to Diameter

Diameter (in)

'/a

%

1

2

2'/a

3

4

6

Total

No:

6

16

7

5

14

3

9

15

16

91

Diameter (in)

8

10

12

14

16

18

20

24

>30

Total

No:

10

6

4

3

1

5

2

1

9

41

The larger diameter pipes are stiffer and heavier and less likely to vibrate. Therefore one could expect to
see more failures from vibration fatigue at the smaller diameters than at the larger diameters. As shown
in the Tables below, 55% of the fatigue-vibration failures occurred in lines one inch diameter and less and
fatigue-vibration accounts for 45% of all the failures in that diameter range. With increasing diameter
size and therefore, increasing stiffness, vibration is no longer dominant. The fatigue requirements for the
codes do not address vibration other than as a general warning. There is also an indication that the
underlying reason for fatigue failure changes with the larger pipe diameters, from a vibration loading to a
thermal or a low cycle loading. This is closely related to both the service experienced by these larger
diameter pipes as well as their ability to withstand the vibration loading much better than the smaller
diameter pipes.

Corrosion/erosion in this sample appears to be concentrated heavily in the smaller diameter set of six
inches and less. Examination of the reference database shows this to be related to the type of service
experienced by the pipe. For these industries, this piping size seems to be often used for wet steam
supply, blowdown service, crossover from one system to another; service which can have severe
turbulence and high fluid velocity as well as fluid mixes of liquid and gas for which pH cannot be
effectively controlled, allowing development of conditions suitable for a corrosion/erosion environment.
In other industries, wet steam supply often uses much larger piping diameters. The time to failure from
corrosion/erosion activity is also impacted by pipe wall thickness. The thicker the wall, the longer it will
take for the pipe to be worn through. Although not evident in this study, since it concentrated on carbon
steels as the base material, the material base can have a significant impact on the rate of
corrosion/erosion.

It is also evident from the Tables 9(a), (b) and (c), that for pipe sizes above one inch diameter, the root
causes of failures are more evenly distributed and no one root cause of failure appears to be so
significantly dominant as vibration-fatigue is for piping one inch diameter and less.
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4.3 Other Relationships Derived from the Database

4.3.1 Types of Failure

In Table 10, a list of the type of failures identified in the database is given. This shows that 68% of the
failures were leaks, cracks, pin hole leaks including a category called "other". This category includes
situations when the pressure boundary did not break because the thinning wall was found during a
maintenance procedure, allowing correction of the problem before there was an actual pressure boundary
failure. The remaining 32% of the failures are categorized as ruptures which indicates a violent release
and often explosive type forces.

Table 9(a) - Relationship of Root Cause to Pipe Diameter (NPS Vi - VA)

Root Cause/Pipe Dia.

Corrosion

Corrosion/erosion

External corrosion

Galvanic corrosion

Stress Corrosion

Erosion

Fatigue-thermal

Fatigue-low cycle

Fatigue-vibration

Mechanical

Defect-manufacturing

Overheating

Overload

Overpressure

Freezbg

Water hammer

Totals

Number of Failures

Vi

5

1

6

VA

2

1

5

3

1

1

1

14

1

1

1

1

1

1

5

V/i

1

1

1

1

4

2

2

2

1

3

3

1

12

2 Vi 1 Total

1

1

2

6

5

2

11

9

5

2

1

2

43
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Table 9(b) - Relationship of Root Cause to Pipe Diameter (NPS 3-12)

Root Cause/Pipe Dia.

Corrosion

Corrosion/erosion

External corrosion

Galvanic corrosion

Stress Corrosion

Erosion

Fatigue-thermal

Fatigue-low cycle

Fatigue-vibration

Mechanical

Defect-manufacturing

Overheating

Overload

Overpressure

Freezing

Water hammer

Totals

3

1

2

2

2

7

4

4

2

1

1

1

1

1

1

1

1

14

Number of Failures

6

1

2

1

1

1

3

1

2

1

13

8

2

1

1

1

3

8

10

2

1

1

1

5

•2

1

1

1

3

| Total

6

6

3

2

1

3

2

1

5

4

5

2

1

2

1

6

50

In the database, the term crack is frequently associated with fatigue failure as well as corrosion, water
hammer and freezing. The term leak, although associated with fatigue type failure descriptions, is also
associated with other failure descriptions such as corrosion, manufacturing defect, freezing and
mechanical type failures. On the other hand, the term pin hole leak is almost exclusively related to
corrosion. Rupture is often associated with water hammer, overpressure, overload, and at times
manufacturing defects, mechanical damage and fatigue failures.

Fatigue often initiates a crack or causes an existing flaw to propagate and this usually results in a leak
type failure. Corrosion/erosion will thin a wall most times locally and will usually end up also causing a
leak type failure. The explosive rupture is usually the result of a combination of loadings. It will occur
when the crack propagation and/or thinning of the wall have reached the stage when combined with a
pressure overload as the result of an overpressure transient or shock type loading such as with water
hammer, the ultimate strength of the pipe wall is exceeded and rupture occurs. It is worth noting that the
Section III rules allow only materials with high ductility, and this limitation reduces further the chance of
an explosive rupture.
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If pipe diameter is included in the association, this shows that the smaller pipes are often associated with
leaks and pin holes because of the nature of the service and the root cause of failure associated with that
type of service. The rupture type failure in this database sample, tends to be associated more with the
larger pipe sizes, although there is a smattering of rupture type failure in all sizes of the sample. Once
again, this is also related to the service experienced by the pipe, as discussed earlier.

Table 9(c) - Relationship of Root Cause to Pipe Diameter (NPS 14 - >30)

Root Cause/Pipe Dia.

Corrosion

Corrosion/erosion

External corrosion

Galvanic corrosion

Stress Corrosion

Erosion

Fatigue-thermal

Fatigue-low cycle

Fatigue-vibration

Mechanical

Defect-manufacturing

Overheating

Overload

Overpressure

Freezing

Water hammer

Totals

Number of Failures

14

2

1

3

16 18

1

1

1

1

1

5

20

1

1

24

1

1

>30

1

1

3

5

Total

2

1

1

1

1

5

3

1

15

The crack type failure seems to be more associated with the intermediate sizes, although once again, there
are examples of cracking in all diameters. There does not appear to be any significant correlation
between pressure, temperature and failure type in this database population.

A review of pipe thickness would show a correlation with failure type and cause. However, this
correlation could be without merit/significance in this database since in discussion with the contributors, it
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was pointed out several times by them, that the companies have standardized on a purchasing policy of
buying certain pipe wall thicknesses for certain diameters. This simplifies buying and controlling of
materials.

Table 10 - Types of Failure

Description of
Failure

Crack

Leaks

Pin Holes

Ruptures

Other

Total

Number

22

37

22

47

20

148

4.3.2 Location of Failure

There is often significant correlation between the root cause of failure and the location of the failure. As
an example, the corrosion/erosion failure is often in a part of the piping system where there is a change of
direction of the fluid flow such as the back side of the elbow. This is a place of high turbulence,
momentum change and velocity. Failures resulting from water hammer often occur where there is a
branch connection or change in direction of the piping system. The loading resulting from the reflection
of the shock wave combined with thinning of the wall in the branch connection leads to a failure as
discussed above. The forces on the piping system often cause such a severe and extensive movement in
the piping/hanger system, that hangers are broken.

For this database, the cracking and leaks that are a result of the fatigue action often occur at welds,
nozzles, thread roots and areas that are prone to the development of cracks due to metallurgical
discontinuities and stress raisers. Overpressure and freezing damage seem to occur in straight runs of
pipe. Manufacturing defects often seem to occur in products that undergo forging/forming processes to
reach the final product stage such as elbows, weld neck flanges and the like.

4.3.3 Phase of System Life Cvcle

The relationship between the phase of the system life cycle and the numbers of failures is shown in Table
11. Obviously, the operation phase with 72% of the failures is far ahead of the other phases, with the
leaders of the others being design and fabrication at 8-9% each. This maybe a little deceptive because an
argument could be made that failures due to corrosion/erosion and vibration-fatigue could be avoided
with the proper design. There is some truth to this, yet the inability to predict when and where these
problems are likely to occur is a major stumbling block to improvement at the design stage.
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It is worth noting that in the area of corrosion/erosion, there is a coordinated research and development
effort underway in many of the nuclear power plants in the United States and Canada, attempting to
understand the phenomenon of corrosion/erosion and to develop methods for detecting and then reducing
the impact of the mechanism during the operation of the plant. Eventually this will result in more relevan
guidance being added to the construction codes.

Table 11 - Phase of Life Cycle

Phase

Design

Construction

Maintenance

Fabrication

Material

Operation

Total

Number

13

4

3

13

5

104

142

4.4 Summary of Findings

There are some very interesting points identified in this analysis of the reference database. Corrosion
(31%) and fatigue (23%) failure processes account for 54% of the total failures. Of these categories,
45% of the total corrosion failures are due to corrosion/erosion and 33% are due to external corrosion.
For fatigue, failure due to high cycle vibration make up 75% of the total fatigue failures. Approximately
84% of all failures occurred for pipe diameters twelve inches and less, 70% of the failures occurred for
pipes six inches in diameter or less and 36% of all the failures occurred for pipes two inches in diameter
or less. Smaller pipes tend to be more prone to failure. Of course, account must be taken of the fact that
the total length of smaller pipe is greater; hence, there would a larger number of failures in the smaller
pipe.

Of the variables that influence the failures experienced by pipes of different diameters, one major impact
is the type of service for which the pipe is used. The results from the reference database analysis tend to
establish a definite relationship between pipe diameter and root cause of failure. However, this is not real
for most of the root causes of failure. It occurs because there is a relationship between root cause and
service and there is a tendency in this database sample to see certain pipe sizes associated with certain
types of service.

A review of the database shows that process lines and header type supply lines are generally two inches ir
diameter or greater. The smaller lines are often used as drain lines, sample lines, nipples for instruments,
thermowell connections, recirculation lines at the discharge of pumps, and low flow type systems that
provide a more utilitarian type of service. The corrosion/erosion failures in this sample appear to be
concentrated heavily in the smaller diameter set of six inches and less. This is best explained by the type
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of service for which this size of piping is used in this sample, rather than an actual technical reason for the
relationship associated with the smaller diameter.

On the other hand, there appears to be a variation to the above in the area of fatigue. Approximately
55% of the fatigue-vibration failures occurred in lines one inch diameter and less, and the fatigue-
vibration root cause of failure accounts for 45% of all the failures in that diameter range. With increasing
diameter size and therefore increasing stiffness, vibration failure is no longer dominant. There is also an
indication that the cause of the fatigue failure changes with the larger pipe diameters, from a vibration
loading to a thermal or a low cycle loading, which once again can also be shown to be strongly related to
the service experienced by these pipes.

The analysis showed that 68% of the failures were leaks, cracks, pinhole leaks and a category called
"other". This category includes situations when the pressure boundary did not break because the thinning
of a wall was found during a maintenance procedure, allowing correction of the problem before there was
an actual pressure boundary failure. The remaining 32% of the failures are categorized as ruptures which
indicates a more violent, often explosive type release.

Another interesting point in this sample is the tendency for a particular failure type to be associated with a
root cause of failure. A pinhole leak is almost exclusively related to corrosion. Rupture is often
associated with water hammer, overpressure, overload, manufacturing defect, mechanical damage and
even some fatigue failures. This type of failure associated with fatigue or corrosion/erosion has to be a
combination of fatigue or corrosion/erosion with a dynamic loading of some type, such as a water
hammer pulse, as discussed earlier.

If pipe diameter is included in the association with failure type, the smaller pipes are often associated with
leaks and pin holes. Once again, the nature of the service, the root cause of failure associated with that
type of service and the tendency to use certain pipe sizes for that type of service in this sample, explains
this correlation. The rupture type failure in this database sample, tends to be associated more with the
larger pipe sizes, although there is a smattering of rupture type failure in all sizes of the sample. Once
again it appears that this is also related to the service seen by the pipe.

Finally, this discussion points to another advantage of Section III, which is associated with the materials
allowed in Section III. Ductile material usually results in a leak through the wall before a rupture would
occur. The materials available for Section III piping are very ductile and operate at relatively low
pressure and temperature. The materials allowed by the other codes can be of high strength with
substantial reduction in ductility and can operate at high pressure and temperatures and therefore, much
smaller flaws can lead to explosive type failures.
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5.0 COMPARISON WITH OTHER DATABASES

In the literature search stage of this project, there were several studies of pipe failures identified that had
databases related to this project. However, these studies were not acceptable as original databases
because they could not be verified independently. A brief review of these databases is given in this
chapter and the findings of these studies are compared to the conclusions arrived at from analysis of the
reference database assembled for this study.

5.1 General Electric-Survey of Piping Failures GEAP-4574 May 1964 (ref. 34)

This work was part of an overall study of piping failure undertaken by the General Electric Company on
behalf of the U.S. Atomic Energy Commission. The study was an initial investigation of piping system
reliability in water-cooled nuclear power reactors. The part of the study of interest to this analysis was
known as the Survey of Pipe Break History. It was carried out in the early days of nuclear power when
the piping reliability statistics for operating piping systems in nuclear power plants were inconclusive
because of their relatively short operating experience.

The objective of this study was to collect and analyse data on piping failures in systems that are
analogous to those in nuclear power plants. It was not unlike the current study undertaken on behalf of
the AECB. This information was used to assess the nature and consequences of possible piping failures
in nuclear power plant piping systems; particularly primary system piping. The approach taken was to
define a wide-distribution survey that would elicit available case histories of failures. Once the surveys
had been returned, the cases of interest were selected, and contact was made with the participants by
telephone and/or site visits to facilities to complete detailed information requirements. The data were
then evaluated for failure generalizations.

There were 701 contacts made with utilities, petroleum refineries, chemical processing plants, marine
plants, architect-engineers, component manufacturers, piping fabricators and erectors, insurance
companies and others. A total of 315 replies were received which documented 94 failures. There were
57 failures of the 94 cases that were of interest and when combined with the failures obtained from
published literature, a database containing 399 failures was produced. In the 94 replies, 70% were from
utilities and most of the other failure reports from other sources were reporting failures associated with
the electric utility service.

5.1.1 Scope of the Data

Considerable difficulty was experienced collecting well documented failures. This lack of detail led to
qualitative generalizations and prevented useful analysis of fracture mode and stress. The net result was
that a gross or general analysis had to be performed rather than a more detailed analytical approach. The
scope of the failures was somewhat broader in the temperature range than the AECB study. The service
temperature of piping that failed was up to 1200° F which is considerably higher than the 600° F for the
AECB study. The pressure range for this study was approximately the same as the AECB study. The
materials were not restricted to carbon steel, and included stainless steel and low alloy steels. The
failures were also grouped according to what was determined to be the basic root of the failure. The
groupings used were deficiencies in design, material selection, manufacturing, fabrication-erection,
operation-service and other.
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5.1.2 The Results

The study found that 39% of the failures occurred in systems normally operating at 600° F or less. There
was only one failure attributed to material selection for failures that occurred in systems operating at
temperature below 600° F. However, with normal operating temperature above 600° F, 50% of the
failures were in the material selection group. A review of the corrosion/erosion failures indicated that this
root cause is not adequately considered during the plant design stage. Cracking was generally not
detected until a leak occurred and most failures became known through the presence of leaks. The study
also showed that the great majority of failures occurred in the pipe or the pipe-weld zone particularly in
association with a structural discontinuity. The most probable failure was cracking due to low cycle
fatigue and mainly the result of the inability of the designer to predict environmental and service
conditions. The study further concluded that piping systems designed and constructed to established code
criteria will exhibit high reliability and will not be prone to a catastrophic, complete severance rupture.

5.2 EPRI Report-Pipe System Failures NP-438 August. 1977 fref. 121

This report was sponsored by the Electric Power Research Institute and was undertaken to give an
overview of the nature of piping failures being experienced in the nuclear power plants and the effects of
the failures on plant availability. The characteristics of the failures have been derived from reports
submitted by the utilities to the Nuclear Regulatory Commission. The severity of the failures range from
localized cracks which did not leak, to complete rupture of the pipe wall. The time frame covered was
from August 1960 to August 1976. The authors of this work also experienced difficulty in gathering
complete data for the reported failures.

The following observations are derived from the data reviewed for this work. The data used covers only
the initial stages of nuclear power operation i.e., 1-13 years. Approximately 47% of the pipe failures
were discovered during plant shutdown. Only 9% of pipe failures involved a pipe rupture. This study
found that the principal causes of pipe failure appeared to be the result of phenomena which are not
readily predictable. The causes ranked by quantity are as follows: vibration (high cycle fatigue) 25%,
fabrication errors 13%, stress corrosion cracking 11%, erosion 7%, thermal fatigue 5% and corrosion
3%. The observation that high cycle fatigue resulting from vibration has an important impact on pressure
boundary integrity, is borne out by the AECB study also. This differs from the Hackney-Gibbons study
(ref. 34) which found low cycle fatigue as the dominant failure mode. Stress corrosion cracking is a
phenomenon normally associated with stainless steel.

Approximately 27% of the pipe failures in PWRs have occurred in the primary plant charging system.
About 16% of the pipe failures occurred in the feedwater system and 12% in the decay heat system. The
majority of pipe failures reported occurred in small diameter piping, i.e., about 51% of all PWR pipe
failures occurred in lines less than or equal to one inch in diameter. For the PWRs, 71% of the pipe
failures occurred in piping less than six inches. It was determined that 54% of the failures occurred in
welds or the weld heat-affected zones of piping, 40% in the pipe wall and 6% in threaded pipe joints.
Finally, the study seemed to indicate that pipe failures occur more frequently in BWRs than in PWRs.

5.3 NBBPVI-Annual Incident Reports 1971-1991 (ref. 13-33 incU

Every year the National Board of Boiler and Pressure Vessel Inspectors (NBBPVI) surveys its associated
bodies, the state/province inspection agencies and insurance companies, for information on pressure
boundary failure. The information is published in their quarterly bulletin. In response to a request for
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information on piping failures, the National Board of Boiler and Pressure Vessel Inspectors (NBBPVI)
provided a copy of the failure data published in their quarterly bulletin. This covered a 21 year period of
data collection. However, only an eleven year period had enough information to be of any use to this
project.

Over the first ten year period there were 667 failures reported, with 13 fatalities and 55 injuries. In the
next eleven year period there were 1588 failures with 45 fatalities and 185 injuries. However, it is the
breakdown of the causes of the failures and the type of failure that is significant for this work. The
information in Table 12 below contains the condensed numerical information on piping failures for the
period 1981-1991. For a complete set of information the reader is referred to the reference.

In the 1588 piping failures reported for this eleven year period, 64% of the failures had a failure process
that could occur in the systems associated with the steam and water systems of nuclear power plants.
About half of these failures were due to a corrosion/erosion process. Another interesting point was that
47% of the failures were discovered because the piping leaked. Failures due to cracks made up 18%,
and 29% were torn asunder. The remaining failures were other types which are not likely to occur in the
nuclear industry such as burn damage, inward collapse, combination explosion and others.

These figures show that pipe failure is a phenomenon that occurs regularly and exacts a toll on the
operator. Statistically, the failures rates are very low since this survey covers the United States and
Canada.

5.4 Factory Mutual-Piping Failures 1991-1993 fref. 39)

In response to a request for information on piping failures, the Factory Mutual Insurance Company
provided a listing of 23 losses involving piping, for the period 1991-1993. There is a possibility that the
1991 data were included in the previous NBBPVI database. The information is provided in the form of a
table which outlines the type of equipment, probable cause, damaged part and kind of failure. Twenty of
the pieces of equipment were unfired pressure vessels, one was an engine, one a fired vessel and one a
compressor. All of the information provided on the damaged parts had to do with piping failures
associated with that equipment. Table 13 below sets out in detail the information provided.

Once again, the fatigue failure showed up in an area of high vibration and thermal shock associated with
blowdown which is similar to findings in the study database. The use of the term fracture in one instance
seems to mean crack, and therefore leakage, but it is also used to mean rupture in another instance.
Further scrutiny of this information from Factory Mutual tends to confirm correlations seen earlier.
While the paucity of information does not allow any conclusion to be developed from this table, when it is
included with all the other data, it adds another piece of information to the trend. Some of the earlier
observations are reinforced by this table. For example, external corrosion, erosion and freezing are
prevalent root causes. There is also a mechanical type of failure from impact, called breaking, which
seems to be a relatively frequent event for pipes.

5.5 Root Cause Analysis of Process Vessel Fires and Explosions (ref. 38)

Another study that was unearthed as a result of contact with an insurance company was one done in
England. A paper was presented at an AIChE meeting in Orlando, Florida in March 1990. The study
analysed the causes of over 900 releases from fixed pipe work at hazardous plants. This study of piping
failures involved a classification scheme which identified the direct causes of failure, (eg., corrosion, etc.),
the underlying origins of the failure (design, fabrication, etc.) and also the failures of the "socio-technical
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system" (social, organizational, management and human factors). Detail is also lacking in this study, but
there is an interesting graph which has been converted into Table 14 below. The highest contributor,
defect piping, was a "collect all" grouping, for which the only information available was the type of
equipment that failed, but the actual cause was unknown or not identified. Review of the remainder of
the direct causes shows that once again, similar root causes are identified.

5.6 EPRI Report-Environmental Effects on Components NP-5775 (ret. 401

This report summarizes 17 potential root causes caused by environmental conditions. The ASME Code
requires plant owners to consider such environmental damage mechanisms. However, these potential
service degradations are not addressed explicitly in the Section III Code. The intent of the document was
to provide guidance and references that could be used as a starting point for more detailed evaluations of
specific applications. The report is based on light water reactor (LWR) experience and mechanisms
identified are primary causes of component failures in LWRs. The list of damage mechanisms are given
in Table 15 below. The main contribution this report makes to the present study is as an independent
confirmation of the types of failures that have been experienced within the scope of this work. Some of
the mechanisms are obviously not relevant since they are associated with material other than carbon steel
and therefore, fall outside the scope of the present study.

5.7 WRC-Mechanisms and Corrective Actions Bulletin 382. June 1993 fref. 4U

This report summarizes the major piping problems experienced and discusses the corrective actions
applied during three decades of nuclear power plant generation. The report particularly concentrates on
severe piping failures. The term severe is used to denote complete severance, large "fishmouth" failures,
or long, through-wall cracks. The report states that the root causes of failure that have caused severe
failure are erosion-corrosion and vibratory fatigue. Stress corrosion cracking has been a consistent
problem but has proven to be more of an economic problem than a rupture problem, and has to this point
not been related to severe failures. General corrosion has not been a problem because of successful design
techniques to mitigate its impact. The report also points out that microbiologically-induced corrosion
must be taken into account. The other root causes addressed by this Bulletin are thermal fatigue (due to
the mixing-tee effect and to thermal stratification) and water hammer.

5.8 Summary Discussion

While the above studies are more overview than specific analysis, they tend to confirm the existence of
the same root causes of failure as identified by the present AECB project. Corrosion/erosion and
vibration fatigue are the more common failures and have been occurring in pipes for a long time. The
1964 GE Report (ref. 34) found that not enough attention was paid to corrosion/erosion during the
design phase. All the studies suffer from the same problem of being unable to obtain complete data. As a
consequence, it forced them to be more qualitative in their conclusions. There is also similarity between
studies in the relationship between pipe diameter, root cause and service experienced by the pipe. This
was discussed at length in Chapter 4.
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Table 12 - Pipe Failure Data from NBBPVI, 1981-1991 (ref. 23-33 inch)

Piping Associated
with

Power Boilers

Steam & Hot
Water

Cast Iron Boilers

Pressure Vessels

Total

CAUSE OF FAILURE

Design,
Fabricn

45

20

5

54

124

Corrosion
Erosion

155

161

102

137

555

Operator
Error

33

55

38

148

274

Total Causes of Failure

Over
Pressure

5

16

13

29

63

1016

TYPE OF FAILURE

Crack

58

63

42

118

281

Rupture

64

43

50

152

309

Total Types of Failure

Leak

136

209

118

288

751

1341

IMPACT OF FAILURE

Accidents

417

358

281

532

1588

Injuries

35

9

1

140

185

Deaths

22

2

1

21

46
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Table 13 - Pipe Failure Data from Factory Mutual, 1991-1993 (ref. 39)

Type of Failure

Weld Cracking

Tension Fracture

Torn Asunder

Rupture

Fracture

Cracking

Distortion

Puncture

Leakage

External Corrosion

Extrusion Rupture

Breaking

Damaged part

Piping

Blowdown piping

Piping

Piping

Refrigeration Piping

Piping

Water Piping

Piping

Piping

Gas Piping

Ammonia Piping

Oxygen Piping

Ammonia Piping

Steam Piping

Process Piping

Lubrication Piping

Effluent Piping

Piping

Piping

Steam Piping

Water Piping

Piping

Ammonia Piping

Probable Cause

Embrittlement

Fatigue

Leakage

Overpressure-Air

Overpressure

Explosion

Low Temperature

Freezing

Freezing

Overpressure

Long Term Condition

Stress

Overpressure

Caustic Embrittlement

Long Term Condition

Abnormal Vibration

Leakage

Leakage

Overpressure

Erosion

Corrosion

Freezing

Land Vehicle Impact

Type of
Equipment

Unfired Vessel

Compressors

Unfired Vessel

Engines

Fired Vessel

Unfired Vessel
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Table 14 - Breakdown of Direct Cause Contributors (ref. 38)

DIRECT CAUSES

Erosion

Other

Vibration

External Load

Temperature

Wrong Equip/Location

Impact

Unknown

Corrosion

Overpressure

Operator Error

Defect Piping/Equipment

% CONTRIBUTION

1-2

2-3

2-3

3

4-5

4-5

5

9

9

12

18

31-32
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Table 15 - List of Damage Mechanisms in Light Water Reactors (ref. 40)

No:

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

Damage Mechanism

Intergranular and transgranular stress corrosion cracking

General corrosion and wastage

Pitting corrosion

Crevice corrosion and denting

Intcrgranular corrosion attack

Fretting and wear

Microbiologically induced corrosion and fouling

Dynamic loading - vibration, water hammer and unstable fluid flow

Irradiation assisted corrosion cracking

Erosion and erosion/corrosion

Corrosion fatigue and crack growth

Thermal aging embrittlement

Thermal fatigue

Radiation cmbnttlement

Hydrogen damage and embrittlement

Creep

Flow-assisted corrosion

Relevant

No

Yes

Yes

Yes

No

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
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6.0 SUMMARY AND CONCLUSIONS

6.1 Summary

1. There were 186 failure points assembled into a reference database. Since only failure points for
which complete information was available could be used in the evaluation, the database was trimmed to
65 points. The root causes of failure for this subset were identified and then analysed according to the
following methodology:

Based on the root causes identified in the trimmed database, it was found that the process of
evaluation required the database to be divided into two separate groups. The first group included
the root causes which were clearly defined such as corrosion/erosion, vibration fatigue etc. The
second group consisted of the two root causes that were collective in nature, namely, Mechanical
and Manufacturing Defect. In this second group each individual failure of the group was analysed
for coverage by the Code.

The process used was, identify for each root cause in Group 1 and each failure in Group 2, all
relevant references in the five codes, B31.1 (ref. 8), B31.3 (ref. 9), Subsection NB (Class 1) (ref.
3), Subsection NC (Class 2) (ref. 4), and Subsection ND (Class 3) (ref. 5), that applied to that
particular root cause or failure. The code paragraphs identified were assembled into two tables.
Table Al for Group 1 and Table A2 for Group 2. From that review, the extent of the coverage
by each code of these root causes/failures, was determined and compared.

From this analysis, the impact of the requirements of Section III were evaluated to determine
whether the use of Section III would have prevented these failures from occurring.

2. Once the analysis of the subset had been completed, the reference database was analysed to gain
an understanding from the larger database of the relationships between the root causes of failure and the
variables of pipe size, service for which the pipe was used, location of failure and wall thickness.

3. Other databases that had been assembled previously in other studies or separately by other people
for their own purposes were also reviewed and compared to the database assembled for the study. They
confirmed the conclusions reached.

6.2 Conclusions

The conclusions reached in this study are:

1. For this sample of 65 failures, over 75% of the root causes of failure are addressed in all
five codes either through specific rules or by general reference. The design requirements
in one code are usually quite similar to the others. Therefore, the application of Section
III design requirements rather than the requirements of the Code of Record used, would
not have been a significant factor in preventing failure.
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2. Failures in piping do occur and will continue to occur because of the occurrence of
situations that were not covered by the design specification, ageing processes and human
errors which cause the system to be operated outside the design envelope.

3. Section III requirements have merit because of the control, examination and repair of
materials, and the requirements for welding, manufacturing and installation. Section III
also limits the material use to piping specifications that specify high ductility. This will
tend to mitigate the type of failures that occur towards leaks rather than explosive type
ruptures.

4. The review of the full database collected for the study, indicated that there is a significant
correlation between the root cause of the failure and service for which the piping is used.
For this sample, the correlation also translated to pipe sizes, probably because for the
industries from which this database was collected, certain pipe sizes are associated with
the processes and services that result in these failure types. This finding was also
confirmed by the other databases referenced in this study, which would seem to indicate
that certain processes and services across a broad range of industries use similar pipe sizes
for these services.

5. The large majority of failures occurred in smaller pipes (NPS 6 and less). The root causes
of corrosion/erosion and vibration fatigue were mainly responsible for the pipe failures in
these sizes. The ASME codes handle these root causes of failure only by general advice
and warning.

The conclusions reached in this study are based on a limited set of data. The application of the findings
of this study must take this limitation into consideration. Nevertheless, the other databases reviewed,
confirmed the root causes of failure identified in the reference database assembled for the study both in
type and relative frequency, giving credence to the conclusions reached.

In conclusion, Section III does have an advantage in the detection of material and manufacturing defects
over the other piping codes and therefore, will make a difference. It must once again be kept in mind
that these findings are the result of a very small sample of pipe failures, and the conclusions reached might
change if another set of failures were studied.
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7. ASME Boiler and Pressure Vessel Code, Section II, Part D, Material Properties, 1992 Edition
with Addenda up to and including A93.

8. ASME B31.1, Power Piping, 1992 Edition including Addenda A92 (ASME B1.1 a - 1992).

9. ASME B31.3 Chemical Plant and Petroleum Refinery Piping, 1990 Edition up to and including
the 1992 Addenda (ASME B31.3c - 1992).

10. Boilers and Pressure Vessels Act of Ontario, Revised Statutes of Ontario, 1980, Chapter 46 as
amended by 1983, Chapter 33.

11. ASTM Annual Book of Standards, Volume 1.01, 1993.

12. S.L. Basin and E.T. Burns, Characteristics of Pipe System Failures in Light Water Reactors, EPRI
NP-438, August 1977, prepared by Science Applications, Inc. for Electric Power Research
Institute.

13. Recap of Accidents Reported by the National Board Members and Insurance Inspection Agencies,
for the Year 1971.

14. Recap of Accidents Reported by the National Board Members, January 1, 1972 - December 31,
1972.

15. Recap of Accidents Reported by the National Board Members and Other Authorized Inspection
Agencies, for the period January 1, 1973 - December 31, 1973.

16. Recap of Accidents Reported by the National Board Members and Other Authorized Inspection
Agencies, for the period January 1, 1974 - December 31, 1974.
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17. Accident Report (to National Board), January 1975 through December 1975.

18. Accident Report (to National Board), January 1976 through December 1976.

19. Accident Report (to National Board), January 1977 through December 1977.

20. Accident Report (to National Board), January 1978 through December 1978.

21. Accident Report (to National Board), January 1979 through December 1979.

22. Accident Report (to National Board), January 1980 through December 1980.

23. National Board 1981 Accident Report.

24. National Board 1982 Accident Report.

25. National Board 1983 Accident Report.

26. National Board 1984 Accident Report.

27. National Board 1985 Accident Report.

28. National Board 1986 Accident Report.

29. National Board 1987 Accident Report.

30. National Board 1988 Accident Report.

31. National Board 1989 Accident Report.

32. 1990 Incident Report (to National Board).

33. 1991 Incident Report (to National Board).

34. W.S. Gibbons and B.D. Hackney, Survey of Piping Failures for the Reactor Primary Coolant Pipe
Rupture Study, US AEC Report GEAP-4574, General Electric company, May 1964.

35. S.H. Bush, A Review of Reliability of Piping in Light Water Reactors, Symposium on Reliability
Problems of Reactor Pressure Components, Vienna, Austria, October 10-13, 1977.

36. S.H. Bush, Failure Mechanisms in Nuclear Power Plant Piping Systems, Transactions of the
ASME, Journal of Pressure Vessel Technology, November 1992, Volume 114, Pages 389-395.
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37. S.H. Bush, Statistics of Pressure Vessel and Piping Failures Transactions of the ASME, Journal o
Pressure Vessel Technology, August 1988, Volume 110, Pages 225-233.

38. TAW. Geyer, N.W. Burst, L.J. Bellamy, and J.A. Astley, Causes of Pipe-work Failures:
Implications for Assessing the Effects of Plant Management of Failure Rates, for presentation at
A.I. Ch.E. National Meeting, Orlando, Florida, March 18-21, 1990, Copyright, Unpublished.

39. Piping Failures Reported during the Period of 1991 to 1993 Factory Mutual Engineering,
Facsimile Transmission to R. W. Barnes from Arthur Spencer, April 21, 1994.

40. J.F. Copeland, Environmental Effects on Components. Commentary for ASME Section III, EPRI
NP-5775, April 1988, prepared by Structural Integrity Associates, Inc. for Electric Power
Research Institute.

41. Welding Research Council Bulletin, Mechanisms and Corrective Actions, WRC 382, June 1993.

42. E.C. Goodling and F. J. Brazina, Fatigue Failures in Power Plant Steam Headers - Two Case
Histories, ASME Pressure Vessel and Piping Conference and Exhibit, Orlando, Florida, June 27 -
July 2, 1982, PVP - Volume 62, pages 193-207.

43. R.J. Haitian and W. Jaster, Bruce NG "A" Flow-Induced Vibration of Main Steam Piping:
Summary of Research Program Findings and Recommendations, Ontario Hydro Research Report
No. 78-602-K, December 29, 1978.

44. Ontario Hydro Research Report, No.85-191-K, 1985.

45. Ontario Hydro Research Report, No.82-497-K, 1982.

46. Ontario Hydro Research Report, No.82-491-K, 1982.

47. ASME Boiler and Pressure Vessel Code, Section I, Power Boilers, 1992 Edition with Addenda
up to and including A93.

48. ASME Boiler and Pressure Vessel Code, Section VIII, Division I, Pressure Vessels, 1992 Edition
with Addenda up to and including A93.

Notes:

1. References 6, 7,11, 35, 36 and 37 are not specifically referenced in the report but provided valuable background
information for this study.

2. Reference 42 is not specifically referenced in this report but provided valuable "raw data" for the items numbered 186 <&
188 in the reference database.

3. References 43 & 44 are not specifically referenced in this report but provided valuable "raw data" for the item
numbered 261 in the reference database.

4. References 45 & 46 are not specifically referenced in this report but provided valuable "raw data" for the item
numbered 260 of the reference database.
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APPENDIX A

Code References For The Root Causes of Failure

In this Appendix, the paragraphs and subparagraphs of the five codes, ASME B31.1, ASME B31.3 and
ASME Section III, Subsections NB, NC and ND, that apply to the different root causes of failure are
listed in Tables Al and A2. Table Al contains the code references that apply to the first group of root
causes of failure. Table A2 contains the code references that apply to the root causes of failure for the
second group, mechanical and manufacturing defects. This follows the approach discussed in the body of
the report.
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Table Al - Code References for the Root Causes of Failure

No

l

2

3

Root Causes

Abrasion

Corrosion

(a) Internal

(b) Corrosion/Erosion

(c) External Corrosion

(d) Galvanic Corrosion

(e) Stress Corrosion

Fatigue

(a) Thermal Expansion

(b) Low Cycle (dynamic)

(c)Vibration

Code Reference (Paragraph Numbers)

B31.1
-

B31.3
-

NB (Class 1)
NB-3121

NC (Class 2)
NC-3121

ND (Class 3)
ND-3121

102.4.1, 104.1(B)

102.4.1, 104.1(B)

-

124.7(B)

-

302.4, 304.1.1 (b)

302.4, 304.1.1 (b)

-

F323.1(e)

-

NB-3121,NB-3613.1

NB-3121,NB-3613.1

NB-3121

-

-

NC-3121.NC-3613.1

NC-3121,NC-3613.1

NC-3121

-

-

ND-3121.ND-3613.1

ND-3121,ND-3613.1

ND-3121

-

-

102.3.2(C),
115(B),115.2

104.8.2

101.5.4, 120.1(C),
121.7.5,
117.3(C), 115(B)
,115.2, 114.2.1

3O2.3.5(d),315.2(b),
314.1(a), 315.1,318,
317.2

302.3.5, 302.3.6,
314. l(a), 315.1,315.2(b),
318,317.2

301.5.4,321.1,315.1,
315.2(b), 317.2, 314.2,
318, M 300,
M 301.5.4

NB-3653.3.NB-3653.4,
NB-3653.5, NB-3671.7

NB-3653.3, NB-3653.4,
NB-3653.5, NB-3671.7

NB-3622.3.NB-3671.6,
NB-3671.7

NC-3611.2(e), NC-3653.1,NC-
3653.2, NC-3671.4(b)

NC-3653.1

NC-3622.3,NC-3671.3(b),
NC-3671.4(b), NC-3671.6(c)(3)

ND-3611.2(e), ND-3653.1, ND-
3653.2, ND-3671.4(b)

NC-3653.1

ND-3622.3, ND-3671.3(b),
ND-3671.4<b), ND-3671.6(c)(3)
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Table Al (Contd.) - Code References for the Root Causes of Failure

No

4

5

6

7

8

9

10

11

Root Causes

Erosion

Mechanical

Manufacturing

Water Hammer

Overpressure

Overheating

Overload

Freezing

Code Reference (Paragraph Numbers)

B31.1
102.4.1,114.2.1,
104.1(B)

B31.3
302.4, 304.l.l(b),
314.1(a)

NB (Class 1)

NB-3121.NB-3613.1

NC (Class 2)
NC-3121,NC-3613.1,NC-
3671.3(b)

ND (Class 3)
ND-3121, hfD-3613.1, NC-
3671.3(b)

See Table A2

Sec Table A2

101.5.1, V-10.0,
122.3.2P.3),
107.1(C), 107.8

101.2, 102.2, 103,
104, 122, 107.8

101.3, 102.3

102.3.2(D)

122.3.7(c)

301.5.1,
M301.5.1

301.2,302.2,
303, 304, 322

301.3,302.2

302.3.5(c)

322.3.2(c),
345.4.1

NB-3111(b),NB-3622.1

NCA-2142,NB-3U2.1,
NB-3610, NB-3640, NB-3650,
NB-3671.NB-7000

NCA-2142.NB-3112.2,
NB-3112.4.NB-3612

NCA-2142.NB-3111,
NB-3112.3.NB-3611

-

NC-3111(b),NC-3622.1

NCA-2142.NC-3112.1,
NC-3610.NC-3640,
NC-3650, NC-3671, NC-7000

NCA-2142.NC-3112.2,
NC-3112.4.NC-3612

NCA-2142.NC-3111,
NC-3112.3.NC-3611

-

ND-3111(c),ND-3622.1

NCA-2142.ND-3112.1,
ND-3610.ND-3640,
ND-3650, ND-3671, ND-7000

NCA-2142.ND-3112.2,
ND-3112.4.ND-3612

NCA-2142.ND-3U1,
ND-3112.3.ND-3611

-
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Table A2 - Code References for the Root Causes of Failure
Mechanical and Manufacturing Defects

No Root Causes

Mechanical

242

231

Stepping on pipe and
vibration fatigue

High velocity impact

Manufacturing Defects

215

279

230

241

226

243

108

219

232

229

212

213

Poor machining
tolerances

Crack through wall of
elbow

Flange overheated
before forging

Pipe scarf weld with
inclusions

Forging defect

Wrong use of
material; bellows split

Lap opened up in
hydro test

Improper formation of
ERW joint

Fitting failed; weld
process defective

Hole drilled by
accident

Lack of overlap of
passes on fillet weld

Lack of overlap of
passes on fillet weld

Code Reference (Paragraph Numbers)

B31.1 B31.3 NB (Class 1) NC (Class 2) ND (Class 3)

-

-

302.4.1

-

-

-

-

-

-

-

-

-

-

-

-

-

137

-

-

136.4.2,137

-

-

-

-

-

-

-

F323.2(c)(l),
F323.4(c)(l)

337

-

-

336.4.2, 345

-

-

NB-2541(d)

NB-2551

NB-2180

NB-2551

NB-2551

NB-3649.1

NB-2551,
NB-3657

NB-2551

NB-2551

NB-3657

NB-5231(d),
NB-5261

NB-5231(d),
NB-5261

-

-

NC-2180

NC-2551(b)

-

-

NC-3611.2(c)(4)

NC-2551(b)

NC-2551(b)

NC-3611.2(c)(4)

NC-5231(d)

NC-5231(d)

-

-

ND-2180

-

-

-

ND-3611.2(c)(5)

-

-

ND-3611.2(c)(5)

-

-
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APPENDIX B

Database of Failures - A Subset of The Reference Database

This database is a subset of the Reference Database of "raw data" failures that were collected for this
study. It consists of 65 failure points. Each point can be used to determine whether application of the
requirements of Section III, would that have prevented the failure from occurring.
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Table Bl - Database of Pipe Failures

No:

280

265

238

223

222

218

228

246

258

237

101

105

103

Dia

NPS4

NPS2

NPS4

NPS2

NPS3/4

NPS3/4

NPS6

NPS4

NPS2

NPS 1

NPS4

NPS 2

NPS 6

Press

500- 800 psi

2750 psi

125 psi

125 psi

225 psi

30 psi

350 psi

280 psi

125 psi

50 psi

360 - 400 psi

53 psi

1700 psi

Temp

300- 500 F

626 F

350 F

340 F

150 F

600 F

125 F

400 F

338 F

100F

43-50 F

186 F

250 F

Fluid

Hydrogen-Lube Oil

Steam

Steam

Steam

Steam

Feedwater

Steam

Steam

Steam

Hydrocarbon

Liquid NH3

Gaseous NH,

Water

Material

Alloy Steel

SA210

A 106

A 106

A 106

A105

A 105

A 106

A 106

A 106

A 53

A 106

A 106

Thickness

Sch80

0.28 inch

Sch40

Sch40

Sch40

Sch 160

Sch40

Sch 40

Sch 40

Sch 80

Sch 40

Sch 40

Sch 120

System

Heat Exchanger Coil

Economiser hairpins tubes

Steam supply line

Low pressure steam supply to another section of plant

Medium pressure condensate

Recirculation line on pump - used during warmup

Steam service

Process line supply

Low pressure steam supply

Drain pipe

NHj distribution & loading

Urea granulation unit-line from blowdown tank to flash
tank

Boiler feedwater line to NH3 converter

Code

B31.3

B31.1

B31.3

B31.1

B31.1

B31.3

B31.1

B31.1

B31.1

B31.3

B31.3

B3I.3

B31.1
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Table Bl - Database of Pipe Failures

No:

280

265

238

223

222

218

228

246

258

237

101

105

103

Failure Type

No pressure boundary
failure-wear on outside

Rupture-cod mouth

Hole

Pinhole leak

Pinhole leak

Pinhole leak

Pinhole leak

None

Pinhole leak

Small holes

Pinhole leak

Holes 3/4 inch dia
chewed through

Small crack

Phase

Design/operation

Manufacturing

Operation

Operation

Operation

Operation

Operation

Operation

Operation

Operation

Operation (12 yrs)

Operation (14 yrs)

Operation (21 yrs)

Failure Location

On outside of straight pipe

Straight tube adjacent G47to hairpin bend

Elbow

Back of elbow

Back of elbow

Elbow in recirculation line of pump

Cap on steam header

Straight length at the bottom of a vertical line

At the welds at each end of the elbow

Globe valve & nipple

In straight run of pipe

Vertical line

Horizontal run in pipe rack

Cause

Abrasion-due to pipe vibration

Corrosion-Corrosion Fatigue also Material (inferior) also
Manufacturing-Poor material, high residual stresses due to
fabrication methods, together with cyclic loading, resulted in
corrosion fatigue

Corrosion-CoTTOsion/Erosion-erosion at the back of the elbow

Corrosion-Corrosion/Erosion-erosion in the elbow, welds
eaten away

Corrosion-Corrosion/Erosion-erosion on back of elbow

Corrosion-Corrosion/Erosion-erosion on the back of elbow

Corrosion-Corrosion/Erosion-erosion/corrosion - end cap

Corrosion-External Corrosion-corrosion - no rupture

Corrosion-External Corrosion-erosion/corrosion at the metal
next to the welds

Corrosion-External Corrosion-external corrosion; acidic water
& galvanic action; copper tracing- pipe-insulation held
moisture against valve and nipple

Corrosion-Extemal Corrosion-external corrosion under
insulation

Corrosion-Extemal Corrosion-external corrosion under
insulation

Corrosion-External Corrosion-external corrosion,
intergranular cracking, possible contaminants

IB
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Table Bl - Database of Pipe Failures

No:

217

236

234

104

216

221

282

220

267

279

241

226

243

Dia

NPSl 1/2

NPS6

NPS4

NPS4

NPS4

NPS18

NPS3/4

NPS6

NPS26

NPS3/4

NPS6

NPS2

NPS3

Press

400 psi

1480 psi

740 psi

900 psi

300 lb weld
neck

30 psi

120 psi

300 psi

600 psi

N/A

150 psi

250 psi

300 psi

Temp

950 F

100 F

-20F-100F

100 F

N/A

600 F

200 F

200 F

650 F

N/A

Saturated

100 F

392 F

Fluid

Hydrocarbon

Staurated brine

Ethylene

Water

Hydrofluoride

Hydrocarbons

Steam

Crude Oil

Steam-Water

N/A

Steam

Water & naptha

Cyclohexane

Material

1 1/4 Chrome

A 106

A 106/A 53

A 106

Carbon Steel

A 53

A 106

A 53

A515Gd70

A 105

Carbon Steel

A 105

SS Bellows

Thickness

Sch40

Sch40

Sch40

Sch80

Sch80

Sen 40

Sch80

Sch40

0.575 inch

3000 lb rating

Sch40

Sch80

0.048 in

System

Thermowell connection

Brine system

Ethylene line service

Boiler feedwater - water treatment to auxiliary boiler

Top of float column - dead leg 6ft long

Safety valve line

Condensate system

Main feedline

Cold reheat system

N/A

Steam Supply

Mogas recycle

Distillation column

Code

B31.3

B31.3

B31.3

B31.3

B31.3

B31.3

B31.1

B31.3

B31.1

B31.1

B31.3

B31.3

B31.3
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Table Bl - Database of Pipe Failures

No:

217

236

234

104

216

221

282

220

267

279 •

241

226

243

Failure Type

Pinhole leak

Small hole leak

Pinhole leak

Small-3inch long
crack with small
cracks

Pinhole leak

Pinhole leak

Pinhole leak

Pinhole leak

Tom asunder

Crack through wall

Explosive release-fish
mouth opening

Leak

Split bellows-large
leak

Phase

Operation

Operation/manufacture

Operation

Operation (6 yrs)

Design

Operation/design

Operation

Operation

Design/operation

Manufacturing

Manufacturing

Manufacturing

Operation

Failure Location

Outside of pipe on a thermowell
connection

Just above weld to flange

External surface of the pipe

Vertical straight run

Top of dead leg column

At the sludge line of the pipe

Downstream of cross-over valve

Bottom of pipe, inlet to safety
valve

Bottom of pipe on a seam weld

Inside radius of elbow

In straight pipe

Tee on suction side of pump

bi bellows

Cause

Corrosion-External Corrosion-external corrosion, oxide buildup with
hot/cold cycles causes flaking of the oxide

Corrosion-Galvanic Corrosion-a new spool installed; galvanic cell
established; old/new materials and the welds

Corrosion-Galvanic Corrosion-corrosion cell set up

Corrosion-Stress Corrosion-stress corrosion cracking from calcium
leaching from insulation

Corrosion-Thinning of wall of weldneck flange-corrosion of wall from
fluids condensing and running back down

Corrosion-corrosion at the sludge line of the pipe; due to deadleg effect

Corrosion-corrosion/erosion

Corrosion-due to corrosion; it held a hydro test

Corrosion-pitting bottom of pipe with localized stresses, operating
cycles many-water at bottom of pipe-no slope

Defect-Manufacturing

Defect-Manufacturing-'scarT weld, poor weld and also inclusions,
angle of "scarf" did not remain constant

Defect-Manufacturing-forging defect opened up under vibration of
pump

Defect-Manufacturing-improper use of materials, given the presence of
chlorides in the process

2B
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Table Bl - Database of Pipe Failures

No:

108

219

232

229

230

212

213

278

239

102

188

106

260

148

Dia

IMPS 2

NPS6

NPS 4

NPS3

NPS2

NPS3/4

NPS1

NPS2

NPS 1 1/2

NPS8

NPS 18

NPS 4

NPS 12

NPS 30

Press

150 psi

30psi

200 psi

600 psi

100 psi

450 psi

100 psi

125 psi

150 psi

50 psi

>300psi

225 psi

1428 psi

215 psi

Temp

Room Temp

8-100 F

200 F

80 F

100 F

Steam

100-250 F

200 F

180 F

250 F

>585F

83 F

482 F

900F

Fluid

Hydrocarbon

Water

Hydrocarbon

Vinyl chloride

Water

Steam

Hydrocarbon

Steam

Water

Process gas

Steam-water

Liquid NH3

Water

Steam

Material

A 105

Carbon Steel

A 403 304L

A 106

A 105

A106B

A 53

A 106

A 106

A 106

A106B

A 53

SA 106 B

A335TP11P4

Thickness

Sch40

Sch40

Sch 10S

Sch40

Sch 80

Sch 80

Sch 160

Sch 40

Sch 40

Sch 40

0.375 inch

Sch 40

2 1/8 inch

0.375 inch

System

Hydrocarbon cracker LPG - heavy oil

Boiler feedwater

H/L service

VCM - line

Vacuum pump compressor cooler

450 psi steam system

Hydrocarbon gas/oil line

Condensate return system

Boiler feedwatcr service

Ventilation header from process vessel

Auxiliary steam

NHj from condensr to receiver, uninsulated line

Feedwater heating (economiser inlet header)

Steam line

Code

B31.3

B31.3

B31.3

B31.1

B31.1

B31.1

B31.3

B31.1

B31.3

B31.3

B31.1

B31.3

B31.1

B31.1
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Table Bl - Database of Pipe Failures

No:

108

219

232

229

230

212

213

278

239

102

188

106

260

148

Failure Type

None

Pinhole leak

None

None

None-failure occurred as
flange bolted up

Pinhole leak

Pinhole leak

Leak

Pinhole leak

Catasrophic failure/fire

Fatigue/torn asunder

Crack in weld at flange

Cracking; pressure boundary
had not ruptured

Crack

Phase

Manufacturing

Manufacturing

Manufacturing

Operation

Manufacturing

Manufacturing

Manufacturing

Operation

Operation

Operation (16yrs)

Operation/design

Operation (15 yrs)

Design/operation

Operation

Failure Location

Crack in hub/weld neck

In pipe at ER weld of the pipe

In weld of fitting

In straight pipe

In weldneck flange

Nipple weld to socket-pinhole
leak at weld

Nipple weld to socket

Elbow

At weld tie-in of a reducer
section

hi straight run

Header pipe

Crack in weld at flange

Economiser inlet header

A 30 inch crack at the toe of
weldolet weld to NPS 14 line

Cause

Defect-Manufacturing-crack in hub due to lap or lamination; opened up
in hydrotest

Defect-Manufacturing-due to improper formation of longitudinal joint of
pipe during ERW of pipe

Defect-Manufacturing-failure of welding process

Defect-Manufacturing-hole drilled by accident on active line

Defect-Manufacturing-microstructure shows flange overheated (2500 F
-2600 F instead of 1500 F), before forging .

Defect-Manufacturing-probably due to overlap problem (ie., lack of
proper overlap) in welding nipple

Defect-Manufacturing-probably due to overlap problem (ie., lack of
proper overlap) in welding nipple

Erosion-Erosion/rrozen-wall thinned due to erosion and the broke on
freezing

Erosion-erosion on weld at socket fitting tie-in; installed in 1993 to pipe
that was installed in 1972

Erosion-erosion with sudden overpressure

Fatigue-Dynamic Loads/Low Cycle Fatigue

Fatigue-Thermal Fatigue-stress fatigue from hot/cold cycles

Fatigue-Thermal Fatigue-pressure and thermal transients (mainly
thermal), causing low cycle fatigue

Fatigue-Vibration Fatigue-ageing/vibration; intersection near pressure
relief valves-heavy vibration.

3B
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Table Bl - Database of Pipe Failures

No:

186

227

211

244

245

240

261

214

153

285

107

224

Dia

NPS 14

NPS!4

NPS 14

NPS 3/4

NPS 3/4

NPS'/3

NPS 23, 27, 25,
31,39 &41

NPS1

NPS 3/4

NPS 1 (2-3 fail)

NPS 3/4

NPS 6

Press

400 psi

300 psi

40 psi

2000 psi

2000 psi

200 psi

615 psi

100 psi

285 psi

900 psi

250 - 300 psi

80 psi

Temp

650 F

100 F

Sat steam

210F

210F

100 F

489 F

250 F

-13 F

50 F

400 F

Ambient

Fluid

Steam-water

Hydrocarbon

Saturated steam

Cyclohexane

Cyclohexane

Hydrocarbon

Steam

Benzene

Vinyl hydrochloride

Lube oil

Crude oil (sweet)

Water

Material

A106B

A 106

Carbon steel

A 106

A 106

A 106

Carbon steel

A 53

A 106

A106B

A106B

A 106

Thickness

0.375 inch

Sch80

Sch80

Sen 80

Sen 80

Sch80

0.687 inch

Sen 80

Sen 80

Sen 80

Sen 80

Sen 40

System

Auxiliary steam

LPG instrument line

40 psi steam & condensate system

Reaction system

Reaction system

Main steam system

Pre-fractionation drain line

Pump discharge system for vinyl
hydrochloride

Recirculation line of pump

Flash crude reducer

Feedwater system

Code

B31.1

B31.3

B31.1

B31.3

B31.3

B31.3

B31.1

B31.3

B31.3

B31.3

B31.3

B31.1

4A



Table Bl - Database of Pipe Failures

No:

186

111

211

244

245

240

261

214

153

285

107

224

Failure Type

Fatigue/leak

Nipple sheared off

Crack/leak

Leak (minor)

Leak (minor)

Leak that formed a cloud

No pressure boundary
failure - potential only

Pinhole leak

Rupture/shear of nipple

Leak

Leak

Cracking

Phase

Design

Operation

Operation

Operation

Operation

Operation

Design/
commissioning

Manufacturing

Operation

Operation

Operation

Operation

Failure Location

Manifold pipe

Failure of nipple on pressure gauge
fitting

On pipe (y strainer) at entrance to
the valve

In the thread of a take-off

In the thread of a take-off

NPS 3/4 to 'A threaded gauge
nipple at NPS Vi threads

Vibration upstream & downstream
of valve

Fillet weld of nipple in heat
affected zone

At threads of nipple into coupling

Threads at insertion point into the
valve body

Crack in thread root of nipple into
socket

In pipe at branch to NPS 3 take-off

Cause

Fatigue-Vibration Fatigue-dynamic loads/low cycle fatigue

Fatigue-Vibration Fatigue-fatigue induced by pump vibration at the
threads at the lower end of the nipple

Fatigue-Vibration Fatigue

Fatigue-Vibration Fatigue-vibration fatigue as a result of loading from
pipe vibration

Fatigue-Vibration Fatigue-vibration fatigue as a result of loading from
pipe vibration

Fatigue-Vibration Fatigue-combination of vibration fatigue induced by
pump vibration and overload caused by stepping on the pipe

Fatigue-Vibration Fatigue-excessive vibration, high cycle & low cycle-
large amplitude (unrelated); flow induced

Fatigue-Vibration Fatigue-nipple to coupling cracked after vibration-
heavy valve attached - poor support

Fatigue-Vibration Fatigue-pump vibration-failed bearing caused
vibration-fatigue failure of inlet threads of nipple

Fatigue-Vibration Fatigue-vibration as a result of the action of the
reciprocating pump

Fatigue-Vibration Fatigue-vibration fatigue; with 3/4 inch valve loading
on the end of the nipple

Fatigue-Vibration Fatigue-vibration of tie line to reactor-vibration
fatigue failure
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Table Bl - Database of Pipe Failures

No:

235

249

283

233

281

127

215

242

231

122

248

116

284

Dia

NPS4

NPS1

NPS 1 V*

NPS3/4

NPS 2

NPS 12

NPS 2 by 1

NPS 3/4

NPS 2

NPS 10

NPS 2

NPS 3 by 1 'A

NPS11/2

Press

150 psi

lOpsi

80 psi

740 psi

25 psi

210 psi

150 psi

5 psi

450 psi

200 psi

25 psi

515 psi

125 psi

Temp

350 F

212F

60F

100 F

200 F

460 F

250 F

392 F

100 F

Saturated

Ambient

408 F

325 F

Fluid

Steam condensate

Condensate

Water

Ethylene

Condensate

CO2) N2 & water

Hydrocarbon

Nitrogen

Hydrogen

Steam

Butane

Water

Steam

Material

A1O6/A53

A 53 ERW

A106B

A 106

A106B

A53 B ERW

A 105

A 106

A 106

SA53B

A 106

Carbon steel

A 106 B

Thickness

Sch40

Sch80

Sch40

Sch80

Sch40

Sch30

Schl60

Sch80

Sch40

Sch40

Sch40

Sch40

Sch40

System

Boiler feed system

Steam condensate

Cooling water supply

Drain line

Condensate system

Reactor feed line; ethylene oxide

Hydrocarbon service

Drain line regeneration system

Hydrogen service

Steam supply

Process system

Heater

Steam supply

Code

B31.3

B31.1

B31.3

B31.3

B31.1

B3I.1

B31.3

B31.3

B31.1

B31.1

B31.3

B31.1

B31.1

5A



Table Bl - Database of Pipe Failures

No:

235

249

283

233

281

127

215

242

231

122

248

116

284

Failure Type

Long crack

Leak

Leak

Pinhole leak

Leak

RuptureAorn asunder

Leak/sprayed

Leak

Dent in pipe

Pipe sagged

Rupture - low-split line
with a bulge

Tom asunder

Leak

Phase

Operation

Manufacturing/
purchasing

Operation/shutdown

Operation

Operation/
shutdown/startup

Operation

Manufacturing

Operation

Operation

Design of support

Operation/maintenance

Operation

Operation

Failure Location

In pipe length

In straight line (10-15 feet)

In an elbow

At the nipple into an NPS 12
pipe

Straight pipe after heat
exchanger

At branch

Pipe reducer

At thread of take-off

In straight pipe

Pipe change of direction

In straight pipe between
check and block valve

Butt weld to valve

Elbow

Cause

Freezing-the system shut off one leg and it froze, which caused the pipe
to crack

Freezing-pipe split down weld seam due to freezing-incorrect material
supplied

Freezing-thinning due to corrosion/erosion weakening the wall

Freezing-vent had frozen into ground and cyclic loaded the small nipple
as the pipe moved

Freezing-Brittle Fracture resulting from freezing of filled pipe during
shutdown

Overheating-high temperature weakened pipe-ruptured at normal press
of 210 psig, ( high temp from loss of reactor cooling flow)

Defect-Manufacturing-failed in hydrotest - poor machine tolerances -
reducer made from bar stock

Mechanical-overloaded by stepping on it.

Mechanical-high velocity impact which did not penetrate pipe

Overloaded - after roof removed, the wall could not support the load
transmitted by the pipeline and cracked at the anchor point.

Overpressure-line bulged and split due to overpressure

Water hammer-Water hammer/erosion at site caused by wet steam and
finished off by a water hammer

Corrosion-External Corrosion-there was also corrosion/erosion on the
inside of the pipe
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