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Foreword

Pipelines are becoming increasingly important vectors to transport large volumes of
hydrocarbons over long distances in the Mediterranean region. If well constructed,
carefully monitored and properly maintained, pipelines can be a safe and environ-
mentally/economically solution of transport; otherwise they can pose a serious
threat to our health and our environment.

Actually, pipeline integrity is a growing and challenging problem for oil com-
panies since the age of the components is increasing and the responsibility and
awareness about environmental protection is increasing too. Corrosion is one of the
most active and dangerous damage mechanisms for pipes and corrosion defects can
be assessed by Fracture Mechanics or Limit Analysis. Knowledge in both disci-
plines was increasing rapidly in the second half of past century, but the progress in
some way slowed down more recently, due to the increasing complexity of para-
meters to be accounted for. One is clever at solving simple problems, but less when
facing with complex and evolving situations that are not easy to handle. Consider-
ing pipelines, although they are operated with increasing care, there is still room for
improvement. There is a need to raise awareness and share experience and good
practices among the operators. The latest research results, when available, need a
large effort to be applied. Communication between the scientific community,
regulation offices and pipeline operators needs to be improved.

Moreover, research in the field of corrosion and integrity of metallic components
is greatly affected by the increasing amount of experimental data and studies
performed. Many new tools are now available to communicate and to share
knowledge; they are increasingly used but their potential is not fully understood
and exploited especially by older people. Social networks and the collection of
information via the Web are often simply used to help connecting people, but a full
exchange of knowledge is not easy to obtain.

In industry, available practices are always subjected to the need to “keep the
plant running”, so that an action is foreseen in the shortest time. At the same time,
more work is necessary to increase the awareness of long term consequences.
Actually, due to high involved costs and increased competition, there is a need
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vi Foreword

for transmission and sharing experiences, not only between scientists working in
the same sectors, but also within the operating companies and the regulation offices
or to be short, the larger knowledge based community.

Under the leadership of NetMed, the network on Corrosion Prevention in the
Mediterranean Countries, a workshop on Integrity of Pipelines Transporting
Hydrocarbons was held to create links between the scientific community and the
operating companies (owners, engineering companies, regulation offices), and to
share the recent results and/or experimental programs. The meeting was divided
into sessions where, after intervention of key note speakers, discussion and sharing
of experience took place. Each discussion session was moderated by a chairperson
selected between the key speakers.

The first session was devoted to Pipelines Integrity and Fracture Mechanics,
giving a starting overview of pipeline management related problems from a mainly
theoretical point of view. Fracture mechanics is important for the structural integri-
ty of pipes affected by corrosion mechanisms, particularly when stress corrosion
cracking is developing and when hydrogen is the circumstance. Damage mechan-
isms and their evolution where described. Some models suggest that damage can
accumulate and degrade the steel properties with time. The keynote session was
followed by presentations on related numerical methods and modelling. Transfer of
data from research laboratories to end users is a key point. Full scale tests are
proposed to fulfil this objective, although full scale tests are known to be expensive
and difficult to realize.

During the second session, focused on Pipeline Integrity Assessment, methods
to quantify the damage and to manage risks were presented, starting with coating
assessment and cathodic protection. The debate on risk assessment is of interest for
application, since the probability of failure is usually estimated using data banks of
real cases, although an estimate based on damage mechanisms, if reliable, could be
useful, easy to obtain and somehow more realistic. Cathodic protection was the
object of two presentations by keynote speakers. Although this method can prevent
damage development, it can also enhance hydrogen embrittlement as discussed by
other experts. A further contribution was devoted to leakages, their management
and their prevention. On the other hand, leak prevention is closely related to
damage mechanisms and to the relevant modelling.

Industrial applications were the object of the second workshop day. The
experience of oil companies shows that a pipeline ageing does not necessarily
lead to increased risks. In fact, relevant data to corrosion damage in pipelines as
collected by different speakers coming from different countries are quite different.
The impact of corrosion in pipelines transporting hydrocarbons seems to change as
a function of region, transported fluid, manufacturing and age of the component, as
well as many other parameters. Moreover, as shown for instance by Sonatrach
experience, long pipelines behave differently in different location. Then, risk
estimate cannot be the same along the entire pipeline.

Hydrogen embrittlement of exploited pipeline steel was experimentally inves-
tigated at Karpenko Institute in Ukraina examining old pipeline materials, aged
of at least 20 or 30 years. Damage is concentrated in zone where corrosion is active.
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Foreword vii

A relationship between degradation of mechanical properties and corrosion can
therefore be proposed. An interesting comparison was raised in this session with the
safety approach used in nuclear industry. Differently from other industrial compo-
nents and for pipelines, material selection for nuclear plants requires prediction of
material properties at the end of the design life. A debate about the feasibility of
increasing the safety level to such a requirement was proposed.

The concept of acceptable risk (in terms of fatalities, damages to industry,
damage to environment) has been also discussed. The level of acceptable risk is
strongly related to costs. One should be aware that decreasing the risk of one order
of magnitude may require increasing costs of two orders of magnitude. Risks are
usually assessed on rational basis by engineers and other technicians, but common
people are more sensitive about its emotional perception. So, while risks in terms of
materials and financial costs can be relatively easily assessed, this becomes a really
difficult task when injuries and environmental damage have to be considered.

The final session was focused on possible future actions based on the use of
new communication tools and of Knowledge Management. The first point
addressed is the need for best trained and more numerous corrosion engineers.
Apparently, young people are not much interested in starting and developing their
professional careers in scientific/technical domains nowadays. Universities and
associations in the USA are aware of the problem and a cooperation program is
underway between the International Association of Corrosion Engineers (NACE
International) and ASM International (the former American Society for Metals),
implementing actions intended to introduce corrosion engineering to young people
of high school age in such a way that science can be perceive as a challenging and
interesting adventure. Knowledge Management (KM) addresses the ability of
exploiting new tools, as for instance Social Networks, with their full potentialities.
Often, people do not realize how quickly the explicit knowledge (collected in
reports, papers and other documents) tends to become tacit (sitting only in the
memories of people and/or personal computers) and to disappear totally with time.
The knowledge cycle in a correct KM process shall proceed in the opposite
direction, promoting the sharing of tacit knowledge, to let it become explicit
and be disseminated in the company. The process cannot be completed if people
do not recognize the value of past experience. A KM system should also generate
networks of knowledge outside Companies. The contribution of existing networks
such as technical associations and Working Parties (which are similar to Commu-
nities of Practice) can be very important to enhance the cooperation between
scientists and experts all over the world.

In the specific case of internal corrosion of pipelines transporting hydrocarbon, a
better use of knowledge could be helpful; as an example, the following conclusions
were proposed:

e using codes with built-in corrosion rate calculations could be misleading,

e corrosion models are good for materials selection and for the understanding
“backward” of failures; they are to be improved for a better prediction of
integrity,
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viii Foreword

¢ the integrated use of different data bases, such as failure data, fluid properties,
production data, and scientific findings can make the difference for integrity
assessment.

The Workshop participants were aware that we need to solve problems, not to
simply discuss them. On the other hand, while there are still many open problems
worth to be investigated, in many countries it is not easy to raise money for
research funds. However, the discussion on risk estimate shows that we still have
a margin to improve risk assessment and to decrease the cost of damage. The
cooperation between academia and industry is a win-win situation; different
experiences can be shared to solve complex problems; industries are already in
many cases joining efforts.

NATO ARW 983731/Co-Editors Dr. Giovanna Gabetta
April 2010 Prof. Taoufik Boukharouba
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The Use of Knowledge Management
to Improve Pipeline Safety

Giovanna Gabetta and Giulia Gori

Abstract Since 2004, eni E&P Division is supporting a program on Knowledge
Management (KM). The KM System of the Division, based on Communities of
Practice (CoP), aims at helping professionals all over the world to address problems
as they occur, and at capitalizing experiences and cases, not to loose precious know
how. CoP Members are in contact via mailbox and they can share information and
documents working together through a collaborative platform; after a few years of
exchange, they recognize that a lot of experiences and cases are treated in the
Group, as for instance failures analysis occurred in plants and industrial areas in
many countries where our company is involved. These experiences are often kept as
“tacit knowledge”, stored in brains, computers, and shelves by the experts who are
in charge of the problem. The CoP agreed to make an effort toward changing tacit
knowledge into explicit knowledge, collecting cases examined in the past and using
them to a better understanding of future developments. A CoP was established to
create a network of experts in Corrosion and Materials related topics. This CoP is
extended to a number of Companies inside eni Group. Only about 9% of the people
active in KM are participating in the materials Community, which is nevertheless
one of the most active. CoP members are in real time contact with corrosion
engineers in Business Units all over the world, as for instance Congo, Egypt,
Tunisia, Australia, Nigeria, Venezuela and many others. About 300 issues were
posted in the CoP mailbox since it was established and each obtained two or three
answers based on real experience, helping professionals to solve technical problems
in a quick and easy way, saving time and money. Sharing of experience is only the
beginning; the future challenge for the system is to get all the possible advantages
from a better use of knowledge. Important questions are:

e Can we address technical problems from a different point of view with
Knowledge Management?
e What are the advantages, if any, of such an approach?

G. Gabetta (<) and G. Gori
Eni E&P Division, TEMM, via Emilia 1, San Donato Milanese, 29097 Milano, Italy
e-mail: giovanna.gabetta@eni.com; giulia.gori@eni.com

T. Boukharouba et al. (eds.), Integrity of Pipelines Transporting Hydrocarbons, 1
NATO Science for Peace and Security Series C: Environmental Security,
DOI 10.1007/978-94-007-0588-3_1, @ Spinger, SeisncesrBusiness Media B.V. 2011
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2 G. Gabetta and G. Gori

The application of the above philosophy to the management of asset integrity of
pipelines seems to be a promising field; KM system can be an useful tool to get a
better communication between new technological developments, expert knowledge
and operational needs.

1 Introduction

Pipeline integrity is a growing and challenging problem for Oil Companies since
the length of pipelines transporting hydrocarbons is increasing worldwide, and the
responsibility and awareness about environmental protection is increasing too.
Corrosion is one of the most active and dangerous damage mechanisms, while
fracture mechanics help us to verify and predict pipeline stability. Knowledge in
both disciplines was increasing at a fast pace in the second half of past century, but
the progress in some way slowed down more recently, giving the impression that
everything is known and the necessity for further research is lower.

At the same time, new tools are now available to communicate and to share
knowledge; they are increasingly used but their potential is not fully understood
especially by older people. Social networks and the collection of information via
the web are often simply used to help connecting people, but not as a full exchange
of knowledge. We are all aware of the difficulty in selecting what can be useful out
of a huge amount of findings obtained by a search engine in the web; of the feeling
of impotence when we are working and we get further and further interruptions by
e-mail and phone calls. Neural science specialists are wondering if the human mind
is going through a deep change from reading capabilities to digital information [1].

With a simpler goal in mind, as corrosion engineers in Oil Companies we are
facing some problems peculiar of our times, as for instance:

¢ the retirement of a large amount of older experts is now taking place and will be
completed in a few years; these people will be replaced by a much younger
workforce without the time for a gradual change necessary to transfer knowledge,

e casy problems are known and can be quite simply solved; but much more
complex problems are emerging and their solution — or their simple management —
is probably far from the reach of a single human brain; moreover, the capabil-
ity of human people to cooperate is still far too little, we have a habit for
competition,

e the amount of time required to select what is useful in the huge amount of
information automatically provided in the web is large; the use of human brain is
still the only available resource to change information in applicable knowledge.

In summary, we tend to propose old solutions for new problems, and we do not
use at their best the new available tools. It is worth some effort to think about these
problems and to try an application of this philosophy to engineering problems such
as pipeline management.
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The Use of Knowledge Management to Improve Pipeline Safety 3

Knowledge Management is the name given to projects and efforts set up by
organizations in different field to organize and share knowledge. The goal is
ambitious; application to the solution of operational problems is promising, but
not an easy task.

2 Knowledge Management System in Eni E&P Division

Eni E&P Division set up since 2004 a System of Knowledge Management (KM
System), aimed at generating value and increasing efficiency by leveraging on
Company knowledge and individual experience.

The KM System is designed to make competence and experience of experts
available to all the Operational Line all over the world, to allow a better share of
knowledge between people working on the same problems in different environ-
ments. The System tries to overcome the presence of functional and geographic
silos in the transfer of knowledge, between different Business Units and project
teams. The final objective is to improve operational processes through the use of
best practices and lessons learned and to allow time and money saving thanks to the
re-use of capitalized knowledge.

The spread of seniors’ experiences promotes knowledge capitalization in the
Company and helps younger people growing faster on operational activities.

We can define knowledge as a distillate of data and information, filtered through
human experience. Usually, two kinds of knowledge are considered: what has been
or can be codified, and stored in certain media and can be easily transmitted to
others, and what lives in human mind and closely depends on individual experience.
This second type of knowledge is difficult to transfer to another person by means of
writing it down.

When knowledge is formally representable, is called explicit and can be trans-
ferred through procedures, standards, best practices, case histories, etc. It represents
no more than 20% of the total knowledge circulating within enterprises.

The second kind of knowledge is called facit and its exchange takes place only
through direct contact between people. For this reason, its management requires
knowing who holds knowledge (who knows what) and creating an environment
supporting knowledge sharing and pro-activity behaviours. In this respect the KM
System in E&P Division was thought and established, based on three concurrent
factors: ICT (Information & Communication Technologies) tools, organizational
tools and people’s behaviour. A specific and functional ICT infrastructure is a
critical factor to enable an efficient KM System, but of course it is not enough.

The introduction of the KM System in the Company also involved an organiza-
tional change. In 2004, a specific workflow was designed and formal structures were
produced, necessary to coordinate and guide the activities related to Knowledge
Management.

The whole System was based on Communities of Practice (CoP), virtual commu-
nities made of experts committed to a specific knowledge domain. CoP Members,
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4 G. Gabetta and G. Gori

linked together informally, interact and build relationships, developing and sharing
their knowledge and practice. CoP Members share a passion for something and
interact regularly to learn by other’s experience, to reach better performances and to
avoid repeating mistakes. Members of the same Community work on the same
problems and they are motivated to improve the global performance by leveraging
on knowledge management.

Working collaboratively through CoPs implies a cultural change, because adopting
a Knowledge Management approach means more attention to the motivation
of people, insisting on principles like: trust, team-building and transparency rules.
A facilitative leadership, rather than directive, is needed.

For these reasons, CoPs are without hierarchy, because people are all equal
while facing knowledge and the right idea can spring from anyone. Every Commu-
nity contemplates a Facilitator, in charge of coordinating the activities with the role
of “primus inter pares”.

The ensemble of the Communities is a network, which knots are the experts.
This informal “fabric of communities” and shared practices make the official
organization effective and able to contribute in the corporate business goals.

Nowadays 14 Communities are active within the division and they cover all the
technical areas linked to the core-business. During their daily activities, CoP
Members are in contact through a collaborative platform and a shared Mailbox
and they can share information and documents working together. After a few years
of exchange, they recognize that a lot of experiences and cases are available in the
Group, and their better use can be of help to increase the Company performance.

KM and the solution of complex technical problems in a global world is an
important challenge for the future. Inside companies and industrial organisations
KM should be implemented with the aim at utilizing better the intangible resources
and at creating a repository of internal knowledge with places where tacit knowledge
is shared. There is also a need for a cultural change, namely to:

e explore new ways to afford old problems,
¢ implement methods and techniques for research and innovation,
¢ enhance cooperation between boundary disciplines.

3 Materials and Corrosion Community

There is a claim that corrosion is not in the core business of Oil Companies;
however, its importance is correlated to cost. Studies on the cost of corrosion
were carried on as early as in 1916 in the USA and since then in many countries
of the World. In ASM handbook a comprehensive review is published [2] making
reference to studies completed in more than 13 different countries. At least four
different methods are proposed to calculate the cost of corrosion, and results can be
quite different depending on the used method and on the examined industry. It is
however a huge cost and a considerable share of it are proved to be avoidable [3].
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Cost of failures has the highest impact in avoidable costs. To avoid failures, the
Risk Based Approach is mainly proposed [4] and was proved useful. The risk
evaluation should be made using available data bases of past failures.

With reference to the well known NACE study published in 2001 [5], a compre-
hensive figure for Oil&Gas Exploration and Production for corrosion costs in USA
was about 0.40 $/boe (barrel of oil equivalent) produced. For gas and liquid
transmission pipelines the same study gives an estimate of corrosion costs higher
than 10° $/km/year.

Corrosion cost issues range from added costs for new construction, to mainte-
nance costs on aging/corroding equipment, to the costs of inspections and structural
integrity evaluations, to the costs associated with corrosion-related failures and
outages.

In addition, Oil&Gas industries are undergoing intense amounts of scrutiny from
regulatory agencies and environmental groups. Releases of pollutants to air, soil or
water caused by corrosion leaks are becoming high consequence events. Regula-
tions force owners and operators to implement costly measures to reduce their
impact on the environment. A recent paper [6] suggests that corrosion costs are
increasing due to:

¢ lack of exchange of information on materials failures,
e retirement of qualified engineers.

A reduction by % of corrosion costs can be achieved by promoting the exchange
of information. Following this approach, an efficient KM system is a valuable tool
to decrease corrosion costs.

In February 2005 the Materials and Corrosion Community (Fig. 1) was estab-
lished in E&P Division to create a network of experts in Corrosion and Materials
related topics. The objective of CoP Materials is to collect, archive and disseminate
existing data and to give answer, based on experience, to the issues posted by
colleagues working in the field. Since Corrosion is of interest to almost any

...However
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industrial field, this CoP is extended to a number of Companies inside eni Group.
CoP members are in contact via mailbox and ICT instruments; after a few years of
exchange, they recognize that a lot of experiences and cases are treated in the
Group, as for instance analysis of failures occurred in plants and industrial areas in
many countries where the company is involved. These experiences are often kept as
“tacit knowledge”, stored in brains, computers, and shelves by the experts who are
in charge of the problem.

Eleven Communities were established in the KM System appointing a total of
562 members since 2005. Materials CoP members are 49 (22 from E&P Division
and 27 from other Companies and/or Divisions of the Group). With about 9% of the
people active in the KM System, Materials Community is the most active one in the
Division (Fig. 2), having 31% of the total e-mail exchange. The number of issues
proposed to CoP members is increasing with time as shown in Fig. 3. In addition to
the managing of issues, two activities carried out by the Community are worth
mentioning.

3.1 Event Management System (EMS)

EMS is a data base where corrosion and damage cases are collected with the aim
at to help the solution of new problems. The structure and characteristics of
the program were developed to guarantee easy search ability and references to
complete documents. The challenge is now the use of the tool, which must be kept
alive, on one hand implementing the case content, and in the other hand using it
for the solution of practical problems. The story of EMS can be significant. In a
corrosion research centre operating between 1975 and 2002, about 8,000 issues on
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corrosion — materials — failure analysis were discussed and the same number of
documents were prepared. As a simple ratio, about 300 issues per year where raised
and examined. Since the centre was used mainly by petrochemical plants situated in
the North of Italy, with only a small percentage of issues coming from different
locations, we may imagine for comparison how many issues we should expect from
the huge amount of plants managed by E&P Division and by the complete eni
Group worldwide. (One may compare with the number of issues proposed to the
Materials CoP, which is increasing, but remains no larger than about 100 per year).
When the above Research Centre was closed in 2002, all documents were lost;
however, a selected number of about 200 were analysed for the data base [7]
promoted by eniMaterials Community of Practice.

The access to those documents was possible because they were intended to be
disposed of; no complete data bases of failures are usually available in eni Group.
Laboratories and research centres are often sold or become private, and their records
on corrosion issues disappear, being no more available for company use. In fact, only
a minor number of CoP issues deals with failures, since the large majority of
problems are afforded by each Business Unit with the help of external consultants.

3.2 NetMed: Mediterranean Network
on Corrosion and Protection

NetMed is a group created inside an available professional Social Network (Xing).
Within the working party ESIS TC10 (Environmentally Assisted Cracking) a
discussion was open on the possible evolution of technical associations and groups
with reference to the new available communication tools. TC10 promoted a
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8 G. Gabetta and G. Gori

workshop [8] where the capability of Social Networks was discussed. The idea was
to promote the use of Social Networks as a tool to connect experts in the field of
Corrosion, Fracture Mechanics and other disciplines of Materials Science. With the
support of the Knowledge Management team of E&P Division, the Group NetMed
was launched within www.xing.com. The aim of this group is to connect people
from the country around the Mediterranean (but not only), working and/or inter-
ested on corrosion related problems. The idea is also to verify the capabilities of
Social Networks to connect people in this professional field. The experiment up to
now cannot be defined as “successful”. The number of participants is slowly
growing, but the information exchange rate is quite slow. Apparently people do
not have time to invest in keeping alive the network. However, it is worth to wait
and give time to participants. Knowledge exchange and Knowledge Management
require a cultural change that is not supposed to happen quick and easy. The
passage from a culture of “Knowledge is Power” to a culture of “Shared Knowledge
is Power” still needs time and passion.

In the time frame 2005-2009, 320 issues were discussed in the materials CoP,
with an average of 2-3 given answers for each. Social Network Analysis was
applied to analyze the activity of the Community.

As an example, Fig. 4 represents the relationship between subsidiaries promot-
ing the issues, and Components:

¢ the activity of the Materials CoP is transversal to Eni Group, issues are proposed
by engineering, refining, gas distribution and other sister companies, because
corrosion problems are often similar in different plants/industrial activities,

K
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Fig. 4 Interplay between countries and components
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¢ the majority of studied components are engineering facilities (pipelines, plants).
That happens because CoP members are mainly from the Headquarters Engi-
neering professional family; CoP activity is still mainly superimposed to the
activity of Engineering Headquarters units,

e the same can be observed when examining CoP issues with reference to the
geographical location. Issues are raised mainly from E&P Italy, also when they
are from external BUs. However, the relationship with a number of external
units is growing.

Since pipelines are by far one of the two most often quoted components, an
attempt is made in the second part of this paper to discuss the possible role of
Knowledge Management in improving the assessment of pipeline integrity.

The challenge is to convince operating people that KM is not a waste of time;
at the opposite they can take advantage — saving time and money — from a better use
of knowledge. Important questions are:

e (Can we address technical problems from a different point of view with Knowledge
Management?

e What are the advantages, if any, of such an approach? Let us examine the case of
pipelines transporting hydrocarbons.

4 Internal Corrosion in Hydrocarbon Transportation

CO, corrosion is a very important problem in the oil and gas industry, being
the most effective and dangerous damage mechanism for components in contact
with hydrocarbon based fluids. CO, corrosion is still to be considered an open issue,
since many failures are experienced all over the world regardless of the large
effort to understand and manage the phenomenon. The amount of data available
and papers published annually in that topic is huge and growing very fast: for
instance, if you insert in a research engine such as Google the key word “CO,
Corrosion”, you get as much as 36,500 documents (they were 9,320 in 2007). In
the site of NACE international [9], 5,780 documents are quoted (466 in 2007),
referring to books (old and new), documents, standards, reports and papers pub-
lished by NACE. Those are only two examples. It is fully evident that a young
person willing to start working in this field would be in difficulty about what to
select for a complete and exhaustive state of the art. In fact, this young person
would be quite old before getting a full insight of the problem from literature!
The help of tacit knowledge in such situation is invaluable: older engineers should
transfer their experience to younger people optimizing the effort and the time
consumed.

CO, corrosion is described by predictive models, mainly based on empirical
correlations with laboratory and/or field data [10]. Other models have been built
based on a strict mechanistic analysis of the various processes involved in acid
corrosion of carbon steel. Each oil company has its procedure to evaluate corrosion
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10 G. Gabetta and G. Gori

and to apply these models, some of which are proprietary. A few oil companies
have developed their own models.

In spite of the huge amount of available literature and models, while it is
reasonably easy to understand a corrosion event ‘“backward” with failure analysis
methods, a large degree of uncertainty is associated to the attempt of predicting
future damage. A risk estimate requires knowledge about the probability and the
consequences of failure [11]. Probability figures should be derived from historical
data analysis of failures. Since failure data are often incomplete and/or not avail-
able, an alternative method is to estimate Corrosion Rate (CR) using models [12].

In models application, users are often faced with the alternative between a very
conservative approach, or not reliable figures [13]. Hence, there is a need for a
suitable methodology to calculate risk by taking into account the qualitative (histor-
ical data analysis, experts’ subjective opinion), and quantitative (inspection results,
etc.) values to determine the probability of failure and its consequences [14].
Due attention is to be paid to statistical approaches and mathematical treatment of
data, some of which seem to be promising [15].

Internal corrosion in a pipeline transporting hydrocarbons can lead to reduction
of pipe wall thickness and ultimately to leak or burst failure. The presence of
electrolytes such as water and species such as CO,, H,S, O, and other chemicals
are some of the prominent factors causing internal corrosion. Consequently, peri-
odic inspections and repairs are necessary to maintain pipeline integrity and to
prevent failures. Despite recent advances in inline inspection (ILI) technology, not
all portions of a pipeline can typically be inspected due to various geometrical and
economic constraints. The surest way to determine the location and extent of
internal corrosion is to excavate and examine the pipe.

In eni E&P a research project is underway to compare models results with field
observation of failures in pipelines. The project is aimed at two main objectives:

1. to implement risk prediction methods for internal corrosion in pipelines. The
objective is to identify locations where the risk of leakage is higher, using
available corrosion models, past failure analysis and Non Destructive Testing,
coupled with flow dynamic codes,

2. to test innovative materials characterization methods, scarcely or not invasive, to
be applied in field.

The proposed procedure features the following steps:

¢ basic data are collected, evaluated and if necessary integrated. If any of those
data are not available, assumptions have to be done and justified,

¢ apreliminary analysis of the pipeline geometry is done, looking for critical areas
such as bends, joints, restrictions, sinking, etc.,

e a pipeline model with proper features is implemented in a mono dimensional
code producing a general description of the flow regime as a function of pipeline
geometry. Besides, by the results of CO, corrosion rate calculations, some
pipeline sections will show a corrosion rate (and thus failure likelihood) higher
than others.
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Eventually, in the more risky sections of the pipeline, a 3D fluid dynamic
simulation will be performed, using a CFD code. This simulation will be able to
predict shear stress and the likelihood of localized damage. Boundary conditions
and flow regime for the CFD simulation can be derived by the mono-dimensional
calculation performed on the complete pipeline.

The main results obtained up to now are:

e investigation methods to assess accumulation of hydrogen and related mechani-
cal degradation in old pipelines were tested and are now available for application
[16, 17],

¢ technologies to measure mechanical properties on pipelines in service are
available (ABI and Small Punch) [18]. The advanced system using inverse
analysis, proposed by Politecnico di Milano, needs further work. Preliminary
results are encouraging [19].

¢ coupling water wetting module with Corrosion Models allows to a better esti-
mate of risk in different locations along the pipeline; however, the activity on
Risk Evaluation is still to be completed.

Let us discuss an example of Corrosion Rate (CR) calculation applied to an
onshore pipeline transporting multiphase heavy oil. Operating conditions are as
follows: Initial Pressure: 30 bars; Temperature: 25-30°C; Water cut 40%; CO, 73%
(flash conditions, gas phase).

The case is interesting because the internal corrosion process happened quite
quickly and the damage was almost localized at the bottom of the pipeline in a small
section.

Models application simply indicates that materials selection was inadequate;
Carbon Steel is not supposed to be applied in such aggressive conditions. The failure
was defined as a genuine CO, corrosion failure, and the models were applied in
a retrospective analysis. CR measured in field by time to failure is at least
2.7 mm/year. Flow dynamic code output for the actual pipeline geometry is shown
in Fig. 5, where Corrosion Rate obtained with two models (De Waard and Norsok
implemented in the internal module of the mono dimensional code) are plotted.

Corrosion rate is high along the complete pipeline. The failure, whose position is
indicated by the burgundy circle, could be expected; however, what is interesting
now is to understand why a large part of the pipeline did not show internal damage,
in spite of the high value of CR in the entire pipeline. The line is considered to be
fully water wet during the complete life. Results of the two models (red and green
lines) are of the same order of the actual Corrosion Rate estimated at the rupture
(something more than 3 mm/year); however there are locations in the pipe where a
higher CR should be expected, but no rupture was observed.

Further help can be obtained from the examination of a pipeline section in two
locations in the pipeline, shown in Fig. 6. The section on the left is closer to the
failure than the section on the right. At the left, one can see that a small extent of
the pipe wall at 6 o’clock is affected; the damage is deep and remaining thickness is
about half of the original. On the right, we can observe that the damage is spread in
a larger zone and the thickness is only little affected.
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Fig. 5 Example of corrosion rate for a pipeline

Fig. 6 Comparison of internal corrosion in two locations of the pipeline

It is suggested to try a deeper insight on the water wetting effects. The results in
Fig. 5 are based on the assumption of a total water wetting of the internal walls of
the pipeline. Observation shows that water wetting is only partial and probably not
diffused all over the pipeline length. Water Wetting effects are strictly correlated to
flow dynamics and to the properties of oil. A simple calculation of water wetting/oil
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wetting can be performed for the case of interest with software provided by Ohio
University as the result of a Joint Industrial Project [20]. The output if this calcula-
tion is shown in Fig. 7. The plot shows the limit curve of water/oil wetting situation
as a function of water cut and fluid velocity.

The pipeline under examination was carrying heavy oil. From an old report on a
previous failure the information was obtained that this oil is able to capture —
without releasing — up to 16% of water. Since this parameter is addictive, it means
that the actual water cut is 24% instead than 40%. Fluid velocities were calculated
with the mono dimensional code and are between 0.1 and 1 m/s, depending on
location.

In short, oil wetting is expected in pipe section corresponding to higher velo-
cities; while water wetting can be expected in zones were the fluid flows slowly.

The discussed case is only preliminary; the activity will be completed following
the outline proposed above. The scope of the present paper is to highlight the role of
KM in improving technical achievement. The case of corrosion models discussed
above shows that, while the procedures mainly used to select properly the materials
for pipelines are by now well known and reliable, they need further adjustment to be
able of predicting corrosion damage that can develop in time.

KM approach can be useful to integrate many different data, such as failures,
flow dynamics, fluid properties and so on. The example referred to internal corro-
sion, but similar discussion can be applied to other damage mechanisms, as for
instance to external Stress Corrosion Cracking [21]. A well developed and tested
KM system could be a helpful tool to operate industrial plants. There is a need for a
larger effort in developing this tool. The investment in time and money will be
productive at large.
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5 Conclusions

The importance of collecting and re-using past knowledge is nowadays recognized
in industrial companies; however, people often do not realize how quickly the
explicit knowledge (collected in reports, papers and other documents) tends to
become tacit (sitting only in the memories of people and/or personal computers),
and, with time, to disappear totally. The knowledge cycle in a correct knowledge
management process shall proceed in the opposite direction, promoting the sharing
of tacit knowledge which shall become explicit and shall be disseminated in the
company. The process cannot be completed if people do not recognize the value of
past experience.

At the opposite, problems tend to repeat themselves and solutions previously
applied can be useful in similar situations, to avoid duplicating past errors. Some-
times, solutions can be used again, with results in sparing of time and efforts. There
is however a need to use KM as a tool to solve operating problems, to obtain trust
and cooperation by operating people. To improve the use of KM tools, eni E&P is
pursuing the following actions:

¢ make available Materials Community to a larger amount of Users,

e convince people that the Knowledge and Experience Exchange within the
Community is effective in solving problems,

e collect past experience of failures and/or problems in order to spread the
information about them and their feasible prevention/solution within the Group.

A KM system should also create a network of knowledge externally to the
Company. The contribution of existing networks such as technical associations
and Working Parties (which are similar to Communities of Practice) can be very
important to enhance the cooperation between scientists and experts all over the
world. Innovative tools as for instance Social Networks need to be used in their full
potential. In the specific case of pipelines transporting hydrocarbon, preliminary
results of an application seem to anticipate that:

e using codes with built-in CR calculations could be misleading,

e corrosion models are good for materials selection and for the understanding
“backward” of failures; they are to be improved for a better prediction of
integrity,

¢ the integrated use of different data bases, such as failure data, fluid properties,
production data, and scientific findings can make the difference for integrity
assessment.
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Development and Applications
of a Specialty Nickel-Based Alloy
and the Need for Corrosion Education

Aziz 1. Asphahani

Abstract High-performance Nickel-based alloys are proven to be reliable,
cost-effective corrosion control measures in many industries (e.g., Chemical/Petro-
chemical Processing, Pharmaceutical, Oil and Gas, Pollution Control, Energy,. . .).
These alloys’ resistance to corrosion (uniform, localized and stress cracking) and
the role of alloying elements (Cr, Mo, W and Fe) are reviewed. The design concepts
of a cost-effective corrosion-resistant alloy are presented in terms of optimum
resistance to various forms of degradation, along with test data illustrating its
improved resistance to pitting, crevice corrosion and to chloride/H,S stress crack-
ing and hydrogen embrittlement. The increasing cost of maintenance/downtime, the
concerns about the reliability of equipment along with the emphasis on the safety of
personnel, the protection of the environment and sustainability are leading to
greater awareness about the deleterious impact of corrosion. Design and Process
Engineers, along with Maintenance Managers, are entrusted to ensure (from a
corrosion perspective) that the “correct” materials selection and corrosion mitiga-
tion technologies are implemented upfront, at the design stage. Hence, there is
a need for an engineering workforce, educated in the corrosion science fundamen-
tals and trained in the applied corrosion engineering mitigation techniques. Such
engineering workforce will be provided through a Bachelor of Science degree
in “Corrosion and Reliability Engineering” (the first such degree in the USA) to
start in the fall semester of 2010, at the University of Akron. Details are presented
on the curriculum development, corrosion content, courses’ sequencing and indus-
trial interest/support.
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1 Introduction

For years, nickel-based alloys (e.g., INCONEL' and HASTELLOY? alloys) have
been relied on to handle corrosive chemicals. While some metals (e.g., Ti, Zr, Ta,
Nb) and their alloys offer excellent resistance to several corrosive media, these
materials fail to provide the versatility of nickel-based alloys, especially when
fluoride ions are present in process streams. Also, many of these metals and their
alloys are rather cumbersome in terms of field weld-repairs. In contrast, the nickel-
based alloys are well-known for their excellent mechanical properties (strength and
ductility), as well as their good welding characteristics, which has augmented their
acceptance as the most economical choices for solving severe/chronic corrosion
problems.

Conventional corrosion-resistant alloys (e.g., stainless steels) and corrosion
protective measures (e.g., coatings, inhibitors) are often selected on the basis of
initial low-cost and perceived effectiveness in the intended service. However, the
unsatisfactory performance of such conventional approaches is becoming an
increased liability to long-term field operations. Recurring maintenance shutdowns
and unscheduled downtimes are leading to a greater emphasis on cost reduction, as
well as causing real concerns about the reliability of equipment and the safety of
personnel. Such emphasis and concerns are the driving force behind the search by
corrosion engineers for the correct choice of materials of construction at the design
stage. As such, the uniqueness of the nickel-based alloys in providing excellent
mechanical properties and corrosion-resistance characteristics is the reason for the
increased demand for these high-performance alloys in critical/aggressive services.

It is the purpose of this paper to describe an advanced nickel-based product:
Alloy G-50. The factors affecting corrosion and the role of alloying elements are
reviewed. Corrosion test results are presented and potential applications in sour gas
services are indicated.

In addition, the need for corrosion education is highlighted and information is
provided on the first US Bachelor of Science degree in Corrosion Engineering.

2 Alloys Design for Sour Gas Services

The development of alloy G-50 (N06950) was one result of “Mid 1970s” extensive
research programs on corrosion resistant alloys (CRA) for sour gas production. The
extremely corrosive and toxic deep sour gas wells highlighted issues related to
materials reliability and safety of operations [1]. Conventional carbon-steel tubing
and other components were rapidly deteriorated by general weight loss, localized

"INCONEL is a registered trademark of Special Metals Corporation.
2HASTELLOY is a registered trademark of HAYNES International.
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Table.: 1 Nominall . Alloy Ni Fe Cr Mo w Orther
chemical composition - —
(weight percent) 718 Bal 19 18 3 - Nb+Ta=5
G-3 Bal 19 22 6 - Cu=2
625 Bal 3 22 9 - Nb+Ta=3
C-276 Bal 3 16 16 4 V=035

G-50 50 min 17 20 9 1 -

Table 2 Hydrogen sulfide

) Resistant alloys Yield (ksi) Threshold (ksi)
stress craching 5%
NaCl +0.5% acetic acid/ 718 143 139
saturated H,S/room temp G-3 217 213
625 193 189
C-276 218 214
Susceptible alloys
17-4 PH 125 13
410 SS 90 30

crevice and under-deposit corrosion, stress corrosion cracking and hydrogen
embrittlement. Furthermore, the effective use of inhibitors was faced with many
limitations.

The inability to effectively inhibit corrosion of conventional steel tubing in deep
sour gas production led to the testing of nickel-based CRA products (Table 1 lists
the nominal chemical compositions of some of these alloys). In addition to the
presence of the highly corrosive H,S/brines and to bottom-hole temperatures
approaching 450°F, the CRA tubular products must possess strength levels capable
of handling bottom-hole pressures up to 23,000 psi at depths in excess of 13,000 ft
[2, 3]. To meet these extreme stress levels, higher yield strength of CRA tubular
products can be achieved by cold working (110-180 ksi), by precipitation strength-
ening (140-200 ksi) and by cold working plus aging heat treatment (180-280 ksi).
Even at strength levels exceeding 140 ksi, the CRA tubular products retained their
resistance to various forms of corrosive attack, including H,S stress cracking [2],
and their threshold stresses were much higher than those for stainless steels
(Table 2).

While initially the CRA were identified as “inert” in various laboratory tests,
further evaluation uncovered the susceptibility of high-strength CRA tubular pro-
ducts to hydrogen embrittlement. This susceptibility was specifically observed for
cold worked materials that were heat treated for a few hundred hours at tempera-
tures as low as 400°F (simulating the aging of cold-worked tubes at bottom-hole
temperatures). Cathodic hydrogen, produced by direct charging or via galvanic
coupling to carbon-steel [4], induced stress cracking of the most corrosion resistant
nickel-based alloy C-276, that was cold worked and aged (Table 3).

The least corrosion resistant of the tested nickel-based alloys (containing more
iron than alloy C-276 and low to moderate amounts of molybdenum: i.e., alloys 718
and G-3) did not fail in this cathodic hydrogen stress cracking test at room
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Table 3 Cathodic hydrogen
stress cracking: C-shape
specimens (with galvanic
coupling to carbon-steel)
5% NaCl +0.5% acetic
acid/saturated

H,S/room temp

Table 4 Anodic chloride/

A.L. Asphahani

Alloys

Cold-work

(10-60%)

60% cold-work
+200 h at 400°F

718 (19% Fe)
G-3 (19% Fe)
625 (3% Fe)
C-276 (3% Fe)

No cracking
No cracking
No cracking
No cracking

No cracking
No cracking
Failure
Failure

. Cold-work 60% cold-work
sulfide stress corrosion Alloys (10-60%) +200 h at 400°F
cracking: C-shape specimens . - -

(no galvanic coupling to 718 (19% Fe) Fa¥lure Fa?lure
carbon-steel) 5% NaCl+0.5 G-3 (19% Fe) Failure Failure
acetic acid/saturated H,S/ 625 (3% Fe) Failure Failure

400°F

Table 5 Cathodic hydrogen

C-276 (3% Fe)

No cracking

No cracking

Hours to failure

stress cracking: C-shape

specimens (with galvanic C'236 G-50

coupling to carbon-steel) 5%  40% cold-work NC/NC/NC  NC/NC/NC
NaCl +0.5% acetic acid/ 40% cold-work +200 h at 400°F  312/312/816 NC/NC/NC
saturated H,S/room temp 40% cold-work + 100 h at 932°F  24/24/90 NC/NC/NC

4NC = No cracking after 1,000 h

temperature. However, when tested at bottom-hole conditions (H,S plus brines at
400°F) alloys G-3 and 718 failed by anodic stress corrosion cracking, while alloy
C-276 did not stress corrosion crack (Table 4). The high-iron containing alloys were
extremely susceptible to anodic chloride-sulfide stress corrosion cracking [4, 5].
Furthermore, when evaluating the CRA for resistance to localized attack in chloride
environments, alloys G-3 and 718 suffered pitting corrosion [2, 4, 5].

In view of the need for the Ni-Cr-Mo-W system’s resistance to localized
corrosion and to anodic stress corrosion cracking at bottom-hole conditions (H,S,
Chlorides, Temperatures near 400°F), along with the beneficial effect of iron
content in enhancing the nickel-based alloys resistance to cathodic hydrogen stress
cracking, the alloy G-50 was formulated to provide an optimum product for sour
gas production tubing [6]. The increased iron level to about 17% (compared to less
than 5% in alloy C-276) permitted alloy G-50 to better resist the deleterious effect
of low temperature aging and cathodic hydrogen stress cracking (Table 5). In
addition, the increased nickel content to more than 50% in alloy G-50 favorably
improved its resistance to anodic stress corrosion cracking in hot chloride, sulfide
and bromide containing environments (Table 6).
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Table.6 Anodi.c stress 825 G3 G50 C-276
corrosion cracking: C-shape 20% MeCl - o
specimens (exposed 0% MgCl, (30% C(.)ld—vsfork) 2%2 1/2 NC NC
240-1.500 h/400°F) % NaCl +0.5% acetic a01d+HZS 2/2 2/2 NC NC
4.7% ZnBr, 2/2 22 NC NC

42/2 = two specimens failed out of two tested specimens
PNC = no cracking

Table 7 Resistance to Temperature °F) 15% HCl 12%HCl +3% HF
unlform COorrosion in

acidizing environments: G-3 G-50 G-3 G-50
corrosion rates in mils 150 73 55 57 36
per year 200 313 199 689 323

300 20,516 6,896 17,536 8,170

The alloy G-50 (minimum 50% Ni) exhibited resistance to anodic stress corro-
sion cracking close to that of alloy C-276 and much improved over those of alloy
825 (nominal 41% Ni) and alloy G-3 (nominal 44% Ni). Furthermore, the higher
molybdenum content of alloy G-50 (9% Mo compared to 6% Mo in alloy G-3 and
3% Mo in alloy 825) was proven beneficial to improved resistance to localized
attack (pitting/crevice and under-deposit corrosion) as well as an essential alloying
element to resist uniform corrosion in acidizing environments (Table 7).

The G-50 alloy has been produced in various size tubular destined for the Mobile
Bay deep sour gas fields in the USA. Extensive quality control evaluation, based on
slow strain rate tests, confirms the reported excellent stress corrosion cracking
resistance of this alloy [7]. Such improved corrosion resistance (better than alloys
825, 718 and G-3) along with its moderate cost (lower cost than alloy C-276) are
leading to greater interest in alloy G-50 for offshore applications, where seawater
and sour services represent tough challenges to the safe and reliable performance of
many stainless alloys. Also, the alloy G-50 optimum mechanical properties and
ease of weld repairs make it an excellent choice of material as bi-metallic tubing
and piping for aggressive sour gas transmission pipelines (thus avoiding the use of
inhibitors) and processing equipment.

3 The Need for Corrosion Education

The impact of corrosion on the industrial sectors, the public and daily life is very
significant. Corrosion and materials reliability affect industrial complexes, public
infrastructures, personnel safety and health, along with severe damages to the
environment and sustainable development. The deleterious effects of corrosion
are often described in economic terms: as materials degradation/replacement
costs and as financial losses. A 2002 report on the “Corrosion Costs and Preventive
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Strategies in the USA” calculated the corrosion direct costs to the US economy to
be $ 276 Billion (about 3.2% of the annual GDP).

The report identified technical and organizational barriers to reducing the costs
of corrosion and recommended strategies to overcome these barriers (http://www.
corrosioncost.com/preventive/index.htm). Of the total corrosion cost, 25-30% of
the cost is avoidable, if best practices are implemented. Also, it was indicated that
savings can be realized through training and corrosion education.

As a follow-up, the importance of corrosion education was highlighted in the
2009 report “Assessment of Corrosion Education” (ACE), by the National Research
Council of the US National Academies (http://www.nap.edu/catalog.php?
record_id=12560). This ACE report mentioned that among the corrosion preven-
tion strategies, consideration should be given to “improve education and training of
staff in recognition and control of corrosion”. Furthermore, the ACE report
included a tactical recommendation that the “engineering department in universities
should incorporate elective learning outcomes and course work on corrosion into all
engineering curricula. Improving the overall awareness of corrosion control will
require that more engineers have a basic exposure to corrosion/education/”.

It is evident that many engineers recognize that materials degradation and
corrosion negatively affect durability and systems integrity. Yet, at the design
onset, most efforts are often placed on the materials’ mechanical properties,
fabricability, availability and cost. It is believed that the absence of full awareness
of the direct costs of corrosion (and its societal impact in terms of safety, health and
the environment) may have been the reason for the common neglect, at the design
stage, to accurately factor in the belated corrosion damages to many engineered
systems and infrastructural components. Eventually, corrosion considerations are
then taken into account in more details, ONLY after a first failure case, involving
large financial losses along with grave consequences to the public and serious
damage to the environment. Hence, there is a need for engineering curricula to
include corrosion courses, as well as to emphasize the societal impact of corrosion
and to highlight the awareness of its deleterious effects on safety, health and the
environment. Such need is best addressed through a comprehensive corrosion
engineering education, along with effective corrosion technologists’ training and
certification programs.

4 The University of Akron Bachelor of Science Degree
in Corrosion and Reliability Engineering

To address the need for corrosion engineering education, the University of Akron-
Ohio (with seed money from the US Department of Defense) is establishing a
comprehensive baccalaureate program for a corrosion-specific engineering degree
through its College of Engineering: the first of its kind in the USA. Also, U. Akron is
simultaneously establishing an industry-accredited workforce development
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certification course for technical training, through its Summit College (which
delivers the U. Akron’s 2-year associate degree programs). Housed within the
Department of Chemical and Bio-molecular Engineering, the baccalaureate degree
in “Corrosion and Reliability Engineering” (CARE) program will be multidisciplin-
ary and will take advantage of the U. Akron’s well-known status as a leader in
chemical and polymer engineering, as well as being one of the fastest growing
colleges of engineering in the USA.

The U. Akron CARE program will be receiving its first-year students in the fall
semester of 2010. The program objective is to ensure an effective corrosion educa-
tion and to address the shortage of qualified corrosion engineers in the USA and
around the world. A 2007 NACE survey of its USA members [8], indicated that in
the following 10 years it is expected that about 44% of the active “Corrosion
Workforce” (engineers and technologists) will retire, without anticipated replace-
ment! In addition, a U. Akron survey (conducted by a market search firm with input
from Industry and Associations) evaluated the job prospects for what would be
graduates with a bachelor’s degree in corrosion engineering. The survey results
validated the employment opportunities in a multitude of industrial and govern-
mental sectors for engineers graduating with a “corrosion degree”. Also, the survey
highlighted the need for effective corrosion engineering education, with 66% of
employers perceiving that recent engineering graduates are ill equipped to under-
stand and manage critical corrosion problems. Furthermore, nearly 75% of sur-
veyed managers reported that they had experienced a shortage of qualified job
candidates with valid “corrosion skill” sets. In order to ensure an effective corrosion
education program and future accreditation, the CARE curriculum development
team undertook a systematic approach to the selection and sequencing of the
courses and their contents. This approach was based first on identifying the
“learning outcomes” that are expected by interested stakeholders as to what future
corrosion engineers “must know” and what they should be “able to do” (Table 8).
These “learning outcomes” were then incorporated into a sequence of courses that
fit within a comprehensive college education. The resulting CARE curriculum
stands as a 5-year corrosion engineering degree built on:

— maintaining strong engineering-core,
— ensuring corrosion-centered content,
— emphasizing corrosion management.

The CARE corrosion-centered curriculum is “knowledge-based”, through
learning the fundamentals of corrosion science and focusing on applied corrosion
engineering technologies. Also, this curriculum promotes “skill-based” techniques
through apprenticeship models. Furthermore, the CARE curriculum covers various
managerial aspects of corrosion problems involving inspection/detection, diagnos-
tic/assessment, prediction and prevention. Such an approach should yield graduat-
ing engineers that are capable of addressing issues related to life-cycle costs,
fitness for service, future performance/reliability and overall asset management.
The corrosion management segment of the CARE curriculum and its learning
modules will be developed through collaboration with industrial and interested
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Table 8 Stakeholders input on “corrosion engineers”

A.L. Asphahani

: knowledge/capabilities

“Must know”

“Be able to do”

Industries (Chem. Proc., Oil and Gas, Infrastructure,
Energy/Nuclear, Medical, Electronics)

Corrosion basics/fundamentals

Materials selection

Mechanical properties

Chemistry/process environment

Fabrication/manufacturing

Testing/evaluation/standards/specs

Government (Department of Defense, Department
of Transportation)

“Knowledge of”

Inspection/detection

Diagnostics

Prognostics

Mitigation technologies

Maintenance/rehabilitation

Organize risk-based inspection

Conduct failure analysis

Evaluate fitness for service/performance
Guide maintenance/rehabilitation

Ensure quality control and reliability
Define life-cycle/life-extension/prediction

“Ability to do”

Prevention

Assessment

Prediction

Management/optimal design
Life-extension/materials selection

Expected benefits

Improved safety

Cost reduction/asset preservation
Reduced environmental impact
Enhanced readiness/productivity

partners. The educational products will be tested and refined at U. Akron, before
being incorporated into the curriculum. The 5-year CARE curriculum also includes
industrial work periods in job sectors related to corrosion/materials reliability.
Upon graduating, the students will have completed 12 fundamental/“corrosion-
centered” courses and 2—4 elective/“corrosion-focused” courses (Table 9).

Overall, this 5-year program will include: 15 basic Science and Math courses,
9 additional engineering courses (Mechanical, Chemical, Electrical and Civil
engineering) and typical undergraduate engineering and general education courses,
for a total of 136 credit hours (Table 10). Also, the CARE program strategy is to
develop modularized instructional materials for use in other engineering curricula/
courses and for adaptation to distance learning and outreach/partnership programs.

To ensure applied learning experiences, the corrosion engineering students will
participate in co-operative programs to enhance their education. These co-op
students will be immersed in a couple of full-time, semester-long work periods
with the same company, each time with increasing level of responsibility and trust.
The students are to be personally mentored by industrial professionals and will
become an integral part of the company team. The interpersonal connections will
serve as motivation for success on the job, which is reflected back in the classroom.
The co-op students will demonstrate greater self-esteem, more confidence in their
abilities, and a deeper understanding of the connections between fundamentals
taught in the classroom and their application on the job.
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Table 9 Listing of corrosion-centered courses and some elective courses

Fundamentals/“corrosion-centered” courses
Laboratory tools for corrosion engineers
Materials science for corrosion engineers
Materials and energy balance for corrosion engineers
Fundamentals of aqueous corrosion
Corrosion lab/electrochemistry
Prevention of aqueous corrosion
Aqueous corrosion lab/protection technologies
Fundamentals of Hi-temp/gaseous corrosion
Prevention of Hi-temp/gaseous corrosion
Hi-temp/gaseous corrosion lab/protection technologies

Corrosion management-I (diagnostic, prognostic, mitigation)
Corrosion management-II (life-cycle costing, optimal design)

Electives/“corrosion-focused” courses
Risk-based inspections
Corrosion in the chemical processing industries
Refinery and petro-chemical processing corrosion
Oil and gas/pipeline integrity
Cathodic protection and anodic protection
Metallic coatings/electroplating
Organic coatings/polymers
Infrastructures/bridges life-extension
Reliability/systems integrity
Sensors/condition-based inspections
Failure modes and effects analysis
Microbiologically induced corrosion
Bio-materials/medical implants
Safety, health and corrosion
Environmental sustainability and corrosion

25

Table 10 Overall courses:
corrosion and reliability

. . Electives/“corrosion-focused” courses
engineering B.S. degree

courses
General education courses
Total

Fundamentals/“corrosion-centered” courses

Basics/“engineering-core” (Math and Sci) courses
Other engineering (Chem., Mech., Elec., Civil)

12
4
15
9

10
50 courses®

#5-Year program (136 Credit Hours)

The CARE students will also be engaged in their prospective fields through
participation in numerous U. Akron’s student design teams that compete in regional,
national and international student competitions. These activities, combined with a
required capstone design project for all seniors, ensure that students graduate with
hands-on experience in applying engineering principles to real world problems and
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with an understanding of the skills that are critical to project management (e.g.,
scheduling, budgeting, time management, teamwork, communication).

The educational aspects of the U. Akron CARE program are crucial to
continuing success in mitigating corrosion and, in the longer term, are likely to
have the greatest positive impact for increased reliability and safety of engineered
systems. Also, this program is poised to provide the next generation of corrosion
experts and to develop education and training tools for a broader range of engineers,
managers and policy makers. Furthermore, the CARE program addresses the goal
of creating a “pipeline” of baccalaureate-level engineering graduates who will
understand the impact of corrosion-related decisions in the early design stages
and who are well trained to conduct valid analyses of materials selection and
corrosion-protection measures, in order to ensure reliability and life-cycle cost
effectiveness.

Acknowledgments Technical data and general information were taken from 1980s lectures/
presentations and recent postings on the University of Akron’s website (http://engineering.
uakron.edu).
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Pipeline Regulation in Canada

Alan Murray and Joe Paviglianiti

Abstract Canada has been endowed with an abundance of Hydrocarbon natural
resources which started the development of the Canadian pipeline system nearly 60
years ago. Today that system comprises about 585,000 kilometres of pipelines.
Fortuitously for pipeline owners and operators, the Federal and pertinent Provincial
regulators have adopted, by reference, the national pipeline standard Oil and Gas
Pipeline Systems CSA Z662 within their respective regulations thus giving this
standard the force of law. In general terms this means that pipelines in Canada are
designed, constructed and operated in accordance with the normative requirement of a
common standard. However the respective regulatory requirements, of each jurisdic-
tion, are overlaid on the prescriptive elements of Z662 and reflect both the nature of the
entities being regulated and the particular philosophical approach taken to regulation.
The purpose of this paper is to attempt to describe the main differences to be found
across the country and to expand upon the goal oriented approach favoured by the
National Energy Board. Further, it will be helpful to also consider the importance of
research in the development of standards and regulations.

1 Introduction

Canada has been endowed with an abundance of Hydrocarbon natural resources — the
immense oil sands deposits in Northern Alberta and Saskatchewan, the shale gas plays
of NE British Columbia, the natural gas and oil contained in the high arctic and off our
eastern coast and not least those found in the Western Canada sedimentary basin
(Fig. 1). It was the exploitation of the latter which started the development of the
Canadian pipeline system nearly 60 years ago.
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Fig. 1 Supply sources and pipeline markets for Canadian hydrocarbons

Today that system comprises about 585,000 km of pipelines, most of which
are in the form of comparatively small diameter, low pressure gathering and
distribution pipes. Since all of the distribution and almost all of the gathering
lines are located within an individual Province, they are subject to provincial
jurisdiction. A few so called “sausage link” gathering lines cross provincial bound-
aries and thus, in common with the much larger diameter high pressure transmission
lines, come under federal jurisdiction and the watchful eye of the National Energy
Board (NEB, or the Board). In addition to these inter provincial pipelines, the Board
also has jurisdiction for pipelines crossing the international border to the USA.

Fortuitously for pipeline owners and operators, the Federal and pertinent
Provincial regulators have adopted, by reference, the national pipeline standard
Oil and Gas Pipeline Systems CSA Z662 [1] within their respective regulations
thus giving this standard the force of law. In general terms this means that pipe-
lines in Canada are designed, constructed and operated in accordance with the
normative requirement of a common standard. However the respective regulatory
requirements, of each jurisdiction, are overlaid on the prescriptive elements of
7662 and reflect both the nature of the entities being regulated and the particular
philosophical approach taken to regulation. The purpose of this paper is to attempt
to describe the main differences to be found across the country and to expand upon
the goal oriented approach favoured by the National Energy Board. Further, it will
be helpful to also consider the importance of research in the development of
standards and regulations.
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2 Pipeline Infrastructure in Canada

In 2008 Canada produced 993 million barrels of oil equivalent and 3.95 trillion
standard cubic feet of natural gas. Approximately 32% of our oil and 37% of our
natural gas production is consumed within the country, the remainder being exported,
primarily to the United States, an export business worth $69 billion annually. The vast
majority of these hydrocarbons are transported by pipeline economically and safely,
over long distances, since the major demand centres are considerably removed
from the primary supply source- the Western Canada sedimentary basin, (WCSB).
It is essential to the Canadian economy that the transmission pipeline infrastructure
remains competitive and reliable since these are the attributes upon which energy
contracts are signed. Many other producing basins in the continental United States are
closer to the market place than the WCSB, so in order to maintain a competitive
advantage, Canadian pipelines have had a long history of incorporating technological
innovation. The regulatory system has also been supportive in terms of setting just and
fair tolls and tariffs and encouraging incentive regulation whereby the pipeline opera-
tors and shippers reach agreement on CAPEX and OPEX cost savings. The resulting
agreements are submitted to the relevant regulator for approval to ensure transparency
and preservation of the public interest (Currently all of the major pipeline operators in
Canada have incentive tolling agreements in place). As with other mature producing
regions, Canada’s pipeline infrastructure consists of gathering systems which are
largely, but not exclusively, owned by the producers, transmission lines owned and
operated by pipeline companies and, in the case of natural gas, a localized distribution
network. On any given day about 71 different types of hydrocarbon product are to be
found in the Canadian transmission pipeline system, the vast majority being treated
sweet product, (Fig. 2). It is not surprising therefore, that internal corrosion is a very
uncommon threat to the integrity of the transmission infrastructure. Rather as Fig. 3
illustrates, on NEB regulated pipelines external corrosion is the predominant failure
mechanism, followed by cracking and external damage. This is reflective of the aging
nature of the transmission system, and the deterioration over time of various types
of external coating, as well as the sparse population density along the major routes.
By contrast, provincial regulators, having a higher preponderance of upstream
gathering systems, find internal corrosion to be the dominant failure mechanism.

3 The Canadian Pipeline Regulatory Landscape

Protecting the public and the environment from untoward events are among the
primary responsibilities of a regulator of physical facilities such as pipelines. How
it chooses to do so however varies from one jurisdiction to another. A quick study of
the history of major regulatory and standards changes in Canada shows a similarity
with other developed countries, indicating a lagging response to major incidents.
For example in 1985, during a pipeline repair incident at Camrose, Alberta, several
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workers died as a result of poor maintenance practices and emergency response
procedures. This resulted in a significant change to the requirement for Emergency
Procedures and to in-service welding procedures in both the NEB Pipeline regula-
tions and the CSA pipeline standards of the time. Similarly a spate of gas pipeline
ruptures in the early 1990s, caused by stress corrosion cracking, resulted in an
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inquiry conducted by the NEB [2] and had a significant influence on the Board’s
regulatory thinking at the time. In fact the requirements for an integrity manage-
ment system in both the NEB Onshore Pipeline Regulations [3] and the Z662
standard are traceable to the recommendations from that Inquiry.

Sometimes the regulator initiates change, such as in the use of performance
or goal based requirements rather than prescriptive requirements. With the latter
there is no latitude for the use of alternative approaches, whereas performance
based regulations establishes the required end result (which could be a goal or a
prescribed performance target) and leaves the means of its achievement to the
regulated entity. Goal oriented regulation, which will be discussed more fully
later, is a mix of prescriptive and goal based requirements. This is probably the
major differentiation in how pipelines are currently regulated in Canada, the NEB
adopting a goal oriented approach, and the Provinces invariably retaining a more
prescriptive approach. This difference may largely be explicable in terms of the
mandates of the various regulators as well as the capability or sophistication of
the companies they regulate and the nature of their facilities. The vast majority
of the 71,000 km of transmission pipeline which the NEB regulates is operated by a
small number of sizeable companies who have considerable in house technical staff
resources. By comparison, for the most part, the Provinces regulate a very large
number of companies whose secondary business is operating gathering systems and
whose primary business is exploration and production.

4 The National Energy Board Approach
to Pipeline Regulation

The Board has responsibilities to the Parliament of Canada for physical and
financial regulation of inter provincial and international pipelines as well as inter-
national power lines and in 2009 celebrated its S0th anniversary. It is quasi judicial
in nature, its current 9 member Board selected for their independence of thought
and their individual expertise in one, or several aspects of the Board’s remit. As a
pipeline regulator the National Energy Board is defined by its hearing processes, its
“full- lifecycle regulation” or “cradle to grave” regulatory scheme and its increasing
use of goal-oriented regulations. Figure 4 shows in some detail the various elements
comprising the full life cycle approach to pipeline regulation.

The advantage of such a scheme is that the Board can utilise its ability as a single
regulator to oversee and influence all aspects of a pipeline’s design, construction,
operation and abandonment. The Board’s current On Shore Pipeline Regulations,
promulgated in 1999 [3], combined with the conditions of approval in awarding
a certificate to operate a pipeline, set out the requirements and compliance activities
and give meaning to them by ensuring that they are followed. Inspections and
Audits are the respective means for monitoring compliance in the construction
and operations phases and have the most potential to minimise safety and environ-
mental incidents.
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Fig. 4 Full Life cycle approach to pipeline regulation

5 Some History on the NEB’s Road to Goal
Oriented Regulation

The Board’s first two pipeline regulatory instruments were very prescriptive and
specified the filing requirements for the design, construction, testing and repair of
pipelines. The Board decided what constituted a hazard and what needed to be
protected, while the regulations specified how these were to be addressed. As noted
earlier, Regulations are influenced by the issues and problems facing regulators at
the time of their creation. For example, as a result of difficulties with first genera-
tion electric resistance welding (ERW) pipes the Oil Pipeline Regulations of 1978
contained a clause limiting ERW pipe larger than 457 mm to a pressure no greater
than 20% of SMYS. Compliance was monitored by requiring the filing/approval of
documents and through inspections.

In 1988, the Board issued the Onshore Pipeline Regulations (OPR) which
were more flexible than those they replaced. The level of detail required for
submissions was decreased and some requirements were eliminated. The regula-
tions became more aligned with accepted industry standards by choosing to use the
CSA standards as their technical basis. Environmental protection was also becom-
ing increasingly important so a requirement for environmental protection proce-
dures and measures for construction, based on an issues list, was introduced into the
OPR. Compliance was monitored by reviewing the specifications and procedures
sub mitted by the proponent in its Application, auditing their records, and
performing inspections of the pipeline facilities during construction and its
subsequent operating life. It was observed that some companies would produce
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“compliant manuals” but did not implement them. The Board developed enforcement
procedures using administrative tools such as assurances of voluntary compliance.

As a general observation, most companies at the time were reactive rather
than proactive regarding environmental and integrity issues and the prevailing
regulations were unsuccessful in dealing with this reality [4].

As a consequence, the Board revised its pipeline regulations in 1999 choosing to
use a goal oriented approach, and this was followed 3 years later by the issuance of its
Processing Plant regulations, again using a goal oriented approach. As with previous
regulations, the CSA standards were incorporated by reference and this provides the
source of the majority of the prescriptive requirements within the Board’s regulations.

Goal-oriented regulations were inspired by Lord Cullen’s report on the Piper Alpha
explosion of July 1988, wherein the fully prescriptive approach was rejected in favour
of a goal-oriented approach to offshore oil and gas operations. Cullen went beyond
determining the causes of the deadliest disaster in offshore oil industry history to make
106 specific recommendations, initiating a new pro-active and improved approach to
safety involving goal setting. Further his report reassured all stakeholders — the oil
industry, the government and the public that offshore oil and gas operations could be
conducted safely if a rational goal oriented approach was implemented, together with
the effective use of technology and stringent inspection procedures. Influenced by this
approach, as well as findings from its own experience, the NEB developed its hybrid
form of regulation. In taking this step, it was ahead of the recommendations made by
an external advisory committee to the Canadian government, appointed to examine
“Smart Regulation”. On April, 2007 the federal Government issued a Directive on
Streamlining Regulations with the objectives of “protecting and advancing the public
interest by working with Canadians and other governments to ensure that its regulatory
activities result in the greatest overall benefit to current and future generations of
Canadians”. To achieve this it set out the following objectives:

e protect public health, safety, security and environment,

e promote a fair and competitive market economy,

¢ make decisions based on scientific evidence using the precautionary principle as
necessary,

e create accessible, understandable and responsive regulation,

e advance the efficiency and effectiveness of regulation,

In short the Board’s goal oriented approach embodied these objectives, enabling
companies to use their intimate knowledge of their individual systems and incorpo-
rate proven modern technologies in order to operate safely and remain competitive.

6 Experience with Goal Oriented Regulation

In the goal oriented regulatory approach a clear role for the regulator is to set out
the framework for protection of the public and the environment, while the role of the
regulated company is to develop and deliver protection programs. Overall, the
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Onshore Pipeline Regulations, 1999 shifts more of the responsibility for identifying
and managing risk from the regulator to the company, (Fig. 5). The Regulatory Impact
Statement issued at the time the regulations came into effect, indicated that the Board
intended to monitor compliance by conducting detailed audits of company specifica-
tions and management systems, assessing the skill level of personnel on staff and by
performing inspections of pipeline facilities during their operational life. Since 1999,
the Board has frequently re-iterated its expectation that effective management systems
have been implemented by companies, most recently by the Board’s Vice Chairman at
the International Pipeline Conference 2008 [5].

The use of management systems is necessary to achieve goals and effectively manage risks.
Since the introduction of the OPR in 1999, the NEB has been consistent in its message
that compliance with the OPR requires companies to develop, implement and maintain
management programs for the design, construction, operation and maintenance of their
infrastructure. These programs and the elements of a management system are mandated by
the OPR and CSA.

While the Onshore Pipeline Regulations, 1999 does not contain an explicit requirement
for management systems, the requirement is implicit and descriptions of what would
constitute such a system can be found in the non-mandatory Guidance Notes to the
Onshore Pipeline Regulations 1999. [6]. An explicit requirement for a management
system, specifically a “Safety and Loss Management System”, was recently introduced
into the CSA Z662 standard 2007 edition and has been adopted by Provincial regulators.

So much for the theory, in determining the methods used to achieve compliance
in practice, it is important to note that the regulations are intended to apply as a
whole and not as a discrete set of individual elements. In the absence of the check
list approach of prescription, there is a distinct need for experience and discernment
on the part of the auditor in determining the adequacy and effectiveness of a given
element in a company’s program. Upon introduction of the new goal-oriented
regulations, and to help audit staff conduct thorough audits and promote consis-
tency and fairness, “expected elements” were developed as a tool to ensure nothing
important was overlooked. These expected elements contained quite a detailed list
of what was believed to be the essential components of a management system as
espoused by ISO. When shared with the regulated companies however, their
expressed concern was that they were being audited to these elements rather than
their own programs! It was recognized that the Board itself needed a management
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system to improve consistency and incorporate continual improvements to its
compliance program. As a result the audit system was one of the first systems to
be included in the Quality Management System developed at the Board. A written
protocol for the audit process was developed, containing five elements and fifteen
sub-elements which companies are legally required to meet, as well as commonly
accepted elements of an ISO management system. Companies are assessed against
the legal requirements identified in the NEB Act and associated regulations, other
relevant provincial and federal acts and regulations, facility approval conditions
and the processes, procedures and standards identified by the company as com-
prising its programs. In order to promote fairness, clarity and completeness, Board
auditors have developed templates which have a logical management system flow
and enable the findings of the audits to be assembled using a consistent approach.

The Board’s expectation is that after 10 years of exposure to goal oriented regulation,
companies should have robust documented programs in place that have benefited
from internal audits and continual improvement to ensure their adequacy and effective-
ness. The results of 30 audits conducted since Goal oriented regulation was introduced,
indicates that the majority of regulated companies have most of the program elements
in place to deal effectively and proactively with identified hazards and that many
have instituted comprehensive management systems. Further an external independent
review of the Board’s approach to goal oriented regulation, conducted on behalf of the
Internal Audit Committee, found a high degree of acceptance among all stakeholders.

7 Advantages of Goal Oriented Regulation

In common with pipeline companies, a Regulator has finite technical resources with
varying capabilities and availability. The challenge is to make the most effective
use of the resources available while still discharging its statutory duties. To do so
the Board has been developing and using a risk based life cycle approach for use in
planning and staffing compliance activities. As an example, information on com-
pany performance, collected during its construction and ongoing operational activ-
ities, forms the basis for assembling a risk profile. This is then used in assessing
whether to, and when to conduct a full or focussed audit, or when to pursue in
greater detail the technical content of a facilities application. This enables appro-
priate staff resources to be assigned accordingly. For companies, goal oriented
regulation provides the ability to assess and take measured risks where appropriate.
They can make effective use of their intimate knowledge of the construction and
operating history of their pipeline system and avail themselves of the most recently
available technology, to devise methods which meet regulatory requirements
and create competitive advantage. The adequacy of these new methods is the
responsibility of the company to assess and the regulator to determine, either as a
result of an audit or a specific application.

It is in this area that the effects and importance of research to goal oriented
regulation is most readily seen. Clearly if a company has either developed a proprie-
tary technique, or become aware of pertinent new technology, it can start the process
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of amending the existing pipeline standard to incorporate the new development. If
after scrutiny, it is accepted and becomes a part of the newest version of the Standard,
it is reasonable to expect, but by no means will it be certain, that will it be adopted by
the appropriate regulators. (A regulator may choose to adopt all or portions of a
Standard). In Canada the Z662 standard is produced on a 4 year cycle, hence that
length of time could elapse before the technology is ratified. In contrast, with a goal
oriented approach, if the proponent can demonstrate convincingly the technology
meets the desired end goal, then he is given a waiver which, while maybe project
specific, is still quicker than the alternative process.

8 The Future of Goal Oriented Regulation

While regulatory change occurs at seemingly glacial speed, it is not static and the
intent at the NEB is to update the Onshore Pipeline Regulations. To persist with a goal
oriented approach to regulation, it has to be seen to be mutually beneficial to all
stakeholders. As noted earlier the Board did conduct an external audit with that finding
and hence is committed to the evolution of the process. This resolve is strengthened by
the recent inclusion of a formal requirement in CSA Z662 for management systems
incorporating the full life cycle. The NEB consults regularly with its constituents and
communication is a key factor in ensuring that there is no confusion as to where the bar
has been set and what tools can be applied to meet and exceed the requirements.
One of those constituents is our fellow regulators. We are aware of the fact that a
number of our regulated companies fall under the ambit of other regulators and it can
be burdensome to meet different regulatory requirements. We are confident though
that the flexibility inherent in goal oriented regulation is such as to enable the
requirements of others to also meet our compliance needs. Hopefully this will lead
to a rationalisation that would enable company programs and management systems
to be consistently applied across multiple jurisdictions. In conclusion an effective regu-
latory framework encourages advances to be made in pipeline technology and balances
judicious direction when necessary, with freedom of action when appropriate. Thank you.
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Fracture Mechanics Approach to Stress
Corrosion Cracking of Pipeline Steels:
When Hydrogen Is the Circumstance

J. Toribio

Abstract Stress corrosion cracking is a problem of major concern in pipeline steels.
This paper deals with the fracture mechanics approach to the phenomenon. Para-
phrasing the famous sentence by Ortega y Gasset “yo soy yo y mi circunstancia”, one
could say that the material is itself and its circumstance, the latter being the physico-
chemical and mechanical environment. The paper analyzes situations in which the
circumstance enhances hydrogen embrittlement. A theoretical study is provided of
the validity of the fracture mechanics approach to hydrogen assisted cracking,
analyzing the K-dominance condition to elucidate the role of the far field and the
effect of history, the latter recalling the words of the Spanish poet Antonio Machado:
“hoy es siempre todavia”, and perhaps T. S. Eliot’s “and all is always now”.

1 Introduction

Paraphrasing the Spanish philosopher Ortega y Gasset, one could really say that the
material is itself and its circumstance, which indicates, firstly, that the material is
intrinsically imperfect, and therefore, that surface or internal defects are inherent in
it; and secondly, that there is an evolution of its mechanical properties throughout
the service life, due to the combined effect of mechanical load history and
surrounding physico-chemical environment.

This consideration of the material as a live entity immersed in the surrounding
environment has an important consequence: the concept of material is strongly
linked with the existence of superficial or internal defects or geometrical flaws such
as cracks or notches (from the macroscopical point of view) or imperfections in the
microstructure such as lattice defects, dislocations, micro-voids, etc (from the
microscopical point of view). Thus the classical approach in mechanical and
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structural engineering in which the material is totally defined by its constitutive
equation — or, even worse, merely by its elastic properties — turns to new approaches
(materials science and fracture mechanics approaches) according to which material
behaviour depends not only on the intrinsic characteristics of the material itself, but
also on the circumstance, i.e., on extrinsic factors such as load history (load
magnitude, kind of loading, loading rate, etc) and environment (temperature,
humidity, corrosive agents, etc.) which make previous defects grow. It is important
to notice, therefore, that a given material does not have a behaviour per se, but can
exhibit one or another behaviour depending on the circumstance, i.e. on the specific
working conditions (mechanical and physico-chemical environment). In this paper
the hydrogen environment plays the role of circumstance.

In the case of pipeline steels having different microstructures as a consequence
of the manufacture procedure [1-4], they can fracture provoking structural failure
[5-8]. In addition, environmentally assisted cracking of pipeline steels is a problem
of major technological concern, either in the form of pure stress corrosion cracking
[9] or in the even more dangerous variety of environmental action: hydrogen
assisted cracking, hydrogen degradation or hydrogen embrittlement [10, 11].

2 Fracture Mechanics Approach to Hydrogen Assisted
Cracking: Analysis of the K-Dominance Condition

This section of the present review paper summarizes the achievements of a basic
research line in the field of environmentally assisted cracking in general and of
hydrogen degradation in particular. It deals with the meaning and significance of
the fracture mechanics approach to hydrogen assisted cracking, analyzing the
question of K-dominance not only over the purely mechanical aspects, but also
over the environmental (physico-chemical) events influencing the whole coupled
process of hydrogenation and failure.

Two key factors able to violate the uniqueness of the crack growth kinetics curve
v = w(K) are discussed: the role of far field (the stress-strain field which is not
K-dominated) and the effect of the history of hydrogenation and crack growth. Stress-
strain assisted diffusion of hydrogen is considered as the rate-controlling factor of
hydrogen assisted cracking under sustained or quasi-static loading conditions. The far
field is shown to have a minor effect on near-tip hydrogen diffusion. It can only widen
the scatter band of crack growth rates in the near-threshold portion of the v(K )-curve.

With regard to the effect of history, the study reveals that hydrogenation and
crack growth are coupled processes, one influencing the other, so the crack growth
kinetics curve v = v(K) is not unique as an intrinsic material property must be.
However, a special regime of steady-state crack growth is seen to exist in which
hydrogen assisted cracking turns out to be a K-dominated process, and the
corresponding plot of the steady-state v against K acquires the uniqueness of a
material’s characteristic curve which may be used in engineering to provide more
conservative evaluation of material resistance and structural integrity.
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2.1 Problem Statement

Engineering design frequently involves problems of environmentally assisted
cracking (EAC) in materials and structures, a phenomenon which appears in diverse
forms such as stress corrosion cracking, hydrogen assisted cracking (HAC), liquid
metal embrittlement, etc. In this framework, the fracture mechanics approach has
proved to be effective for material evaluation and structural integrity assessment.

In the domain of linear elastic fracture mechanics under small scale yielding, the
stress intensity factor K is the only parameter governing the stress-strain state in the
vicinity of the crack tip. The key of the fracture mechanics approach to EAC is
the crack growth kinetics curve (Fig. 1): a plot of crack growth rate v vs. stress
intensity factor K, defined between the threshold Ky;, (below which the crack growth
rate v is zero) and the fracture toughness K.

The idea of uniqueness of v(K )-curves and thresholds Ky, as intrinsic character-
istics of {material-environment} systems forms the backbone of the approach and
ensures the soundness of applications in engineering design. This uniqueness
ensures the similitude of crack behaviour in test specimens and in structural
components in service, thereby providing transferability of laboratory testing data
to real engineering structures.

If the v(K )-curve including Ky, is indeed unique for a given { material-environment }
couple, any discrepancy between predicted and real behaviour should be attributed
to roughness in the analysis or experimental scatter but not to the concept. Other-
wise, conceptual weakness makes the predictions less reliable and calls for more
constraints on testing and evaluation to obtain data of the crack growth resistance
parameters in an aggressive environment.

The reliability of the fracture mechanics approach to EAC in engineering design
was reviewed by Toribio and Kharin [12], where an ample range of experimental
evidence of uncertainty in the v(K)-curve and the threshold Ky, is presented.
Although these items are supposed to depend solely on the material and the
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environment, they are notably sensitive to the influence of a wide family of test/
service variables, namely the following:

(1) pre-loading: fatigue pre-cracking regime and overloads;
(i) geometry: crack length, crack bluntness and stress intensity gradient;
(iii) kinematics: initial load, test interruption, rate of loading/straining.

The results quoted show that the same stress intensity factor does not always
yield equal crack velocities in otherwise identical couples { material-environment}.
The observed deviations cannot be related to imperfect testing and are systematic as
distinct from obvious statistical scatter of test data. This uncertainty of the basic
fracture mechanics characteristics of EAC produces loss of confidence in materials
evaluation and structural integrity assessment.

In paper by Toribio and Kharin [13], a deal of uncertainty of EAC characterisa-
tion is eliminated in a strictly /local fracture mechanics approach where both the
mechanical and the environmental factors are treated in terms of local variables
related to the crack tip. However, this local interpretation of the crack growth
kinetics curve still remains incomplete and does not meet the essential requirements
of an intrinsic material curve.

To solve the described problem, a procedure is proposed by Toribio and Kharin
[13] for engineering safe design against EAC. For a given {material-environment}
system, the aim is to find the worst crack tip situation producing the fastest crack
growth rate v, attainable at each K. The corresponding master curve v,,(K) is the
envelope of all possible v(K)-curves for a {material-environment} couple and
represents an intrinsic characteristic of the system: the weakest resistance to EAC.

However, the extent to which the v(K)-curve and the threshold K, are the
properties of only the material and the environment becomes an open issue. This
kind of uncertainty means that the process in general is not exclusively K-dominated,
although no attempt has been made in the past to elucidate the matter of
K-dominance over the whole family of contributing events as the check-point for
the soundness of the fracture mechanics approach to EAC.

The present paper reviews some recent research work by the author on the
meaning and significance of the fracture mechanics approach to the particular
phenomenon of HAC (very important in engineering). The final aim is to elucidate
the question of K-dominance not only over the mechanical aspects of the phenom-
enon but also over the environmental (physico-chemical) events affecting the
coupled process of hydrogenation and failure.

2.2 Key Events and Modelling of HAC

The main events associated with HAC are described by Toribio and Kharin [14]:

(i) hydrogen supply to the prospective fracture places, involving hydrogen trans-
port to metal, entry into it and transport within it;
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Fig. 2 In-crack environmental currents and kinetic processes of mass-charge exchange and
chemical reactions

(ii) stress-strain state as mechanical impetus for hydrogen assisted damage;
(iii) damage enhancement by hydrogen.

Crack tip hydrogen activity may be presented in terms of its partial pressure P<"

in gaseous environments or the electrode potential EST and the hydrogen ion
exponent pH" in corrosive conditions (all referred to the crack tip zone). They
can significantly differ from P or E, and pH (characteristics of the bulk environ-
ment). Relations of bulk and local environment parameters are governed by
in-crack environmental currents and kinetic processes of mass-charge exchange
and chemical reactions (Fig. 2). Thus, local environmental variables depend on the
geometry of the crack and on time #:

Pt = PN (P, a, 5, 1) (1)

in gaseous environments, or
pH" = pH " (pH, Ey, a, 0, 1) 2)
EST = EST(pH, E,, a, 6, 1) 3)

in corrosive ones, where the geometry parameters a (crack depth) and J (the height
of an opened crack) represent the characteristic transportation distance from bulk
environment to the crack tip (here only the crack depth is taken for the sake of
simplicity) and crack opening displacement under load which gives the canal width
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(variable along crack faces). The right hand parts of relations (1) and (2)—(3) in
general are not plain functions of instantaneous values of displayed variables but
functionals over their time histories depending, in particular, on the shapes of entire
trajectories a(t) and d(t) in the time interval 0 < t < ¢. This implies the influence of
both loading/cracking history and crack geometry outside the K-controlled crack tip
zone on the near tip environment, and therefore, on the value of v at given K under
fixed bulk environment.

The phase of hydrogen entry into metal includes physical adsorption of hydro-
gen-containing species on metal surface; dissociative chemisorption of atomic
hydrogen and its dissolution in the surface layer. The surface phase of sorption
may be the rate determining step for HAC under relatively weak hydrogenation
conditions at the crack tip, but this is unusual for most practical cases of gaseous or
electrochemical (corrosive) hydrogenation when at entry sites elevated hydrogen
activity is achieved.

Hydrogen promotes failure by different physical mechanisms, so that elementary
fracture events are associated with a critical combination of hydrogen concentration
C and mechanical variables representing the stress-strain state. The latter deter-
mines the critical value of hydrogen concentration C,, to complete local fracture.
Thus, the critical situation occurs when hydrogen concentration in prospective
rupture sites reaches a critical value dependent on the mechanical action in the
fracture process zone:

C=Cq “)

The critical concentration of hydrogen is a function of the mechanical situation
(stress-strain state) at a material point, i.e.:

Ccr = Ccr(ga gp) (5)

where ¢ = o (r, 1) and ¢, = &,(r, 1) are respectively the tensors of stress and plastic
strain, r being the spatial coordinate vector and # the time. Throughout this section
of the paper, a solid subjected to sustained loading conditions will be analyzed and
in this case the tensors of stress and strain depend only on the spatial coordinate:
0 = o(r) and &, = &,(r).

The actual concentration, depending on the specific location of the material
point and on time, is itself a function of the stress-strain state:

C=C(r,t;0,¢) (6)
Hydrogen entry can be characterised by the equilibrium value Cr of hydrogen

concentration in stressed-strained metal at the entry surface I" (boundary between
the metal and the environment):

C(F, f) =Cr @)
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The driving force for diffusion Xp is determined by the gradient V of its
chemical potential puy:

Xp = Vi @®)

which is related to the solubility coefficient Kg (density of available sites) for
hydrogen in metal:

c
ty = RT 1nK—S ©)

where R is the ideal gas constant and 7 the absolute temperature. The solubility Kg
depends on temperature; hydrostatic stress o, alloy microstructure, chemical and
phase composition of the alloy and hydrogen traps density (traps for hydrogen in
metals are formed by lattice imperfections; dislocations are nearly the strongest
kind of traps but not the only ones).

The overall density of traps depends on the plastic strain level which may be
represented by the second invariant of the plastic strain tensor: the effective or
equivalent plastic strain &p. In addition, plastic strain may affect the phase compo-
sition of an alloy, thereby causing variations of hydrogen solubility, as in austenitic
steels through strain-induced y — o transformation. Thus, plastic strain is another
variable affecting hydrogen solubility in metal, in addition to hydrostatic stress and
temperature:

Ks = Ks(o, &, T) (10)

The latter may be decomposed into its plastic strain dependent part Ks, and the
hydrostatic stress related one:

1%
Ks(0, &y, T) = Ks:(ep, T) exp(Qo)  withQ = R—‘; (11)

where Vy is the partial molar volume of hydrogen in metal.

The gradient (inhomogeneity) of any of the solubility-affecting factors can
induce diffusion flux. On assuming uniform temperature distribution in the solid
(a hypothesis maintained throughout this paper) the diffusion flux J may be
expressed as follows:

D C
=— CXp=-DC Vlh— 12
J=rr CXp C Ving (12)

where D is the diffusion coefficient of hydrogen in metal which characterises the
specie mobility; the diffusivity should not be treated as a constant but considered to
be dependent on plastic strain: D = D(ep) # const, to reflect the influence of the
altered phase composition or trap density on the averaged (macroscopic) mobility
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of diffusable species (cold work effect), apart from their effect on solubility
reflected in Egs. 10 and 11. Substitution of (11) into (12) yields:

J= —D(ap){VC - C{V(Qa) +m} } (13)

The condition of mass balance gives the diffusion equation in terms of concen-
tration as:

aoc .
5 = —div] (14)

which allows an evaluation of concentration evolution with time z. According to
(13) and (14), the equation of stress-and-strain assisted diffusion in terms of
concentration is:

%_f:D[VZC—M e VC —NC| + VD o [VC — M| (15)

where the dot e denotes scalar product and the coefficients M and N are:
M = VInKs(a, &);N = V> InKs(o, &) (16)

The hydrogen entry into metal is characterised by the boundary condition for
diffusion (7) with Cr = Cy K5 (I'), where Cy is the equilibrium hydrogen concen-
tration provided by the environment in the bare metal (free of stress and plastic
strain). Accounting for (11), it yields the following:

Cr = CoKs(I') = Co K, (g (I)) exp (Qo(I)) (17)

For solids under conditions of uniform environmental hydrogen activity char-
acterised by an equilibrium concentration value Cy = const, it is easy to get the
exact steady-state solution of Eq. 15 of stress-strain assisted diffusion which is
asymptotically attained at # — oco. This corresponds to the equilibrium state when
the diffusion flux (12) is zero or, equivalently, when the diffusion driving force (8)
is null. According to expression (12), this is provided when C/Ks = const. Then,
taking into account relation (11), the steady-state solution is the following:

Coo(r) = CoKs(r) = Co Ks;(ep(r)) exp (Qa(r)) (18)

With ¢, = 0, K, =1 and the last expression coincides with the well known one
for stress-only driven concentration.
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2.3 Meaning and Significance of the Fracture
Mechanics Approach to HAC

The basic concept of mechanical autonomy of the crack tip region (K-dominance) is
the keystone of the linear elastic fracture mechanics approach [14]. It may be
interpreted as follows: there is a region of characteristic size Rgrr (Fig. 3) around
the crack tip where the elastic stress-strain state is K-dominated, i.e., adequately
represented solely by the universal r~? singular term of the complete series
solution. This is the asymptotic term o, of hydrostatic stress if one focuses on
this component (the relevant one in hydrogen diffusion).

The whole inelastic zone (fracture process zone plus plastic region) may be so
small that it does not sensibly disturb the linear elastic solution (small scale yielding
condition). If this happens, the K-dominated annular elastic region still exists at
distances from crack tip Ry < r < Rgg. Outside this annular domain (at > Rgr)
the remote stress-strain field (far field) is not governed by K, nor is its hydrostatic
component ¢y in particular.

As far as this K-dominated ring shields completely the inelastic zone from any
other external influence, except that provided by K, it means that the state of the
whole inelastic near-tip region including the fracture process zone depends solely
on K and material, i.e., it is also autonomous and thus the stress intensity factor K is
the parameter governing the crack tip mechanical pre-damaged state, despite the
lack of explicit treatment of nonlinear behaviour and microfracture events in the
fracture process zone.

In the matter of HAC, when a crack of depth a is present in the material, the
hydrogen assisted fracture criterion (4) remains valid. Considering the K-dominance
over the stress-strain state in the vicinity of the crack tip, the critical concentration
(5) is a function of the stress intensity factor K in this case:

Ccr = Ccr(0-<[(7 r)a SP(K7 r)) (19)

o o K/Vx

Fig. 3 Specific zones and
stress state in the vicinity of
the crack tip. A nonlinear
region (the fracture process
zone of size Rgpz) does exist
in the vicinity of the crack tip
where microscopic damage
proceeds, and it is usually
surrounded by the plastic
region of size Ry

x

RsiF
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and the actual concentration (6) yields:
C=C(r,t;0(K,r), &(K,r)) (20)

In terms of independent variables only and using the local coordinate x with
origin at the crack tip (Fig. 3):

Cor = Ccr(Kax) (21)

C=C(x,tK) (22)

Thus, to have K-dominance over the whole HAC process, and thus uniqueness of
the v(K) curve as an attribute of a given {material-hydrogen} system, two precondi-
tions must be fulfilled:

/1/ K-controlled uniqueness of critical hydrogen concentration Ccr which must be
reached at some point of the fracture process zone to cause local fracture and
crack advance;

/2/ K-dominance over the process of hydrogenation in the fracture process zone
ahead of the crack tip, i.e., uniqueness of the evolution of the distribution of
hydrogen concentration C(x,?).

According to criterion (4) the curves given by the right-hand parts of Egs. 21
and 22 should meet at some point to cause crack extension. Achievement of
exclusive K-dominance over the solution of this problem of contact between two
curves (of critical and actual hydrogen concentrations) requires K-control over the
curves themselves in the close vicinity of the instantaneous crack tip.

Since the critical concentration C., in the vicinity of the crack tip inherits the
property of K-dominance from the stress-strain fields, the two preconditions /1/ and
/2/ formulated above are equivalent to the following ones:

/1*/ K is the only variable which controls the near-tip stress-strain fields (i.e.,
o = o(K, r) and &, = ¢,(K, r)) in a domain embracing the physical process
zone, thus dominating the mechanical aspects of both pre-damage and stress-
strain affected hydrogenation;

/2*/ in addition, K also governs the environment parameters which control hydro-
genation in the very close vicinity of the crack tip (local environment para-
meters) which determine the hydrogen concentration evolutions C(x,f) in the
fracture process zone.

Finally, the two preconditions may be formulated in terms of fracture mechanics
concepts as follows:

/1#*/ K-controlled mechanical autonomy of the crack tip region, i.e., K-dominance
over the stress-strain field, which is the keystone of linear elastic fracture
mechanics under small scale yielding;
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[2**[ K-controlled environmental autonomy of the crack tip region, i.e., K-dominance
over the physico-chemical events, namely the boundary conditions and the
hydrogen diffusion in the vicinity of the crack tip.

While the first precondition is always fulfilled in the framework of linear elastic
fracture mechanic analyses under small scale yielding, the achievement of the
second one is not guaranteed in all cases, because many causes may destroy
the K-dominance in HAC and thus the uniqueness of the crack growth kinetics
curve v = v(K). In further sections of this paper, the effects of far field and history
are discussed in depth.

However, in spite of the fact that the v(K)-curve is not always K-dominated (the
second precondition could fail), on assuming sustained loading conditions (as in the
approach presented in this paper) the threshold Ky, always meets the two precondi-
tions of K-dominance, because the limit of crack non-propagation is associated with
the unique steady-state distribution of concentration C () near a tip of a stationary
crack reached at + — oo. This stationary solution of the equation of stress-strain
assisted diffusion was given in (18) and it has the same self-similitude properties as
the stress-strain field. Therefore, only the first precondition (mechanical autonomy)
is necessary to guarantee the uniqueness of the threshold state which is always
K-dominated when linear elastic fracture mechanics, small scale yielding and
sustained loading are considered.

3 The Effect of Far Field on K-Dominance
in Hydrogen Assisted Cracking

The matter of K-dominance with regard to hydrogen diffusion in the near-tip region
is addressed by Toribio and Kharin [15]. It is the question of the accuracy of the
approximate hydrogen concentration distribution C, governed by the K-dominated
component of the near-tip stress-strain field (i.e., by the asymptotic term o,) to
represent the actual concentration C¢ being driven by the complete mechanical field
containing the whole series expansion (i.e., influenced by the non-autonomous far
field ay). To this end, the discrepancy E = C, — C¢ between the two concentration
distributions is the subject of interest to estimate the effect of the far field (the
remote stress-strain field which is not K-controlled) on hydrogenation of the
fracture process zone.

In accordance with the general form of the equation of stress-strain assisted
diffusion (15), the equations to obtain the far-field affected concentration Cy (exact)
and the near-tip asymptotically driven one C, (approximate) are the following:

ac

5, =DI[V?Cr =M e VCi = NiCi| + VD o [VC = MGl (23)
aC, )

5 =P [VCo —M, e VC, —N,C,] + VD o [VC, —M,C,] (24
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where the coefficients M and N with subindices f and « are determined according to
formulae (16) by their corresponding mechanical fields (the complete and the
asymptotic ones).

Accounting for the small scale yielding condition, near the crack tip there is a
K-dominated region (r < Rgr) where both elastoplastic stress-strain fields coin-
cide. In addition, plasticity is assumed to be associated solely with the crack tip
region and no other plastic zones exist. Correspondingly, inelastic behaviour is
always K-governed and plastic strain ¢, does not participate in Eqs. 23-24 as a
matter of distinction. Thus, the difference is related to the discrepancy between the
two hydrostatic stress fields: the far field o; and the asymptotic one o, at r > Rgjr.

Subtracting one of the above equations from another the following equation can
be derived with regard to discrepancy:

1)
E:D[VZE—Mf-VE—NfE} + VD e [VE — M{E] +Q (25)
where an additional source-type term arises:

(26)

DQV (o — 0,)ZVC, # 0 at r>Rgr
0 at r<Rgrr
This expression represents the source term for diffusion of discrepancy E which

is the difference between the approximate K-driven concentration distribution and
the exact far-field affected one. With nil initial and boundary conditions for E, its
absolute value increases from zero with time since the source Q produces this
imaginable “diffusable substance” in the solid. This “error” is generated by the
source () operative at r > Rgyr, and it diffuses from there towards the fracture
process zone. The effect of the far field on K-dominance over hydrogen accumula-
tion in the fracture process zone becomes more severe when a greater amount of
“error” E can reach the region r < Rgpz by “virtual” diffusion from the distant
source (26) situated at r > Rgp.

After estimation of the sizes of the crack tip zones represented in Fig. 3, and
theoretical analysis of the near-tip hydrogen diffusion [15], it was possible to obtain
the time evolution of the asymptotic (K-driven) concentration C, at the outer border
of the fracture process zone where the effect from the source Q appears first, i.e., at
X = Rppy as:

Ca(x = Rgpy, [) = Ca(‘E) = COO(R]:pz) erfc ( 27

)

where erfc(®) is the complementary error function and t the dimensionless time
defined as t = Dt/R3,.

Figure 4 shows a plot of this function C, (1) (solid line). Approximately for
T > 130, the concentration C, in the fracture process zone (i.e., for x < Rgpy)
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Fig. 4 Plot of hydrogen concentration evolutions with time: asymptotically-driven (K-controlled)
concentration C, (solid line) and a representative of the family of far-field affected concentration
C¢ (dashed line). An example of near-threshold critical concentration level C., below the steady-
state one C, at Ky, is also shown

exceeds 95% of the steady-state level C,,. From then on, its further variation lies
within a 5%-scatter band near this hydrogenation limit, i.e., the increase of K-driven
concentration in the fracture process zone falls into this 5% strip from the time
moment fsg (Where ss indicates steady-state) given by:

R2
tss = 130 % (28)

The time ta at which the source Q becomes noticeable is [15]:

1 Rer\’
> tsg | —— ok 29
Q SS(16.1 RFpZ> 29

Estimating the ratio Rsr/Rppz from fracture mechanics assumptions, it yields:
la>tss if E/oy>161 30)

where E is the Young modulus and oy the yield stress of the material.

Thus the far field can affect the K-driven hydrogenation of the fracture process
zone well after the transient concentration falls within a 5% scatter band near the
steady-state hydrogen distribution in that area. Within the narrow 5%-width strip in
the vicinity of the steady-state limit C., which defines Ky, by criterion (4) the
supposition about K-control over hydrogen diffusion may be erroneous, as shown in
Fig. 4 where the dashed line represents schematically one of the possible C; -curves.
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This fact can affect the v(K)-curve only in its near-threshold part, but without
affecting the threshold itself which remains K-controlled, as demonstrated by
Toribio and Kharin [15].

4 The Effect of History on K-Dominance
in Hydrogen Assisted Cracking

Neither of the two processes of crack propagation and hydrogen diffusion should be
considered separated from the other, since the movement of a crack tip is relevant to
hydrogen accumulation in the fracture process zone. In terms of the theory of
boundary value problems this situation is qualified as diffusion with moving
boundary. Thus the crack growth history appears as a factor capable of affecting
near tip diffusion and consequently the kinetics of HAC, apart from the stress-strain
field represented by K. This again questions the idea of exclusive K-dominance
over HAC.

The effect of history of the coupled hydrogenation-cracking process on
K-dominance during HAC is addressed in previous research work [16, 17]. The
first paper [16] develops theoretical bases and a qualitative analysis demonstrating
the coupling between hydrogenation and crack growth, so that the crack growth rate
in HAC generally is not governed solely by K. The quantitative consideration is
given in the second paper [17] where the K-dominance condition is analyzed,
showing the significance of the history effect which destroys K-control over crack
growth rate, although a special regime of steady-state crack growth is seen to exist
for which hydrogen assisted cracking becomes a K-dominated process.

In this section, the HAC process is analyzed in a moving crack. As in the rest of this
paper, the analysis is focussed on sustained or quasi-static loading. The small scale
yielding condition near the crack tip is assumed to be valid for the whole cracking
process, so that the K-controlled mechanical autonomy of the near-tip region is
supposed to be constantly preserved during crack growth. Adopting the framework
of the diffusional theory of HAC outlined in previous sections, the analysis is
confined to the stress-strain assisted diffusion as the responsible factor of HAC.

With regard to cracking, two approaches can be considered. According to one of
them, crack growth proceeds discontinuously by a series of jump-like steps. The
time intervals Ar between discrete crack increments Aa are just the periods of
accumulation in the fracture process zone of the amount of hydrogen necessary to
satisfy criterion (4). The crack growth rate is defined as:

v = Aa/At 31)

Following the other approach, crack growth is assumed to go on continuously
provided that criterion (4) is constantly fulfilled at a distance x.. The instantaneous
crack growth rate is defined here as:

v =da/ds (32)
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Fig. 5 Sketch of metal hydrogenation in the vicinity of the crack tip which shows coupling of
hydrogenation and crack growth processes

These approaches (jump-like and continuous) are usually considered to be
essentially different with respect to background physics. Despite numerous spec-
ulations trying to support one or other on the basis of physical reasoning, none is
generally accepted as adequate to represent the crack growth process.

Jump-like (discontinuous) modelling of crack growth is employed in Fig. 5
which shows schematically the hydrogen concentration curves near the crack tip
after successive crack increments. The critical point x. is supposed for definiteness
to coincide with the location at which hydrogen concentration and stress are
maxima. Critical concentration must be attained at this point to produce a local
rupture event causing jump-like crack increment. All the variables are supposed to
be determined solely by material properties and K, i.e., they remain constant if
K = const. Crack propagation consists of a series of loops (cycles) “hydrogen
accumulation—local rupture—crack advance”.

During each hydrogenation-fracturing cycle some amounts of hydrogen reach
sites of possible subsequent fracture process zones. Thus, initial conditions for
hydrogen diffusion within each particular loop are, in general, different from the
preceding and subsequent cycles (see Fig. 5). This shows the coupling of hydrogen
diffusion and crack growth processes which mutually influence on each other. Near
tip hydrogen diffusion depends on the whole HAC history, and in particular on
increase of crack size a = a(f) and alterations of stress intensity factor K = K(¢).
Thus, K-dominance in HAC fails because near-tip diffusion at a instantaneous
K proceeds along its specific way starting at the beginning of a particular HAC run.
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Smooth (continuous) modelling of crack growth is useful for analytical consid-
eration of the role of history of the coupled hydrogenation-cracking process in
maintaining K-control over all crack tip events. Crack size is assumed to be a
smooth function a = a(t), the crack growth rate being its ordinary derivative (32).

Hydrogen concentration throughout the fracture process zone C(x, y, t) is
determined by stress-strain assisted diffusion. In an arbitrary fixed coordinate
system (xi, xp) attached to the solid it proceeds according to the equation:

oc D
= —Ve (RT XDC) (33)

which derives from (12) and (14), with the vector of diffusion driving force
obtained from (8) and (9):

C
Xp = —RT VIn— (34)
Ks

When a moving crack is considered, the diffusion problem may suitably be
considered in a movable coordinate system (x, y) attached to the crack tip so that
X = xy—a(t),y = x,. This will cause transformation of the diffusion equation (33)
associated with the coordinate system (x;, x;) pinned to the solid. Then the total
time derivation of concentration is:

. 9C dadC _8C dC

“or aox o ox (35)

After substitution of (35) into the left-hand part of (33), the modified equation of
stress-strain assisted diffusion in moving coordinates can be obtained in a form
which slightly differs from the initial one (33):

aC D
E:—V. |:<R—T XD—V)C:| (36)

where the vector v = v j, is independent of spatial coordinates and collinear with
x-axis whose unit vector is j, (then Ve(vC) = v oVC = v 0C/0x).

By analogy with the actual thermodynamic one, the fictitious driving force for
diffusion may be formally introduced into Eq. 36:

Xp=Xp——7 v 37

With the use of expression (34) it yields:

cC v C
X, =—-RTV|ln—+ — =—RTVIn— 38
b V{HKSJFD x] Van (38)
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where the formal solubility-like term is

* * v
K§ = Kg(o, &, v) = Ks(0, &) exp (_B x) 39)

To obtain some closed-form solutions useful to analyze the effect of history, the
matter is simplified here by neglecting the spatial variability of the hydrogen
diffusion coefficient D = D(gp), i.e., taking D as a constant averaged value of D
(&p) over the zone of interest. Following this way, the terms with VD do not appear
in the diffusion equation:

ac

e D[V2C —M* e VC — N*C] (40)

where vector and scalar coefficients, correspondingly, are the following:
M* = VInKg(a, &, v) (41a)

N* = V?InKj(a, &, v) (41b)

Since near-tip stress-strain field components are controlled by K, these equation
coefficients, apart from spatial coordinates, depend parametrically on K and v:

M* = M*(K,v);N* = N*(K, ) (42)

Therefore, the solution of this problem depends not only on K, but also on crack
growthrate v: C = C(x, t; K, v). Hydrogen concentration in the vicinity of the crack
tip is determined by stress-strain assisted diffusion equation (40) with the following
boundary condition:

Clx,1)],_o = Cr (43)

where surface concentration Cr = CoKy,—o = const. In addition, the initial condi-
tion is:

C(x,1)|,_o = Cro(x) (44)

Crack growth rate v becomes one more unknown variable which must be found
from the solution of the coupled problem of hydrogen diffusion and crack growth.
To close the system of equations for this coupled diffusion-cracking process, the
criterion of crack growth (4) is employed. Using the distance x., the critical and
actual concentrations (21) and (22) become:

Co=Ceu (Kaxc) (45)

www.iran—mavad.com

Slgo wigo ole @2 40



54 J. Toribio

C=Clx,t;K,v) (46)
and the crack growth criterion:
C(xe,t;K,v) = Cer (K, x¢) 47)

This formulation of the diffusion-cracking problem is completely closed
provided the stress intensity factor K is somehow known. For such a case, if C is
a solution of the diffusion equation (40) parametrically dependent on crack growth
rate v, the latter can be found from Eq. 47 as:

v=v(K,1) (48)

Therefore, the crack growth rate must not be the same at equal values of K, but
varies with the total HAC process time ¢.

However, in most practical situations, K depends on both applied load and crack
length, K = K(a), and consequently, the coefficients (42) of Eq. 40 do too. The
crack length a turns out to be the additional unknown variable to be determined
from the solution of the coupled problem. Differential equation (32) concerning
crack size has the obvious solution:

t

a(t) = ap + / v dr (49)

0

The problem is reduced to the same as for K = const, but now Eq. 47 to
determine the crack growth rate with K = K(a) becomes not a function parametri-
cally dependent on v, but a functional over the whole history of the process.
Correspondingly, crack growth rate as a solution of this coupled diffusion-cracking
problem also becomes a functional dependent on a certain process history with its
individual K(a)-variation. The variability of crack growth rate at the same K is thus
inevitable.

Using the same formalism as for a stationary crack under sustained load and
taking the form of this solution in terms of the solubility coefficient K, substituting
this by its analogue Ko (x; K), &,(x; K),v] = K§(x; K, v), an approximate solution
for diffusion near a moving crack tip may be built as:

X
Clx,t;K,v) = CoK3(x; K, v) erfc 50

Taking into account the expression (39) this renders:

Clx,1K,v) = CoKs(x: K) exp (—% x) erfc < 51)

)
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Using the crack growth criterion (47), it yields an equation which can be solved
to obtain the crack growth rate v for a given K:

D (K,
v(K,t) = —=—1In CarlK, )

Yo | CoKs(xc, K) erfc (2\‘/5)

(52)

which has physical sense only after some incubation period #;, has elapsed, i.e., at
t > t;,. For earlier times t < f;, it gives negative values of the crack growth rate when
the expression in square brackets in formula (52) exceeds unity. This happens for:

1 Xc 2
in=2D ercl(Ccr /Cm)} (53)
where the function erfc—'(e) is the one inverse to erfc (*) and C, = Co K (x., K) is
the exact steady-state solution for hydrogen diffusion near a stationary crack
attained at long time t — oo.

For the range Ky, < K < K. in the v(K)-curve (cf. Fig. 1), the inequality
C.(K) < C(K)isvalid, i.e., the argument of the function erfc—' (®) in (53) always
lies between 0 and 1 where the function is defined. This is because for HAC to
occur, the critical hydrogen concentration C, must be achieved sooner or later, and
the steady-state one C,, is just the maximum concentration which can ever be
asymptotically reached at fixed K near a stationary crack.

Figure 6 gives the time evolution of hydrogen concentration (51) for an initially
stationary crack (v = 0). After applying the criterion (4), or (47) with v = 0, to
obtain the instant at which it must start to grow, one obtains exactly the same result
as given above in (53) for t;,. Thus the meaning of the time limit at which a solution
exists for the crack growth rate in the coupled diffusion-cracking problem is just the
incubation period before HAC starts.

Ccr(K1)

A

CerlK2)
07}

a/Co

Fig. 6 Accumulation of
hydrogen in a near-tip
fracture site according to the
solution of the diffusion
problem for a stationary crack tim Y tin2
and a sketch to explain the
tendency of change of the 0.4 I I !
values of Ccr and t with 0 20 40 60 80
variation of K (here K, > K) Dt/x2
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From relation (52) it follows that the crack growth rate at fixed K is a rising
function of time which starts to increase from v = 0 at ¢t = #;, and asymptotically
approaches some steady-state value vsg as t — 00:

Vgs = — — In
Xe

D [Cm(K) ] _b [%(K)] (54)

The analysis clearly proves the intrinsic variability of crack growth rate values at
a fixed K level, as shown in Eq. 52. Hence, in general, crack growth rate is not a
single-value function of K, and the v(K)-curve is not unique in a given {material-
environment} system.

With regard to the steady-state regime of crack growth, all near-tip processes are
time independent when viewed by an observer fixed to the moving crack tip. This
obviously happens in HAC due to the existence of the steady-state solution (with
0C/0t = 0 and 0v/0t = 0) of the above considered coupled diffusion-cracking
problem at constant K. The exact steady-state solution of Eq. 40 for a moving crack
may be obtained using the same method as in the case of a stationary crack merely
by nullifying the “fictitious driving force” (37), which yields the following:

Css(xc; K, v) = CoKg(xc; K, v) (55)

Comparing this with the estimate (50) of the non steady-state solution of the
same equation, one concludes that the approximate solution (50), at least,
approaches at t — oo the exact steady-state concentration distribution in the vicin-
ity of a moving crack tip. That is, the formal approximation of the non steady-state
solution (52) has the right asymptotic behaviour.

For a given {material-environment (hydrogen)} couple, the steady-state crack
growth rate (54) is a single-value function of K, and thus the crack growth kinetics
curve as a plot of vgg vs. K possesses the uniqueness of a material’s characteristic
curve. This stage of the HAC process, the steady-state crack growth, appears to be
really K-dominated.

5 Conclusions

5.1 Fracture Mechanics Approach to Hydrogen
Assisted Cracking

The meaning and significance of the linear elastic fracture mechanics approach to
hydrogen assisted cracking was revised for small scale yielding and stationary
cracks under sustained or quasi-static loading.
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The role of far field on near-tip diffusion of hydrogen is of minor importance and
can affect the v(K)-curve only in its near-threshold part, but it has no effect on the
threshold itself which is still governed by K.

The effect of history appears in the form of coupling between hydrogen diffusion
and crack growth and loss of K-dominance over the crack growth rate v, although a
K-controlled steady-state value vgg does exist.

5.2 Final Conclusion

Since material is itself and its circumstance, when the latter is a hydrogenating
environment, both far field and history (and especially the latter) could influence the
coupled process of hydrogenation-cracking.

Therefore, in the matter of hydrogen assisted cracking, “the dream of yesterday
is the hope of today and the reality of tomorrow” (R. H. Goddard), i.e., the
yesterday affects the today, and the today influences the tomorrow.

In the latter case, it is possible to say, with the Spanish poet Antonio Machado,
that “hoy es siempre todavia”.
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Degradation of Properties of Long Term
Exploited Main Oil and Gas Pipelines Steels
and Role of Environment in This Process

H.M. Nykyforchyn, E. Lunarska, and P. Zonta

Abstract Comparison of mechanical (characteristics of strength, reduction of area
and elongation, impact strength, hardness, fracture toughness), corrosion (corrosion
rate and electrochemical parameters), corrosion-mechanical (stress corrosion
cracking and hydrogen embrittlement) properties and parameters of hydrogen
behaviour in the oil and gas pipelines steels in the as-received state and after
28-40 years of service are presented in the paper. Transported hydrocarbons
serve as a hydrogen source and the hydrogen accumulates in the pipe metal during
its use. This cause’s in-bulk material diffused damage due to the presence of
hydrogen traps created during service. The analysis of a change of the mentioned
characteristics together with the results of hydrogen permeation and vacuum
hydrogen extraction measurements indicate considerable “in-bulk” material degra-
dation of main pipeline steels after long term service and the essential role of
hydrogen in these processes. Therefore the monitoring of surface defects induced
by corrosion and mechanical damage is insufficient for safe service if one does
not take into account possible degradation of in-bulk material properties. It is
possible to monitor in-bulk material property changes by measurements of electro-
chemical characteristics and it opens up possibilities for an application of elec-
trochemical methods for diagnostics of in-service degradation.
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1 Introduction

Main oil and gas pipelines are designed for long-term service, exceeding 30 years.
Despite such a long planned in-service time, further life extention constitutes a
great economic interest. However extension of the in-service time beyond the
initially scheduled period is neither automatic nor always possible. This is because
of the degradation processes taking place in the materials exposed to long-term
working loads and environments. In this situation, evaluation of the remaining life
time of main pipelines must take into account degradation processes taking place
not only on the surface (defects of mechanical and corrosion nature), but also in
the volume of the pipe wall. The aim of the paper is to present results obtained in the
investigations of the in-bulk degradation of oil and gas pipeline and large volume
oil storage tank steels. The analysis consists of a comparison of properties, in the
as-received state and after a period of 28-40 years of service. The complex
hydrogen permeation and vacuum hydrogen extraction measurements were used
for the analysis of damage development during long-term service. A possibility
of monitoring in-bulk material properties degradation by measurements of electro-
chemical characteristics is shown.

2 Main Oil Pipeline

Specimens of 0.10C-1.6Mn-0.30Si steel in as-received state and cut from the upper
up and lower bottom parts of pipe being in service for 28 years were tested [1, 2].
Residual water, deposited from oil on the pipe bottom, was considered an aggres-
sive environment causing possible in-bulk pipe wall hydrogenation from the inter-
nal surface of the pipe. It is confirmed by more intensive internal corrosion

Fig. 1 Appearance of the inner surface of the up (a) and bottom (b) parts of the pipe after 28 years
of service
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Fig. 2 Corrosion rate of as
received steel (/), fop (2) and 0.6
bottom (3) exploited pipe ’
parts =
2 04l
E b
g
A 0,2}

Fig. 3 Typical appearance of
the impact tests fracture of
specimens cut from (/eft) the
top and (right) bottom parts of
the exploited pipe

damaging of bottom part of the pipe (Fig. 1). The tests in simulated residual water
showed that the corrosion rate was 200% higher for the bottom and 170% higher for
the fop part than for a virgin material (Fig. 2). Thus, the results provided evidence
that the changes in the properties of material occur due to long time contact with the
residual water as a source of hydrogen absorbed by the exploited metal.

The results of Charpy tests showed that the steel in as-received state exhibits the
highest value of KCV (180 J/cm?). The toughness of the material from the up part is
about half of it (95 J/cm?). Such a dramatic drop in the toughness agrees with what
reported in [3] and indicates the degradation of mechanical properties, especially a
lower resistance to brittle fracture, of the steels in oil transport lines. In the case of
the bottom part of the pipe being in operation, it was not possible to evaluate the
impact toughness, because of the formation of cracks parallel to the pipe axis
(Fig. 3). This hydrogen induced stratification is a well known phenomenon
observed in industrial pipe lines transporting crude oil containing a high amount
of hydrogen sulfide and sulfide reduced bacteria.

Sensitivity of the pipe materials to stress corrosion cracking (SCC) was evaluated
by slow strain rate (1077 s_l) tensile tests under moderate cathodic polarization
(0.5 A/m®) in water deposited in the oil storage tank. The relative change of
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Table 1 The properties of plasticity of tensile tested 0.10C-1.6Mn-0.30Si

Material Test environment g (%) RA (%) K. (%) Kgra (%)

As-received Air 36 77 39 55
Residual water 14 42

Being in service Air 28 56 25 5
Residual water 7 3

elongation € (K, = €/ 100%) and relative reduction in area RA (Kry = RA/RA
100%) of specimens tested in air (g, RA) and tested in the corrosion environment (g°,
RA°) were compared. As seen in Table 1, the bottom part of the exploited material
exhibited lower strength and elongation than the as-received steel, either tested in air
or in the aggressive environment. As seen in Table 1, the values of Kz, are 55% and
5% for the virgin specimens and for specimens cut out from the bottom part of the
exploited pipe respectively. The drastic decrease in the K4 and RA indicates the
possibility of a drastic decrease in plasticity of metal in a course of exploitation.

3 Oil Storage Tank

The low carbon steel St.3sp (0.2C) was used for manufacturing the oil large volume
tank which was dismantled after the long-term service [2, 4]. Oil-water level and
the range of oil-levels are presented in Fig. 4. Taking it into account, four charac-
teristic zones were chosen from the point of view of the working environment of the
material: (a) zone I — upper part of the wall, absence of contact of steel with oil but
with water condensed from oil surface; (b) zone II — lower part of the wall, constant
contact of steel with oil; (c) zone III — tank wall closer to the bottom — constant
contact of steel with residual water; (d) zone IV — bottom, constant contact of steel
with the residual water. Experiments were carried out in the residual water, taken
from the exploited storage tank.

No significant differences in the values of stress yield of material of different tank
fragments were observed. However, there is a scatter of values of other strength
indicators (Table 2). It concerns mainly material of zone II, which is characterized
by the lowest hardness and the highest impact strength. The material of zone III is
characterized by the lowest impact strength KCV. Thus, the metal in contact during the
service with residual water, condensed on the bottom (zones III and IV) or on upper
part of storage wall (zone I), showed the lowest levels of brittle fracture resistance.

4 Main Gas Pipeline

Steels 17G1S (0.17C-Mn-Si) and API 5L X52 in as-received state (spare pipes) and
after service during 28—40 years were studied [5—8]. API SL X52 steel (code X52
for as-received state) was in service for 30 years (code X52-10 and X52-12
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Fig. 4 A storage tank with P
marked places, where ] air Zone 1
specimens for tests were cut e I ——— ¥
out (schematically) |1 P
4 1
1 Zone 11 L4
4 "
'l range of oil level "
g "
/
| Zone 111
1]
| Zone 1V
4
[ residual oil volume
/ mmmmmmmmmm
P water
\\\\\\\\\\\\\\d

Table 2 Mechanical

- : Zone
properties of the d.1fferent Indicator I - o v
zones of the exploited storage
tank steel Hardness, [HV] 126 108 130 123
Gurs, [MPa] 488 440 478 435
Gy, [MPa] 278 263 273 266
KCV, [J/em?] 72 153 62 84

respectively to wall thickness 10 and 12 mm). Upper up and lower down parts of the
exploited pipes were distinguished and in some cases specimens were cut out closer
to inside in and outside out parts of the pipe wall. Such separateness of the different
parts of exploited pipe is explained by the view that in the case of wet gas pipelines,
the condensed water accumulates at pipe bottom [9].

As seen in Fig. 5 the internal surface of the pipes removed from service revealed
the deposits of corrosion products. In the case of the down surface, non uniform and
pitting corrosion was observed (Fig. 5b).

Long term service changes essentially the mechanical properties of the steels
(Table 3). In the exploited pipes, the tensile stress—displacement curves exhibited
an apparent yield plateau not observed for as-received material (Fig. 6) and strain-
hardening coefficient n increased. One should note a sharp decrease of yield
strength for 17G1S steel and a decrease of RA for both steels. However, the effect
of service on elongation ¢ is specific: its increase was revealed for X52-10 and
17G1S steels. Such changes in the elongation may be incorrectly interpreted as an
indication that exposure to in-service conditions improves plasticity of the materi-
als. Hardness of the exploited steels was lower in comparison with as-received
state, and a stronger effect was peculiar to the bottom parts of the pipes.

Essential decrease of impact strength KCV is peculiar to the all exploited steels,
more evident for in layers of pipe and also for specimens cut across pipe axis.
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Fig. 5 Appearance of the inner surface of pipe X52-10-up (a) and X52-10-down (b)

Table 3 Mechanical properties of the studied gas pipeline steels

Service time,

Steel code years Pipe part o, MPa cyrsMPa RA% €% n Ji oo kN/m
X52 0 - 355 475 729 227 0.59 86/412
X52-12 30 Bottom 268 451 644 208 0.74 50/127
Up 255 460 62.5 229
X52-10 Bottom 362 536 546 297 0.82 37/79
Up 335 538 550 288
17G1S 0 - 378 595 79.0 202 0.58 203/315
28 403 590 68.2 205
29 345 547 71.1 19.6 0.76
31 419 574 73.8 218 87/201
38 357 520 73.1 254 097
40 302 515 69.2 263 0.75

500 -
400 - \
§300_ 1 2 3
© 200 +
100 -
0

L L L L n L 0 L L 1 Il Il Il
05 1,0 1,5 20 25 30 35 05 1,0 1,5 20 2,5 30 35
A, mm A, mm

Fig. 6 Typical tensile curves of (a) 17GIS steel in as-received state (/), after 31 (2) and 40 (3)
years of service and (b) X52 steel in as-received state (/) and bottom parts of X52-12 (2) and X52-
10 (3) steels after 30 years of service
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Fig. 7 Impact strength of 210
17G1S steel in as-received .
state and after different L_Jin
duration of service 180 - I o ...
(o]
E 150 |-
=
S 1200
X
90 |-
60 |-

0 28 29 31 38 40
service time, years

Fig. 8 Total fracture energy
(1) and its components of
crack initiations (2) and crack
propagation (3) during
Charpy tests of X52 steel

fracture energy, J

Fig. 7 demonstrates the relationship between KCV levels and time of service for
17G1S steel.

A decrease of test temperature causes a slight decrease (15-20%) of KCV of X52
steel in the as-received state, due to the crack propagation component change
(Fig. 8). At the same time low temperature impact strength of the exploited steel
is three times lower for as-received steel and crack propagation component — is four

times lower.
Long term service of pipe also causes a decrease of fracture toughness which

was observed in all the studied steels. Figure 9 shows that for 17G1S steel, the effect
is stronger for metal closer to the internal surface of the pipe.

www.iran—-mavad.com

Slgo wigo ole @2 40



66 H.M. Nykyforchyn et al.

Fig. 9 J-integral levels for
crack initiation J; and 0.2 mm 300 ] Ji
of crack increment J, for
17G1S steel in as received 240+ W 0.2
state and after 31 years of
service E 180
zZ
ﬁ
120+
60+
0 " ! !
spare pipe after 30-year service
out in

Fig. 10 Averaged values of
RA for steels X52 (I), X52-12
(IT), X52-10 (ITI) as measured
in air (/), in corrosive
environment at corrosion
potential (2) and at cathodic
polarization (3)

v, %

SCC tests of smooth and compact tension specimens of X52 steel were per-
formed by the slow strain tension method in an artificial environment, which
simulates aqueous condensate in a gas pipe (brine) [9]. Some experiments were
carried out at a moderate (0.1 A/m?) cathodic polarization for hydrogen charging of
specimens. Tests of smooth specimens at corrosion potential did not show SCC.

Show SCC sensitivity of the steel in as-received state and after service, using
parameter RA (Fig. 10). However noticeable effect was produced by cathodic
polarization that indicated the sensitivity of the steel in as-received state and after
service, using parameter RA (Fig. 10). However noticeable effect was produced by
cathodic polarization that indicated the sensitivity of exploited steel, especially the
part down, to hydrogen embrittlement (Fig. 11).

Tests on pre-cracked specimens, in disagreement with tests on smooth speci-
mens, indicated (Fig. 12) the susceptibility of investigated steels to SCC in the
model environment under open circuit conditions. The application of cathodic
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Fig. 11 Susceptibility to HE 40
of up (1) and down (2) parts of 11
exploited steels X52-12 (II) Bl
and X52-10 (III) at cathodic 30k
polarization
o
20}t
>
10
0
11 111
Fig. 12 Crack growth
resistance of X52 (1), X52-12 g0l 1
() and X52-10 (1) steels in 22212
air (J;, 1), in corrosion 3

environment at corrosion
potential (2) and at cathodic
polarisation (3)

Jseer N/mm

4

polarization additionally decreased the threshold Jg.. levels of steels. The as-
received steel exhibited the maximum resistance to SCC, whereas X52-10 steel
was characterized by the lowest J,.. level.

S Study of Hydrogen Behavior in Metal to Evaluate Damage

Concentration of hydrogen and its coefficient of diffusion in metal are often used to
predict hydrogen damage mechanisms which cause a decrease of structural
strength, since hydrogen concentration and its mobility define a possibility of
hydrogen accumulation in pre-fracture zone and, correspondingly, an easing of
fracture [10]. The known methods of investigating hydrogen behavior in metals
have been used recently for an evaluation of material damage; taking into account
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that hydrogen accumulates in a metal, mainly in defects, which are considered as
hydrogen traps [11].

The known method of assessing hydrogen amount in a metal by vacuum
extraction at elevated temperature was developed by increasing the temperature
step by step and holding the temperature for a certain time on every level. Then
only “low energy hydrogen” (hydrogen present at low energy, with respect to
interaction with defects, traps) leaves the metal during holding at comparatively
low temperature. Dislocations are an example of such defects. At the same time
“high energy” hydrogen exists in “deeper” traps like pores and nano- and micro-
cracks, therefore it can leave the metal only at higher temperatures. This base for
an analysis of metal defectiveness was used for X52 steel. Table 4 shows the
amount of hydrogen content extracted at different temperature (V") and the total
hydrogen content (V). Exploited steels contained a higher total hydrogen amount
than the as-received steels. It should be emphasized that in exploited materials
the portion of hydrogen extracted at the highest temperature was higher than in the
as-received steel.

Electrochemical method to assess hydrogen diffusion coefficient in metal
requires the use of a specimen-membrane between two electrochemical cells [10,
11]. Then the ingress cell is cathodically charged and the opposite is anodically
polarisated in a potentiostatic regime. In general the method allows to evaluate
physical (lattice) D and effective D*, taking into account hydrogen trapping,

Table 4 Amount of

V4", ppm Vg, ppm
hydrogen desorbed gradually H- PP - PP

at increased temperature Steel code and pipe part 500 K 700 K 900 K
(Vy", ppm) and total amount  X52 1.4 0.07 0.04 151
of extracted hydrogen X52-12 down-in 0.01 1.00 0.41 1.42
Vi, ppm) X52-12 up-out 0.10 0.51 0.60 1.21
X52-10 down-in 0.15 0.80 4.15 5.10
X52-10 up-out 0.30 0.60 0.81 1.71
2 30 —-1|°§f
i z2-2 2
mm-3 S
= - 4 9

(=3

D100, cm?/s
(5]
=

: L
I Il 111 I 11

Fig. 13 The calculated values of lattice hydrogen diffusivity (a) and the ratio of the lattice
diffusivity to the apparent diffusivity (b) for steels X52 (I), X52-12 (II) and X52-10 ({/Il) in
different sections: 1, up-out; 2, up-in; 3 — down-out; 4 — down-in
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Table 5 Critical cathodic current density i,

Steel code
and pipe part X52 X52-12 X52-10

Down-in Down-out Up-in Up-out Down-in Down-out Up-in Up-out
i, mAjem® 40 7 15 40 35 6 12 20 20

hydrogen diffusion coefficients and, correspondingly, a relation D/D* = 1 + N (k/
p), where N = density of traps; ki p = kinetic constants of falling and extraction of
hydrogen from traps; N(k/p) = effectiveness of takeover of hydrogen by traps.
Using this method, the highest lattice diffusivity was measured in the as-received
X52 steel and the diffusivity decreased for metal being in service (Fig. 13a).

To some extent, the diffusivity calculated for the down parts of exploited pipes
was slightly lower than that for the up parts, especially in the case of pipe X52-10.
The efficiency of hydrogen trapping was higher in the exploited than in the
as-received pipes. As seen in Fig. 13b, the trapping efficiency was higher in the case
of down and especially down-in parts of the pipe.

This method was developed to increase step by step cathodic polarization in
the ingress cell, holding for a fixed time cathodic current during every step.
Correspondingly at the external side of the membrane an increase of ionization
current (hydrogen flow) is observed. The current increase is regularity observed
until the process of damage development begins to simultaneously influence hydro-
gen and residual stresses, caused by intensive cathodic charging. Then a sharp drop
appears on the ionization current curve of membrane external side. It is a result of
hydrogen trapping by new created defects that is a development of damage caused
by cathodic charging. The current of cathodic hydrogenation corresponding to this
situation is called critical i.. It is possible to evaluate the metal sensitivity to
hydrogen cracking: the higher i., the lower sensitivity to hydrogen cracking. Such
evaluation was made for X52 steel (Table 5): the steel in as-received state is
characterized by the lowest sensitivity to hydrogen cracking (i, = 40 mA/cm?)
and on the contrary, the down-in part of X52-10 steel — shows the highest sensitivity
(i, = 6 mA/cm?).

6 Two Stages of In-Service Degradation and the Role
of Corrosive/Hydrogen Enriched Environments

Degradation of main pipeline steels in general is related to deformation aging,
which brings about an increase in strength at the expense of plasticity [12].
However, our results strongly suggest that in principle, the degradation should be
considered as a two stage process, with deformation aging stage (I) followed by
diffused damage development (II) (Fig. 14). The time of stage (I) indicated in
Fig. 14 is somewhat arbitrary. On the other hand it agrees with the results obtained
in studies of degradation in main pipelines, exploited in the range of 28—40 years.
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Fig. 14 Schematic
explanation of the changes in
the parameters used to
describe properties of
materials exposed to a long
time service
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!
hydrogen effect
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There are direct and indirect symptoms of the in-service damaging of pipeline
steels. First, there is contradictive tendency in the changes of RA, which decreases,
and an increase in elongation ¢, related to diffused damage of the materials (the
effect of diffused micro-cracks opening). Secondly, there is a decrease in tensile
strength and hardness accompanied by a decrease in toughness. Usually the oppo-
site tendency was observed, if a change of material state produced by heat treat-
ment, alloying, deformation etc. Thirdly, the complex of comparative investigation
of hydrogen behaviour in steels in as-received state and after service (hydrogen
extraction and permeation tests) supports the hypothesis that damage develops
during service.

One should deduce that deformation aging and damage development result in
ambiguous, and a sometimes opposite effect on the mechanical properties of the
degraded material. The above situation might be modelled by the composite “metal
matrix — pores”. Deformation aging strengthens and embrittles the metal matrix, as
shown by the increase in strain-hardening coefficient n and by the decrease in RA.

Porosity causes a decrease of strength and hardness but at the same time causes
metal embrittlement. On the other hand, strength is sensitive to both processes and
may increase or decrease, depending on the balance between the deformations
strengthening and defects accumulation in the matrix. Since deformation strength-
ening and damage act in the opposite directions, a service exposure should have
different impact on the plasticity: deformation decreases the RA, while the defect
increases the elongation, as schematically shown in Fig. 14.

The role of hydrogen in the second stage of degradation is not yet fully
recognized. Hydrogen induced changes that can be illustrated as examples of
non-uniform in-service degradation, which results in some components being far
more deteriorated that the rest (which can be used for reference). For example,
degradation of the oil storage tank zones in contact during service only with
residual water is stronger in comparison with the zone II that was in contact only
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with oil. Similar results were obtained for the steels of oil and gas pipelines, in
which residual water also accumulates at the bottom of the pipe. This water induces
significant changes in the properties of bottom and up parts of pipe. This again
shows that a corrosive environment speeds up the degradation as the metal absorbs
hydrogen, which intensifies the second stage of corrosion damage.

7 Evaluation of In-Service Degradation by Monitoring
Electrochemical Properties Change

The change of properties which define material workability during long term
service is caused by the change of metal state. Electrochemical parameters should
be, in principle, sensitive to such changes. The following parameters were inves-
tigated as possible indicators for monitoring electrochemical properties of oil and
gas main pipeline steels: corrosion potential E,.,,, Tafel coefficients b, and b,
corrosion current i.,,, current at certain anodic potential j,, and polarization resis-
tance R, [13]. Examples of the changes in the values of these parameters are
presented in Fig. 15, which shows that polarization resistance and corrosion current

virgin state virgin state

a 1,00 -_------- -—-1- --------- b 1,00 £ - — - - 0 — — o — o - =
—2
_ 07 — _ 075
~ 4 S
n\? 0,50 s Ee 0,50
0,25 0,25
0,00
after service 0,00 1 2 3 4
top bottom zones
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Fig. 15 The effect of in-service time on electrochemical characteristics (parameter P,) of
(a) 10GS steel, (b) St.3sp and (¢) API 5 L X52 in comparison to data from reference materials
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Fig. 16 Correlation between relative changes in the (P,/P,) after long exposure to in-service
conditions and degradation sensitive properties of metals: (a) 10GS steel; (b) St.3sp steel
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are the most sensitive indicators of the degradation. This approach can be used to
monitor in-service degradation of materials exposed to benign environments (where
the state of material is changed due the action of mechanical stresses only). If the
material is exploited in aggressive environment, there is no evidence that only this
environment should be used to investigate changes in electrochemical parameters.
A clear correlation between the changes of the mechanical and electrochemical
properties is demonstrated in Figs. 16 and 17.

Such a correlation can be used for a development of NDT methods for monitor-
ing of degradation of mechanical properties. Those methods should take into
account in-bulk material degradation due to the hydrogen intake. As a result, the
material near the internal surface of pipeline can have different properties that the
one near to the external. In field conditions, electrochemical properties are usually
measured at the external surface. In such situation, it is recommended the estima-
tion of the trough-the-wall-thickness structural gradients.
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8 Conclusions

1. The following in-bulk material degradation modifying the mechanical and
corrosion-mechanical properties of oil and gas main pipeline and storage tank
steels exploited for 28—40 years was observed:

— decrease in resistance to brittle fracture, revealed by a drop of impact
strength, reduction of area, fracture toughness and resistance to stress corro-
sion cracking and hydrogen embrittlement,

— anomalies of mechanical behaviour, specific of in-service embrittlement of
metal: decrease in the resistance to brittle fracture simultaneously with
decrease in hardness; opposite change of the plasticity parameters, decrease
in the R, accompanied by increase in elongation,

— special sensitivity of crack growth resistance characteristics of the in-service
metal degradation; high sensitivity of impact toughness KCV, mainly caused
by the decrease in the crack propagation energy component, i.e. by fracture
mechanics parameters.

2. Metal degradation might be detected more efficiently under conditions promot-
ing metal embrittlement, such as low temperature, tests in corrosion environ-
ments, and under action of hydrogen (application of cathodic polarization or
tests on precracked specimens).

3. Generally, the degradation was higher in the down and especially down-in parts
of the pipe, thus proving the negative effect of transported medium (due to the
condensation of its aggressive components at the pipe bottom) and confirming
the important role of hydrogen, absorbed by metal, in bulk material degradation.

4. The main factor of pipe degradation in the long-term service has been assumed
to be the microdamage, which was indirectly confirmed by the improved
efficiency of hydrogen trapping, increased ratio of deep hydrogen traps, increase
in uniform elongation and decreased hardness. Two stages of the process due to
long term service of main pipelines are considered: deformation aging and
defects accumulation.

5. Monitoring of surface defects induced by corrosion and mechanical damage is
insufficient for increase service life if one does not take into account possible
degradation of the in-bulk material properties. It is possible to monitor in-bulk
material properties changes by measurements of electrochemical characteristics.
That opens up possibilities for the application of electrochemical methods for
diagnostics of in-service degradation.

References

1. Z.V. Slobodyan, H.M. Nykyforchyn, O.I. Petrushchak, Corrosion resistance of pipe steel in
oil-water media. Mater. Sci. N3, 424-429 (2002)

www.iran—mavad.com

Slgo wigo ole @2 40



74

10.

12.

13.

H.M. Nykyforchyn et al.

H.M. Nykyforchyn, K.-J. Kurzydlowski, E. Lunarska, Hydrogen degradation of steels in long
term service conditions, in Environment-Induced Cracking of Materials, ed. by S.A. Shipilov,
R.H. Jones, J.-M. Olive, R.B. Rebak. Prediction, Industrial Developments and Evaluations,
vol. 2 (Elsevier, Amsterdam, 2008), pp. 349-361

. AY. Krasowsky, A.A. Dolgiy, V.M. Torop, Charpy testing to estimate pipeline steel degra-

dation after 30 years of operation, in Proceedings of Charpy Centary Conference, vol. 1,
Poitiers, 2001, pp. 489-495

. A. Zagérski, H. Matysiak, O. Tsyrulnyk, O. Zvirko, H. Nykyforchyn, K. Kurzydlowski,

Corrosion and stress corrosion cracking of exploited storage tank steel. Mater. Sci. N3,
113-117 (2004)

. O.T. Tsyrulnyk, H.M. Nykyforchyn, YuD Petryna, M.I. Hredil, .M. Dzioba, Hydrogen

degradation of steels in gas mains after long period of operation. Mater. Sci. NS5, 708-717
(2007)

. H. Nykyforchyn, E. Lunarska, O. Tsyrulnyk, K. Nikiforov, G. Gabetta, Effect of the long-term

service of the gas pipeline on the properties of the ferrite—pearlite steel. Mater. Corros. N9,
716-725 (2009)

. H. Nykyforchyn, E. Lunarska, O.T. Tsyrulnyk, K. Nikiforov, M.E. Gennaro, G. Gabetta,

Environmentally assisted “in-bulk” steel degradation of long term service gas trunkline. Eng.
Fail. Anal. 17, 624-632 (2010)

. G. Gabetta, H.M. Nykyforchyn, E. Lunarska, P.P. Zonta, O.T. Tsyrulnyk, K. Nikiforov,

M.L Hredil, DYu Petryna, T. Vuherer, In-service degradation of gas trunk pipeline X52 steel.
Mater. Sci. N 1, 104-119 (2008)

. G. Gabetta, M. Margarone, Corrosion and flow models predictions compared using case

histories, in NACE Corrosion Conference Expo Paper 07522, Nashville, Apr 2007, p. 13
V.M.A. Devanathan, Z. Stachurski, The mechanism of hydrogen evolution on iron in acid
solutions by determination of permeation rates. J. Electrochem. Soc. 11, 619-623 (1964)

. E. Lunarska, Application of hydrogen permeation technique for estimation of gradual hydro-

gen induced degradation of steel, in Proceedings of International Conference on Environ-
mental Degradation of Engineering Materials, ed. by A. Zielifisi, D. Desjardins, vol. 1
(Gdansk-Jurata, Gdanskie Towarzystwo Naukowe, 1999), pp. 32-37

Nechaev YuS, Metallic materials for the hydrogen energy industry and main gas pipelines:
complex physical problems of aging, embrittlement, and failure. Usp. Fiz. Nauk Russ. Acad.
Sci N7, 681-697 (2008)

H.M. Nykyforchyn, O.T. Tsyrulnyk, In-service degradation diagnostics of low-alloyed steels
and aluminium alloys properties by electrochemical methods. Ultrasound N1, 46-49 (2009)

www.iran—mavad.com

Slgo wigo ole @2 40



Assessment Methodologies for Girth
Weld Defects in Pipelines

W.R. Tyson, S. Xu, and D.-M. Duan

Abstract Imperfections such as lack-of-fusion and undercut are inevitable in field
welding of pipelines. Also, small defects can grow in service by corrosion or fatigue.
Above a certain size, such defects must be removed or repaired. In the present state
of the art, determination of allowable defect size is done by Engineering Critical
Assessment (ECA). ECA methods used in current international pipeline standards
are reviewed and compared.

1 Introduction

Two common types of planar imperfection are found in pipelines: axial, and
circumferential. Long axial cracks can develop from stress-corrosion cracking,
and methods to assess the effects of such flaws are well developed and standardized
in documents such as ASME B31G [1]. Circumferential flaws most commonly result
from problems with field welding. The traditional approach to dealing with such
flaws identified at the time of welding is to assess them against performance
expected of good workmanship, and to repair them if they exceed this standard.
However, occasionally flaws are detected by inspection after the normal construc-
tion period, when repairs are difficult and costly. Indeed, it is often the case that flaws
larger than the workmanship standards are not a threat to the integrity of the pipe,
and in such cases repairs are not only unnecessary but could lead to more problems
than they solve. Since the early 1980s it has been possible to assess the effect of flaws
on integrity using the concept of “fitness-for-purpose” and the methods of Engineer-
ing Critical Assessment (ECA). Various ECA methodologies have been developed,
and codified in a plethora of standards in use around the world, such as FITNET [2].
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For pipelines, ECA methods are provided as informative (non-mandatory)
annexes to the pipeline standards of the Canadian Standards Association (CSA)
[3] and the American Petroleum Institute (API) [4].

The current trend is to provide assessment at various levels of accuracy with, of
course, the complexity and expense increasing with the level of accuracy, as
exemplified by the various levels of analysis offered in the British Standards
Institution document BS 7910 [5] on assessment of flaws in metallic structures.
The “normal assessment route” recommended in BS 7910 is based on the Failure
Assessment Diagram (FAD). This procedure has been adopted recently by the API,
and is being evaluated by a work group of the CSA for possible incorporation in
CSA Z662.

It is the objective of this paper to review the principles that form the foundation
for ECA, and to discuss their application to assessment of girth weld defects in
pipelines.

Principles: ECA is based on fracture mechanics, and it is first necessary to
summarize the concepts used in this discipline. Fracture mechanics deals with the
effect of a crack in a material on the conditions for structural failure, i.e. the load to
extend the crack. The basic information required is: defect geometry, loads, and
material properties. At its simplest level, the material is considered as a linear
elastic solid which leads to “Linear Elastic Fracture Mechanics” (LEFM). More
realistic results are obtained by treating the material as an elastic/plastic solid, in the
framework of “Elastic Plastic Fracture Mechanics” (EPFM). Fracture mechanics is
a well developed discipline and has been presented in a number of excellent
textbooks such as, for example, Anderson [6] (from which many of the illustrations
in this review have been drawn). The core concepts of fracture mechanics and of
ECA are summarized below.

2 Fundamentals of Fracture Mechanics

2.1 LEFM

Consider a planar crack in a solid with a tensile stress (c = oyy) applied normal to
the crack. The stress is concentrated at the crack tip, and if the solid deformed in a
perfectly linear elastic fashion there would be a “1/4/r stress singularity” of stress
as a function of distance r in front of the tip in the “singularity dominated zone” near
the tip as shown in Fig. 1. The magnitude of the singularity is governed by a
parameter called the “stress intensity factor” K, which for a “Mode I” crack (in
which the tensile stress is normal to the crack plane) is called “K;”. Ky is a function
of geometry and applied stress.

For a “through” crack (with straight crack front) of length 2a centrally located in
a very large plate, Ky is given by the relation: Ky = ¢/ na.
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Fig. 1 Stress distribution

ahead of crack tip [6]
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Fig. 2 Stress intensity factor for central through crack in a plate [6]

For more complicated geometries, K is still proportional to stress and can be

written in the form K

=Y o/ ma where Y is a function of the geometry. For

example, in a finite-width plate containing a central through crack, Y = K/ ¢/ 7a
is shown in Fig. 2. The increase in K as a/W approaches 1 results from the increase
in the stress in the ligament between the crack and the plate edge above the level
that would obtain in an infinite plate because of the reduction of load-bearing area.
Various functional forms have been suggested to approximate the level of increase
of K, as shown in the figure.
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For other geometries of interest, such as surface semi-elliptical flaws in plates or
circumferential surface flaws in pipes, stress distributions have been determined —
usually by finite element analysis (FEA) — and results for the geometry factor
Y have been widely published. The key factor is that K varies in proportion to
the applied stress.

2.2 EPFM

In actuality, of course, engineering solids are not linear elastic; they are chosen
specifically for their ability to dissipate stress by plastic deformation or other
means. Pipe steels have been engineered to display a high level of both strength
and toughness; the latter property depends on the ability of the material to deform
plastically and show a high degree of ductility. The stress-strain properties of such
steels can be adequately described by three parameters: the elastic modulus E, the
yield stress oy, and the work hardening rate n (or N). Although there are complicat-
ing factors in many cases such as the presence of a “yield elongation” (sometimes
called discontinuous yielding), in FEA the elastic-plastic stress-strain curve is
generally described by a linear initial portion followed by a power-law work
hardening region. The strength level of pipe steels has increased typically from
X42 (o, =290 MPa) in the 1950s to X100 and even X120 (gy = 690
and 830 MPa) currently under development. Work hardening coefficients are typi-
cally in the range n = 10-30. The key property of engineering steels is their ability
to reduce the stress at the crack tip by plastic deformation, and thereby decrease the
probability of fracture. The effect of this is shown in Fig. 3. The stress in the plastic
zone is limited by the yield stress (shown as a constant value in Fig. 3; the effect of
work hardening on increasing the stress within the plastic zone will be considered
below). This redistributes the load in front of the crack, and in effect the elastic
region is displaced away from the crack tip by a distance r, approximately equal to

Fig. 3 Irwin plastic zone
correction [6]
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Fig. 4 Stress distribution at crack tip in an elastic-plastic solid with strain hardening coefficient
n = 10 [6]

half the plastic zone size r,. This has the effect of increasing the magnitude of the
stress intensity factor; Irwin has suggested that the effective stress intensity factor
may be written as Kef = Y - 04/ m(a+ry). The result is that the effect of plasticity
at the crack tip is to increase K above the value it would have in a strictly elastic
solid. This has important results on flaw analysis, as we shall see.

Actually, the stress in the plastic zone is not constant but increases with work
hardening as the strain increases near the tip. The effect of this has been dealt with
in EPFM. Figure 4 shows the so-called “HRR singularity” (after Hutchinson, Rice
and Rosengren who first analysed the problem) as a dashed line. The mathematical
form of the singularity is:

Given in Eq. 1 . The singularity is of much lower “strength” than the linear
elastic singularity, with strength 1/(n + 1) compared with 2. The singularity results
from the neglect of blunting as a result of plastic flow at the crack tip; this blunting
has the effect of reducing the stress concentration. Large-deformation FEA can be
used to account for the geometry change at the crack tip, with the results shown in
Fig. 4 by the solid line. In any case, the HRR field well represents the stress at the
crack tip within the plastic zone beyond a distance of about twice the CTOD o
(defined in Fig. 6), which includes the critical “process zone” within which the
fracture micromechanisms of cleavage and microvoid coalescence occur.

The magnitude of the HRR singularity is controlled by the “J-integral” defined
by Eq. 1.J is evaluated as a line integral taken around the crack tip. The details of
the evaluation need not concern us here; they are described at length in standard
textbooks. The key feature is that J increases as the stresses and strains within the
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Fig. 5 Definition of CTOD
3 [6]

plastic zone increase in a way that can be expressed mathematically, evaluated for
any geometry by FEA, and measured experimentally for simple geometries.

1
B\
gij = 09 (—) * Gij(n.0) (D

R

With: J = [ (Wdy — T; 9% ds)
r

A driving force parameter complementary to J is 8, the crack-tip opening
displacement (CTOD) defined in Fig. 5. The CTOD develops as a result of blunting
in response to the high stresses and strains at the crack tip. There is a close
correspondence between J and 6, as shown by the relationships in Eq. 2. Both J
and J can be divided into elastic and plastic components. The first relation, between
J and K, holds only for the elastic component of J (note that E’ is the “effective
modulus”: E in plane stress or E/(1-v?) in plane strain, where v is Poisson’s ratio).
The second relation, between J and 9, is general, with m a parameter that depends
on geometry and work hardening coefficient.

As noted in Eq. 2, m varies with constraint (notably plane stress or plane strain).
The “constraint”, essentially the hydrostatic component of the stress which inhibits
plastic flow and consequent stress relief, is smaller in plane stress than in plane strain
and so the deformation and blunting is larger in plane stress. That is, for a given crack
driving force J the CTOD 6 is larger for plane stress and so the value of m in the
relation J] = mo,d must be smaller in this case. Note also that the relation between
J and & can be expressed in the form J = (1/d,))o,06 where G, is the yield stress in
the power-law (Ramberg-Osgood) stress-strain relation. Hence, m = (1/d,,) and
so d,, depends on constraint and work hardening coefficient as does m.
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K2
and:
J=m gys * ) (Zb)

with: m =~ 1 (pl. stress) or ~ 2 (pl. strain); or,

1
J_<d_n> 0'()8

with: d, dependent on gy, n, and contraint

Either J or § may be used as the crack driving force, and these parameters are
inter-related by Eq. 2. As the applied load increases, the driving force increases as
well. The linear elastic portion of J is given by J = K*/E/, and so increases
quadratically with stress since K is proportional to stress. However, as the applied
load increases, the plastic zone size increases, and the total driving force (elastic +
plastic) increases more rapidly than the linear elastic component. This may be
understood from Fig. 3; the effective crack size increases as the plastic zone grows.

The result is that J varies with applied load as shown in Fig. 6. The linear elastic
component increases quadratically (proportionally to (applied load)?) and the

'y

JINTEGRAL

Elastic + Plastic
(Estimation Scheme)

Finite Element
Analysis

APPLIED LOAD (P)

Fig. 6 Evolution of J-integral with applied load [6]
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plastic component grows rapidly as the extent of plasticity increases. Jpjagiic 1S very
large as the limit load is reached, where the “limit load” is the load at which
plasticity spreads across the remaining ligament. The applied stress at limit load
is commonly termed the “collapse stress” G; care must be taken in noting whether
the context implies that this should be calculated when the ligament stress reaches
the yield stress o or the “flow stress” oy = ( oy + O'UTs) where oyrs is the
ultimate tensile strength.

3 Fundamentals of ECA

When the crack-tip driving force reaches a critical value dependent on the material
(the “toughness”), then crack propagation occurs. This occurs in LEFM at K = K|,
and in EPFM at J = Jjc or 0 = Jjc. ECA involves the estimation of the crack
driving force for a given crack geometry and load, and comparison of driving force
with material toughness. J and 8 may be expressed as functions of remote G (stress-
based design) or € (strain-based design, SBD).

The simplest situation is one in which it is possible to define a “critical tough-
ness” at which failure occurs, i.e. in LEFM at K = Kjc. Then ECA may be
performed using the FAD of Fig. 7, in which the proximity to fracture is estimated
(at the “assessment point”) using K, = K/Kjc and the proximity to collapse is
estimated using o, = g/ g.where o is the applied stress and o is the collapse

1o -« Assessment
point Unacceptable
08
0.707
Kr 0.5 r
or *—___ Assessment
0.4 + line
|
V5, Acceptable
0.2
I ! 1 L -
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 7 “Level 1” FAD [6]
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stress defined above. If the stress is low enough, then the assessment point will lie
below both the fracture condition and the collapse condition and will be in the
“Acceptable” part of the FAD. However, as the stress increases, the assessment
point moves linearly away from the origin (note that both K and o are proportional
to applied load) and eventually crosses into the “Unacceptable” region, where
failure either by fracture or plastic collapse is predicted.

If there is substantial plastic deformation, EPFM must be used. In this case, there
will be an increase in J with applied stress above the elastic value as described
above. Then, using as axes K, = /J./JT and L, or o, = ¢/ . (where the collapse
stress is usually defined as the limit load in which the ligament reaches the yield
stress rather than the flow stress), we may derive an elastic-plastic FAD as shown in
Fig. 8. This FAD reflects the fact that the total J increases more rapidly than the
elastic J as the applied stress increases, and becomes very large at the limit load. In
other words, K; begins at K; = 1 and drops rapidly near the limit load. The FAD of
Fig. 8 is used in the same way as that in Fig. 7, with the assessment point lying
either in “Acceptable” or “Unacceptable” portions of the diagram.

A l J
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| /

] /

I //
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g
-
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Fig. 8 Construction of FAD : — :/
using EPFM 1 C,=0/0,
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4 Toughness Testing

In order to perform an ECA, it is necessary to measure the toughness of the
material. This is commonly done using bend bar specimens, as shown in Fig. 11,
from ASTM E 1820 [7].

The load and crack mouth opening displacement (CMOD) are monitored during
the test, and the CMOD compliance is measured by periodic unloading of the
specimen. The J-integral is calculated from the area under the load-CMOD curve,
using equations developed using FEA in combination with the J-integral definition
in Fig. 3. The crack length is deduced from the CMOD compliance, again from
equations developed using FEA. The result is a curve of J-integral as a function of
crack growth Aa, the so-called “Resistance curve” (R-curve). From the R-curve,
critical values of toughness may be derived, such as values at a particular amount of
crack extension or at maximum load of the test specimen. Similarly, CTOD values
may be calculated from J using equations similar to those of Fig. 5, using values of
the parameter m (given in the test standard) estimated from FEA as a function of
work hardening coefficient and specimen geometry (i.e a/W for the bend bar, where
a is crack length, and W is specimen width as shown in Fig. 9).

For weld testing, the commonly used standard is Part 2 of the British Standards
Institution toughness testing standard BS 7448 [8]. This document gives details for
dealing with residual stresses in pre-cracking, control of notch placement in the
desired microstructure, etc.
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Fig. 9 Test specimen set-up, from ASTM E 1820 [7]
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5 Current Standards

The focus in this paper is on girth weld flaws in pipelines, as shown in Fig. 10.
These are typically semi-elliptical surface flaws, of length 2c and height (depth) a.

In North America, the pipeline standards in use are those of the Canadian
Standards Association (CSA Z662, “Oil and Gas Pipeline Systems”) [3], and the
American Petroleum Institute (API Standard 1104, “Welding of Pipelines and
Related Facilities”) [4] as mentioned in the Introduction. Internationally, the British
standard BS 7910, “Guide to methods for assessing the acceptability of flaws in
metallic structures”, [5] is commonly referred to.

The ECA methodology used in the CSA standard is based on the first methodol-
ogy to be developed for assessing weld defects, the so-called “COD design curve”.
This curve enables the derivation of a lower-bound fracture prediction by compar-
ing a plasticity-corrected CTOD driving force with the toughness measured at
brittle fracture or maximum load. It is similar to the “Level 1” FAD of BS 7910
shown in Fig. 7. The collapse stress is derived from the “Miller equation” [9]
modified to fit experimental data on failure of pipes containing circumferential
(girth) flaws.

In the API standard [4], two levels of analysis are offered. The first is a simplified
procedure requiring a minimum amount of data. The second is based on an FAD
similar to that of Level 2 of BS 7910. The stress intensity factors are estimated from
an analytic fit to FEA results of Chapuliot et al. [10].

In a project currently under way at CANMET, a comparison is being made of
acceptable flaw sizes using ECA based on the different standards. In addition to
the “COD design curve” approach of the CSA standard, FAD methodologies as
represented by Level 2 of BS 7910 (Fig. 11) are being compared. The normal
assessment route of Level 2A (the dotted curve) uses a generalized lower-bound
failure curve requiring no detailed stress-strain data, and Level 2B allows calcula-
tion of a less conservative material-dependent failure curve dependent on the work
hardening coefficient.

Girth Weld

Fig. 10 Typical flaws in pipe
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Fig. 11 FAD (Level 2) of BS 7910

A useful format to show the results is that of a graph of an “allowable flaw size”
in which flaw sizes deduced from assessment points lying on the failure curve with
subsequent application of safety factors are shown. Figure 14 is such a graph, in
which the allowable length of a surface semi-elliptical flaw is shown as a function
of the flaw depth (height) of the flaw according to the three different standards. Note
that there is a maximum length of allowable flaw according to CSA and API, of
10% and 12.5% of the pipe circumference. Similarly, in both standards there is a
maximum allowable depth of 50% of wall thickness for gas pipelines. Different
segments of the curves in Fig. 12 correspond to different failure mechanisms of
fracture (crack propagation) or ductile overload (plastic collapse). There is not a
great deal of difference between the “Level 1”7 assessments of the three standards
for the particular case in Fig. 12 (details of pipe, material, and stress are given in the
figure). The FAD methodologies are represented by BS 7910 Level 2A and API
Append. A Option 2. The BSI curve is less conservative than the API curve,
although both are based on the same FAD. The difference is due largely to a
difference in collapse stress; BSI uses an equation proposed by Kastner, while
API uses a conservatively modified Miller equation. The Miller equation predicts
collapse at a significantly lower stress than that of Kastner.

There would be obvious practical and economic benefits in using the less
conservative approach, provided that it could be demonstrated that there is an
adequate “failure reserve factor” that can be defined as the actual failure stress
divided by the predicted failure stress. Such factors can be calculated from experi-
mental data such as that shown in Fig. 13.
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Fig. 13 Full-scale pipe experimental failure data compared with FAD of BS 7910 Level 2A; no
explicit safety factor
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All the results in the figure are conservatively predicted, in the sense that failure
occurred at stresses larger than those on the failure curve.

Note that the failure reserve factor defined above can be calculated from the ratio
of (length of a line from the origin to the failure point)/(length from the origin to the
FAD failure curve), since the variables on both axes vary linearly with applied
stress. The data shown in Fig. 13 have an average reserve factor of about 1.5. At first
sight, it is surprising that the data are all above the failure curve rather than scattered
about it, since the failure curve purports to predict the conditions at failure.
However, there are a number of conservatisms built into the methodology as
follows:

— the failure curve is a lower bound for a wide variety of geometries,

— the critical CTOD values are conservatively estimated, since most standards
require three separate tests with the critical CTOD taken as the lowest of the
three,

— no allowance is made for differences in constraint between test specimen and
full-scale pipe; since the former is in bending and the latter is in tension, the
toughness relevant to the pipe is higher than measured in the test owing to the
lower constraint,

— the applied tensile stress is overestimated for pipe in bending owing to use of the
elastic formula for the outer fibre stress [11],

— the equation used for the collapse stress is conservative, as shown by a number
of experimental results.

These conservatisms accumulate to provide a substantial reserve factor. There
are countervailing factors however, such as the neglect of residual stresses, neglect
of geometrical stress concentrations such as high-low offset of the two sides of the
weld, and neglect of the effects of yield discontinuities which can generate large
crack driving forces near the limit load. Nevertheless, there are no failures at
stresses below the failure curve in Fig. 13 even though all these countervailing
influences could be present and no explicit safety factor has been imposed (such as
requiring the maximum flaw size to be half the critical size, which is equivalent to
shrinking the FAD toward the origin). For application to pipelines currently being
constructed, there are a number of factors that add to conservatism. The measure-
ment of CTOD is currently more conservative than in the past, since values
measured by older standards, based on specimen rotation about an axis in the
ligament, can be significantly larger than values measured from FEA and J as
now incorporated, for example, in ASTM E 1820 [7]. For assessment purposes
the specified minimum yield stress (SMYS) is used rather than the actual yield
stress, and since actual yields are typically 10-20% higher than SMYS this adds a
significant reserve to the collapse stress. The “worst-case” scenario is used to
estimate applied stress.

Location of the flaw is seldom at the point of maximum tensile stress. However,
in the final analysis, decisions on the optimum degree of conservatism are matters
of engineering judgment. In particular, not only the average failure reserve factor
but also its standard deviation need to be considered.
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6 Conclusions

Flaws are inevitably encountered in girth welds in pipelines. Every precaution
should be taken to ensure that the size of such flaws do not exceed workmanship
standards, because this would imply sub-standard workmanship that could be
associated with even worse problems. Modern methods of flaw detection are
increasingly reliable, and when flaws are detected a decision must be made to
accept them or take remedial measures. ECA has been developed to assist engineers
to make this decision. Using simplified or more sophisticated methods such as those
described in this paper enables a judgement to be made on whether flaws are
structurally significantly or not. It is especially important to ensure adequate
mechanical testing of samples representative of construction welds to ensure that
toughness properties are well characterized.

Acknowledgment This paper provides background material that has been acquired by the
authors over many years of experience in the field of fracture mechanics applied to pipelines.
The authors are grateful to their employers (MTL/CANMET and TransCanada PipeLines Ltd.,
TCPL) for providing the opportunity to obtain this knowledge. The authors are grateful to TCPL
for supporting the work on application of the Failure Assessment Diagram to pipeline girth welds.

References

1. ASME B31G, Manual for Determining the Remaining Strength of Corroded Pipelines
(ASME, New York, 2009)

2. FITNET, M. Kocak, FITNET Fitness-for-Service (FFS) Procedure, Revision MKS, 2008
(GKSS Research Centre, Geestacht, 2008)

3. CSA Standard Z662-07, Oil and Gas Pipeline Systems. Annex K: Standards of Aceptability
for Circumferential Pipe Butt Welds Based Upon Fracture Mechanics Principles (Canadian
Standards Association, Mississauga, 2007)

4. API Standard 1104, Welding of Pipelines and Related Facilities, 20th edn. (API Publishing
Services, Washington, 2005). Errata July 2007, December 2008

5. BS 7910:2005, Guide to Methods for Assessing the Acceptability of Flaws in Metallic
Structures (British Standards Institution, London, 2005). Amended September 2007

6. Ted L. Anderson, Fracture Mechanics: Fundamentals and Applications, 2nd edn. (CRC
Press, Boca Raton, 1994). 3rd edn. 2005

7. ASTM E 1820, Standard Test Method for Measurement of Fracture Toughness (ASTM
International, West Conshohocken, 2009)

8. BS 7448, Fracture Mechanics Toughness Tests, Part 1 (for Homogeneous Materials) and
Part 2 (for Welds) (British Standards Institution, London, 1991)

9. A.G. Miller, Review of limit loads of structures containing defects. Int. J. Pres. Ves. Piping
32, 197-327 (1988)

10. S. Chapuliot, M.H. Lacire, P. Le Delliou, Stress intensity factors for internal circumferential
cracks in tubes over a wide range of radius over thickness ratios. ASME 365, 95-106 (1998)

11. G. Wilkowski, D.J. Shim, F.W. Brust, P. Krishnaswamy, Inherent safety factors in the API
girth weld defect tolerance analysis — Part I, Proceedings of Pipeline Technology Conference,
Ostend, 12—14 Oct 2009, Paper no. 2009-006

www.iran—mavad.com

Slgo wigo ole @2 40



www.iran—-mavad.com

Slgo wigo ole @2 40



Weldability of a Supermartensitic Stainless
Steel 12Cr4NilMo Pipeline and the Effect
of Welding Current on Precipitated Ferrite
o in the HAZ

A. Nouri and M. Bouabdallah

Abstract The weldability of the recently introduced supermartensitic stainless
steel (SMSS) 12.5Cr4NilMo is investigated by observing the emerging phases
resulting from the weld in the heat affected zone and the melted zone as well.
We noticed a practically similar martensitic structure to be dominant in the melted
zone of TIG autogenous welds after normal cooling conditions. Some ferrite &
phase was observed to precipitate in the heat affected zone. This emerging ferrite
0 phase was observed to precipitate according to a specific pattern localized in the
heat affected zone. This pattern was found to be closely related to the welding
parameters, especially the welding current. We attempted to establish experimen-
tally a correlation between the welding current and the percentage of precipitated
ferrite 6 phase in the heat affected zone. The study presents as well an experimental
evaluation of some mechanical properties of TIG autogenous welds on (SMSS)
stainless steel 12.5Cr4NilMo simulating the use of matching welding consumable.
The obtained results, so far, lead to an interesting convenience of investigating the
use of matching welding consumable with such steel.

1 Introduction

The (SMSS) with a high tensile strength associated to a much better corrosion
resistance against CO, and H,S in sweet and mildly sour environments [1] is
reported to have a remarkable improved weldability with a much softer martensite
structure compared to conventional martensitic stainless steels [2]. Because of this
combination of qualities, in addition to a fairly low cost, this new class of stainless

A. Nouri (<) and M. Bouabdallah

National Polytechnic School of Algeria, 10, Avenue Hassen Badi,
BP 182, El Harrach 16200, Algeria

e-mail: ahmed.nouri@ymail.com; mabrouk.bouabdallah@enp.edu.dz

T. Boukharouba et al. (eds.), Integrity of Pipelines Transporting Hydrocarbons, 91
NATO Science for Peace and Security Series C: Environmental Security,
DOI 10.1007/978-94-007-0588-3_7, @ NpEiager SeisncestBusiness Media B.V. 2011

Slgo wigo ole @2 40



92 A. Nouri and M. Bouabdallah

steels presents an economical alternative in several industrial applications requiring
high class materials especially pipeline applications.

The weldability of such (SMSS) stainless steels is a major gain observed
practically in all the different types of (SMSS) [3, 4] as classified by Marshall&Al
(lean, medium and high). The improved weldability of this new emerging class of
stainless steels was subject to numerous experimentations and studies including
the use of different welding processes using different welding consumables [1].
In the early stages, satisfactory results were obtained for the weld of SMSS using
superduplex stainless steels consumables under TIG and MIG processes. More
lately, many research studies suggested different welding consumables as a more
suitable choice especially matching consumables for the welding of SMSS [5].
However, because of the variation in the percentage of alloying elements, each type
of (SMSS) reacts differently to welding operation on a microstructural level.
In general, tow major welding effects are frequently mentioned to occur in the
heat affected zone of (SMSS): firstly a martensite coarsening in the HAZ progres-
sing toward the adjacent region to the weld [6, 7] and secondly the emergence of
ferrite  [3, 4, 7]. The latest outcome is of particular interest since the substantial
affect that ferrite 6 can have on the mechanical and the chemical properties of
the weld joint [8, 9].

2 Experimental

Controlled TIG welding operations were carried out using different welding current
intensities under Gas shield protection on several identical samples of the medium
(SMSS) 12.5Cr4NilMo taken from a 15 Cm pipe. Tow welding cases have been
subject to our investigation: A first case with an autogenous TIG weld without
using any consumable and a second case using a low Carbone austenitic stainless
steel consumable (0.019C, 18Cr, 12Ni, 2.8Mo). All welding operations were done
at a constant speed of 15 cm/min using direct current. The weld joints were
investigated with metallographic examination by optical microscopy, and X-ray
diffraction examination. The martensitic structure was revealed by immersion
etching in aqueous Kalling’s reagent. The ferrite & was revealed by electrolytic
etching in sodium hydroxide.

In the welded specimens, the X-ray examination was carried out as much
restricted as possible to the adjacent region around the weld joint frontier, that’s
to say an area about 4 mm large around the frontier line between the melted zone
and the base metal (Fig. 1).

All the samples subject to X-ray examination where polished aggressively using
electrolytic etching several times prior to examination.

Charpy testing was performed on samples taken in the longitudinal axe of the
pipe. The samples were prepared with a U notch. The tests were carried out at a
temperature of 20°C.
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Fig. 1 Area subject to X-ray X ray examination
examination in the welded target Zone
specimen

3 Results and Discussion

3.1 Mechanical Study

Because of the gradient nature of heat transfer, we have observed a certain gradual
grow of martensite grains in the HAZ zone that might affect some mechanical
properties (Fig. 2).

Compared to the base metal, the most affected HAZ region by the heat presents a
higher hardness value. It is to be noticed that the melted zone of the (SMSS) have a
softer martensite than the one of the HAZ region according to hardness testing.

The impact value was tested in different cases including base metal in received
state as a reference. A comparison between the base metal and the autogenous weld
shows a good continuity of the toughness impact value between the autogenous
weld joint and the base metal. The tow prior results were higher compared to the
impact value for an austenitic weld joint carried out by TIG on the same SMSS with
the austenitic stainless steel consumable (0.019C, 18Cr, 12Ni, 2.8Mo).

3.2 Microstructural Study

The microstructure of the base metal at the obtained state was investigated first to
reveal the microstructure. According to optical observation, the microstructure
is practically constituted of martensite.

The X-ray examination of the base metal at the received state confirms a mostly
martensitic microstructure. A small amount of austenite is revealed as well, invisi-
ble under optical microscopy observation, and estimated to about 4% against 96%
of martensite according to the collected X-ray data.
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Fig. 3 Autogenous TIG weldement microstructure

The autogenous TIG weld was found to outcome some characteristic results both
in the melted zone and the heat affected zone as well. In the melted zone, the
microstructure was still practically martensitic.

The matensite grains in the melted zone were consequently larger compared to
the base metal at the initial state. No new phases are observed in the melted zone
under natural cooling in one pass weld (Figs. 3 and 4).

In the heat affected zone, we observed a martensite coarsening in the HAZ growing
toward the fusion frontiers of the weld to become consequently bulky (Fig. 4).

Some ferrite  was observed to precipitate in the heat affected zone. This ferrite
d was noticed to precipitate according to a specific pattern localized exactly
between tow distinguished regions of the HAZ presenting clearly tow different
martensite grains size (Fig. 5).

According to optical microscope observation and X-ray diffraction data, there
are no other new precipitated phases beside ferrite & in the HAZ zone.
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The ferrite § precipitates into a formation of a strip parallel with the frontier of

the melted zone (Fig. 6).
It has been noticed that this strip of precipitated ferrite  separates the HAZ into
tow distinguished zones according to the size of the martensite. The HAZ region

located to the side of the melted zone presents a significant larger coarsening effect

95

of the martensite grains. On the other side, the HAZ region located toward the base
metal presents a gradually much smaller matensite grains (Fig. 5). The precipitation
pattern of ferrite & was found to be closely related to the welding parameters,
especially the welding current. Higher welding currents induced larger percentage
of precipitated ferrite § in the HAZ (Fig. 7).
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Pattern of
precipitated ferrite

Fig. 6 The observed characteristic pattern of precipitated ferrite &
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Fig. 7 Morphology of precipitated ferrite 6 in the HAZ of SMSS TIG weldements corresponding
to different welding current intensities, al&a2 at 200A; c1&c2 at 120A; b1&b2 at 65A
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Fig. 8 Effect of Welding Current on the volumetric percentage of precipitated ferrite 6 in the
HAZ of 12.5Cr4NilMo (SMSS)

The morphology of ferrite strip was observed to change according to three major
parameters when changing the welding current intensity:

— firstly, the global fraction of the precipitated ferrite that increases with the
increase of the welding current intensity,

— secondly, the width of the precipitated ferrite strip that increases with the increase
of the welding current intensity and thirdly, the distance between the ferrite strip
and the welding frontier that increases with the increase of the welding current
intensity.

The obtained results led us to establish experimentally a quantification of the
influence of welding current intensity on the amount of precipitated ferrite & in
the HAZ (Fig. 8). It is clear that increasing the welding current causes excess heat,
which increases the rate of ferrite 6 precipitation in the HAZ.

4 Conclusion

We have concluded in this work the possibility to establish experimentally a
relationship between the welding current intensity and the volume of precipitated
ferrite & in the (SMSS) 12.5Cr4NilMo. It has been deducted that the amount of
precipitated ferrite & increases with the increase of the welding current intensity.
The prediction of such parameter allows an important optimization of the welding
operation.
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During this work, we noticed the interesting possibility of using a matching
welding consumable in the case of the investigated steel and giving a highly
homogenous continuity of the martensitic structure between the melted zone and
the base metal without a critical need for an after welding heat treatment.
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“Canadian Experience in SCC of Pipelines
and Its Remedies” Recent Progress

in SCC of Pipelines in Near-Neutral

pH Environment

Mimoun Elboujdaini, Binyang Fang, and Reg Eadie

Abstract Evidence from a failure pipeline that had been in-service for 34 years
showed that there are often quantities of tiny blunt cracks, frequently in crack
colonies, in the pipeline. The vast majorities of these small cracks are seen to be
dormant and hence tend to be innocuous. However, if the small cracks can surpass a
threshold depth, around 0.5-0.6 mm, these cracks can be activated and begin to
grow and may eventually lead to pipeline rupture if not detected and removed. The
mechanisms are far from being understood. This paper is to review pipeline stress
corrosion cracking (SCC) to help understand the mechanisms on pit-to-crack
transition and early growth to contribute to pipeline integrity management so that
rupture can be avoid or reduced. Specimens were pitted using two different
techniques and then cyclically loaded in near-neutral pH environment sparred
with 5% CO,/balance N, gas mixture at high stress ratios (minimum stress/maxi-
mum stress), low strain rates and low frequencies which are close to those experi-
enced during pipeline operations. The crack morphologies produced in laboratory
with these techniques were found to be very similar to those from the failed pipeline
in the field, which has never been reported before. It was proposed that two different
mechanisms were responsible for the early-stage crack growth. For cracks less than
0.5-0.6 mm deep, they were blunt, engendered by anodic dissolution (localized
corrosion), which was facilitated by stresses. So it was called stress-facilitated
dissolution crack growth. Once crack depth was larger than the critical value,
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around 0.5-0.6 mm, the cracks would be reactivated and more hydrogen would be
trapped in the plastic zones. Thus, hydrogen would play an important role in crack
propagation. So in this stage, cracks tended to become sharp and the mechanism was
referred to hydrogen assisted cracking. The observations from the field can be
interpreted very well by using the proposed models. It was suggested that cracks
deeper than 0.5-0.6 mm in the field should be removed to reduce or avoid the threat
of rupture. If active corrosion and hydrogen related Stage II growth can be prevented
then smaller cracks are innocuous.

1 Introduction

Near-neutral pH stress corrosion cracking (NNpHSCC) has been a big concern for
oil and gas pipeline integrity assessment since the first failure was documented as
having occurred in 1985 [1]. Although NNpHSCC has been investigated extensively,
it is still not completely understood. It has been found that pits can facilitate crack
development by acting as stress concentrations and by modifying the local environ-
ment chemistry to be more susceptible to cracking [2]. In laboratory investigations, it
has also been found that the earliest cracks appeared to initiate at corrosion pits that
formed around non-metallic inclusions and that later cracks grew from corrosion pits
that formed randomly on the surface [3-6]. So SCC of pipeline steels commonly
originates from corrosion pits. Sometimes, cracks can also be nucleated around
other types of discontinuities. Wang [7] indicated that some cracks could be formed
preferentially along the heavily deformed metal in scratches on the surface. It was
also reported that preferential corrosion occurred at the boundaries of pearlite colo-
nies, and transgranular crack-like features could grow from such surface attack [8].

The damage process of NNpHSCC in pipelines induced by pitting corrosion,
after near-neutral pH (NNpH) solution (ground water in anaerobic soil) has pene-
trated disbonded coating and reached the pipe surface, may be composed of the
following sequence: first pit nucleation and growth, then transition from pits to
microstructurally short cracks, then transition from microstructurally short cracks
to physically short cracks and finally transition from physically short cracks to long
cracks, whose subsequent growth leads to the final failure. Generally, the long crack
growth and fracture only amount to a small part of the total life, whereas, a
significant part of the total life is consumed at stages before the long crack growth
threshold is exceeded. At the same time, limited studies about pitting corrosion,
NNpHSCC crack initiation and short crack growth [5, 8, 9] have been carried out,
compared to long crack growth [10-13]. So it is important to investigate the
processes occurring before the long crack growth threshold, and these are important
to life prediction and assessment of pipelines.

Pit nucleation is related to the electrochemical processes occurring during
corrosion. The time for pit nucleation is dependent on the electrolytes (as influenced
by the soil and the presence of carbon dioxide in the soil), the electrochemical
potential, the temperature, the pipeline materials properties, the loading parameters
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and other variables, which are not well understood yet, although there has been
much progress in the rational description and modeling of pit nucleation and early
pit growth [14-16]. Pit nucleation has been reported to follow lognormal and
Weibull distributions [17]. Maximum pit depth in mild steel was found to be fitted
to a bi-modal probability distribution [18, 19]. To date, there have been a few
models concerning pit growth [20, 21], and these are mainly empirical. Pit growth
in service may proceed under intermittent exposure conditions and it may take years
to initiate cracks [22], making it difficult to study NNpHSCC on smooth samples
under conditions close to those in in-service pipelines. So an accelerating technique
to generate pits was employed in this study, the details of which have been reported in
another paper [23]. Basically it consists of an acid-immersion treatment to passivate
the surface and then a second immersion in dilute hydrochloric acid, which leads to
rapid pitting growth at sites where the passive layer is either removed with a needle or
at innate weaknesses in the film where pits grow spontaneously. Another pit growing
method by using electrochemical technique was also reported before [24].

After the transition from pits to cracks has occurred in the field, tiny, elongated
blunt cracks, frequently in crack colonies, are often seen in very large numbers [25].
The vast majorities of these small cracks are found to become dormant and hence
tend to be innocuous. However, if the small cracks can surpass a threshold depth,
around 0.5-0.6 mm [26], these cracks can be activated and begin to propagate and
may eventually lead to pipeline rupture if not detected and removed. So studies
concerning the growth of these small cracks and how potential growth can be
identified and avoided will contribute significantly to an understanding of
NNpHSCC initiation and help in pipeline integrity management.

2 Experimental

2.1 Specimens

X-52 line pipe steel from Enbridge Pipelines Inc. that had exhibited NNpHSCC
crack colonies after 34 years of service was used in this project. The pipe was
34" (864 mm) in external diameter and 7.9 mm in measured wall thickness. The
chemical composition can be seen in Table 1. The microstructure consisted of
pearlite and ferrite. It was found that there were very few, if any, inclusions on the
axial transverse (A-T) surface, while there were a lot of inclusions on the radial
transverse (R-T) and the axial radial (A-R) surfaces (Fig. la—c). In addition, the
inclusions on the R-T surface were relatively smaller than those on the A-R surface.
Energy dispersive X-ray spectroscopy (EDS) analysis showed that the non-metallic
inclusions on the A-R surface were mainly MnS (Fig. 1d). And these inclusions
were more abundant on the axial-radial section at mid-wall (shown in Fig. 1c).
Hence, it was likely that the inclusions were elongated along the axial direction
during the rolling processes.
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Table 1 Chemical composition of X-52 pipeline steel (wt.%)

M. Elboujdaini et al.

Elements X-52 Elements X-52
C (Carbon) 0.261 Cr (Chromium) 0.027
Mn (Manganese) 1.150 Mo (Molybdenum) 0.013
P (Phosphorus) 0.008 Al (Aluminum) 0.002
S (Sulfur) 0.019 V (Vanadium) 0.003
Si (Silicon) 0.036 Nb (Niobium) 0.003
Cu (Copper) 0.033 Ti (Titanium) 0.002
Sn (Tin) 0.002 Co (Cobalt) 0.006
Ni (Nickel) 0.032 Fe (Iron) Balance

— * LR - Inclusions (images 1&2)

4246 FS|

%]

Mn

LX1] 2.0 4.0
keV

6.0 3.0

100

Fig. 1 Microstructure of X-52 pipeline steel. (a) A-T surface; (b) R-T surface; (¢) A-R surface;

(d) EDS of the inclusions on A-R surface
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Fig. 2 Schematic of the
sample with orientations in
the pipe
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Dog-bone specimens with dimension of 36 x 7 x 3.5 mm in reduced section
were machined from pipe with the length of the specimens along the transverse
direction of the pipe so that the crack-advance plane (radial-axial) was the same as
for NNpHSCC in the field (see Fig. 2 for a schematic of the orientations). After the
sample surfaces had been ground to 1,200 grit in accordance with the standard
metallographic procedure, they were degreased and cleaned using acetone and
ethanol.

2.2 Pitting the Surfaces

After the surfaces were masked using PTFE tape leaving the gauge section exposed,
the samples were put in concentrated H,SO, solution to passivate the surfaces and
then exposed to dilute HCI solution (the ratio of HCI to distilled water was 1:10) to
grow pits, as reported by Fang et al. [23]. After 135 h, the pitted samples were taken
out and washed using tap water. Then they were cleaned using EDTA and then
ethanol in an ultrasonic cleaner to ensure that the passive films on the surfaces had
been almost removed.

2.3 SCC Tests

The pitted specimens were cyclically loaded under a balanced triangular waveform
as shown in Table 2 in a soil solution (ratio of soil to water is 1:5) and a NNpH
inorganic test solution identified as C2 solution, both sparged with 5% CO,/balance
N, gas mixture. C2 solution is made with the following ingredients 0.0274 g/L
MgS0O4-7H,0, 0.0255 g/L CaCl,, 0.0035 g/L KCI, 0.0195 g/ NaHCOs;, and
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Table 2 Loading conditions in NNpH solutions (all were sparged with 5% CO5)

Condition Peak stress Stress ratio Frequency (Hz) No. of cycles
A 100% SMYS 0.8 1 x 107" 1,345
B-1 100% SMYS 0.63 7.6 x 107° 1,394
B-2 106% SMYS 0.63 7.6 x 107° 1,394

0.0606 g/L CaCOs; dissolved in high purity water. The pH after sparging was close
to 6.2 for the C2 solution and near 7.0 in the soil solution.

After testing in the solution for the desired number of cycles, the tests were
stopped and the samples were taken out. After cleaning using EDTA and ethanol in
the ultrasonic cleaner, the samples were rinsed and dried with warm air and the
sample surface observations were made using optical microscopy (OM) and scan-
ning electron microscope (SEM). Thereafter, the sample surfaces were sectioned
step by step to examine crack and pit depths, and crack and pit shapes. The
sectioning was perpendicular to the cracked and pitted surfaces, and the sectioning
progressed perpendicular to the loading direction. After each grinding and polishing
step, measurements were made using OM and SEM to reveal the crack and pit
dimensions.

3 Results and Discussion

3.1 Blunt Crack Emanation and Characteristics

The corrosion pits had acted as stress concentrations (micro-notches) and served to
initiate the blunt flaws. The stress and deformation fields in the immediate vicinity
of the corrosion pits had a strong bearing on how the NNpHSCC cracks nucleated
and propagated. In the mean time, the existing pits would continue to grow during
exposure by anodic dissolution. When the stress concentrations at the roots of the
corrosion pits were large enough, plastic deformation would occur. Slip irreversi-
bility was enhanced, because of the dissolution of slip steps (the anodic corrosion
reaction). At the same time, the iron atoms at the surface of the plastic zone had
higher energy, acting as anodes in solution compared to the relatively less deformed
surrounding regions serving as cathodes. Thus, galvanic cells would form driven
partly by the higher dislocation density. So preferential electrochemical attack
would focus on the regions at the pits where plastic deformation was localized.
Hence, dissolution in plastic zones around the corrosion pits was accelerated. This
dissolution, in turn, could enhance stress concentrations. In the end, blunt cracks
were initiated, as shown in Fig. 3. These NNpHSCC cracks were mainly formed by
stress-facilitated dissolution localized in plastic zones. Consequently, this type of
crack was quite wide.
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Fig. 3 Photomicrographs of NNpHSCC crack cross-section features on the R-T surface cycled in
NNpH solution sparged with 5% COp/balance N, gas mixture (a) in soil solution under load
condition A [27]; (b) in C2 solution under load condition A [28]

In addition, it was also found that not all of the pits were cracked. For most of
non-cracking pits, the pit aspect ratios (the ratio of pit depth a to pit surface width
w on that section) were below 0.6 (Fig. 4a). However, many of cracking-pits were
seen to have pit aspect ratios of over 0.5 (Fig. 4b). This indicated that for a/w > 0.5,
pits would likely tend to become cracks. Considering that stress concentration
factor for an elliptical corrosion pit is related to w/2a, where w/2 is the semi-axis
which is perpendicular to the tensile loading, and a is the bottom radius of the
corrosion pit [29], the deeper the pits, the larger the stress concentration factor.
Thus, the plastic zone and the extent of surface plasticity in the corrosion pit were
also larger, which would promote the dissolution of the Fe atoms within the plastic
zone. When the dissolution progressed to a certain degree, the pit had become a
crack. Again in Fig. 4b, for the pits with aspect ratio below 0.5, the bottoms could
be irregular, and the cracking locations had smaller curvature radii. Thus, the stress
concentrations would be higher and cracks still tended to have initiated at the
regions with higher curvature. In addition, this type of cracking is consistently
found in regions of high tensile residual stress in the pipelines, where the total stress
would be significantly higher than the stress just from the internal pressure in the
pipeline [3, 30]. Since this was an API X-52 steel after yielding there would be
some stress increase with increasing strain. Consequently, the higher degree of
corrosion or cracking was believed to be primarily related to higher plastic strain.
The increased plastic strain would explain the blunt cracks versus sharp cracks.
This indicated that the presence of higher plastic strains ahead of the pits increased
the corrosion rate. Blunt cracks initiated around many corrosion pits, which were
acting as stress concentrators (micro-notches) and were the principal sites for
initiation.

The ratios of crack tip width to crack mouth width for the majority of these blunt
cracks were seen to be around 0.1 (Fig. 4c). Thus, blunt cracks could have survived.
However, this also indicated that there was significant corrosion along the crack
walls. The amount of lateral corrosion significantly increased as the crack mouth
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Fig. 4 Geometry of pits and
cracks. The aspect ratio
distribution on the sample
cyclically loaded at 100% of
SMYS, 0.0001 Hz and R of
0.8 in NNpH solution sparged
with 5% CO, of (a) non-
cracking pits and (b) cracking
pits. (c) the crack tip width/
crack mouth width for cracks

Pit aspect ratio

Pit aspect ratio

(¢}
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was approached. It was also noted that the ratio of crack tip width/mouth width in
Fig. 4c was close to values seen on the same steel pipe in the field. In addition, most
of cracks were found to be less than 0.5-0.6 mm in depth, which was consistent
with the observations in the field [7]. The crack morphologies observed in the tests
on the samples (Fig. 3) were found to be very similar to NNpHSCC cracks found in
the field [7, 26] in this pipe, as shown in Fig. 5. So it was reasonable to say the
conditions in this study could represent NNpHSCC initiation conditions encoun-
tered in the field where clusters of SCC cracks were less than 0.5-0.6 mm in depth,
although the peak normal stress in this study was somewhat higher highlighting the
need for high residual tensile stresses.

b e s
200 micrometers

Fig. 5 Photomicrograph of NNpHSCC cracks on an oil pipeline [26]
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3.2 Blunt Crack Growth

After blunt cracks had initiated, they might grow under benign conditions. It was
clearly seen that most of cracks were distributed between 30 and 390 pm in depth,
as shown in Fig. 6a, and the most probable crack depth was around 30-90 pm.
Figure 6b shows that the median of crack depth was at 140 pm, and the lower and
upper box values (quartiles) were 86 and 245 pm, respectively. The whisker was
from 24 to 456 pm with a few outliers shown with asterisks. All the evidence once
again reflected that the majority of crack depths were below 0.5-0.6 mm, consistent
with the field observations as shown in Fig. 7.

Once the blunt crack growth rate was higher than the pit growth rate, the stress
facilitated corrosion dissolution rate would be dominant and thus, dissolution would
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Fig. 6 Distribution of crack depth on the sample cyclically loaded at 100% of SMYS, 0.0001 Hz
and R of 0.8 in NNpH environment after 1,345 cycles; (a) number of cracks versus crack depth;
(b) boxplot of crack depth
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Fig. 7 Number of cracks vs. maximum crack depth in pipe B and pipe A [26]

be localized and localized corrosion around the corrosion pits would be accelerated
and blunt cracks would grow. In the end, dissolution formed blunt crack would
survive and might grow under intermittent conditions.

It was sometimes seen that non-metallic inclusions (mainly MnS as revealed by
EDS) were located ahead of the cracks on the crack advancement plane, as shown in
Fig. 8. When the blunt cracks grew and reached these non-metallic inclusions, the
solution in the blunt crack enclaves could get to these inclusions and electrochemi-
cally react with the inclusions [3—6, 31]. The inclusions would then be corroded and
eaten away since the non-metallic inclusions (MnS) acted as an anode and the base
steel nearby acted a cathode. The relative area ratio of the base steel to the non-
metallic inclusion was huge, thus, galvanic corrosion would be accelerated and
corrosion attack would be localized on the inclusions, which, in return, increased
stress concentrations and plastic deformation. Thus, blunt crack growth because of
inclusions enhancing stress facilitated dissolution would be maintained, as reported
previously [32]. When the inclusions were completely eaten away, the blunt crack
would advance as stress facilitated dissolution reported previous. In addition, at this
time, the stress concentration would be much higher, which might further enhance
the stress riser and plastic deformation. All of these, in turn, would contribute to the
blunt crack growth.

Still in Fig. 8, there were few non-metallic inclusions ahead of the blunt crack tip
and these aligned inclusions could contribute to significant crack growth.

Considering the microstructure differences on the different surfaces as reported
in a previous paper [32], the nonmetallic inclusions were elongated along the
longitudinal direction, and some inclusions were about 0.5 mm long, which
would have facilitated pit nucleation, if the R-T surface was exposed to the
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Fig. 8 Photograph of a crack initiation from a corrosion pit and non-metallic inclusions located
ahead of the crack tip

NNpH solution, and promoted pit-to-crack transition and blunt crack growth. As the
crack growth direction in depth was the same as the elongated inclusions, the latter
would also have assisted crack growth.

However, if the orientation of the inclusions was approximately perpendicular to
the pit growth direction or blunt cracks, the blunt cracks might grow and touch the
inclusions under appropriate conditions. Also once the blunt cracks encountered the
inclusions, the dissolution and growth would be localized on the inclusions. How-
ever, since the inclusions were approximately perpendicular to the blunt cracks,
when the inclusions were corroded completely, the blunt crack tips would become
much blunter, which therefore reduced stress concentrations and stress intensity
factors, and hence lowered the crack growth driving forces. Thus, the cracks might
stop growing and became dormant. This type of crack was also observed in this
report, as shown in Fig. 9 where a balloon-like morphology was seen. The cracks
observed in this case might not threaten pipeline integrity from a management point
of view.

Since inclusions were elongated in the longitudinal direction, especially in the
mid-wall, the crack growth in the longitudinal direction would be significantly
influenced by the coalescence with inclusions. These cracks, if not detected and
removed, might put a pipeline at a risk to cracking or failure. It would be helpful
and important if some tools could be employed to monitor the existence of this type
of crack and inclusion, and some measures could be taken to prevent the cracks
from growing.

www.iran—-mavad.com

Slgo wigo ole @2 40



“Canadian Experience in SCC of Pipelines and Its Remedies” 111

Fig. 9 Photograph of a blunt
crack and the blunt crack tip
on R-T surface for a specimen
cyclically loaded in C2
solution under condition B-1

3.3 Crack Transition

Figure 3 shows a blunt crack that had initiated from the bottom of a big pit.
The blunt crack initiation and growth mechanism has been addressed above as
being caused by plastic-deformation-facilitated dissolution. When blunt cracks
grew deep enough, they could surpass a threshold, around 0.5-0.6 mm. Thereafter,
the apparent dormant blunt cracks would be reactivated, and tend to start to grow.
However, the morphologies of the crack tips exceeding the critical depth were
significantly different from the blunt cracks. Crack tips in this stage looked very
sharp. Thus, anodic dissolution would not be the dominant process in this stage.
When the blunt cracks grew deep enough, the plastic deformation would be larger.
Thus, the corresponding plastic zones would be bigger accordingly, which would
produce larger hydrostatic stress zones ahead of the deeper cracks. Hence, more
hydrogen would be trapped in the larger plastic zones and could play an important
role in crack growth. So, for this stage, the crack growth mechanism was hydrogen
assisted cracking (HAC) instead of dissolution. In a word, there were two different
mechanisms for early crack growth in NNpHSCC. Before the threshold, around
0.5-0.6 mm deep, referred to as “Stage I”, it was plastic-deformation-facilitated
dissolution that made wide blunt crack initiation from corrosion pits and growth.
After the threshold, called “Stage II”’, hydrogen was responsible for the subsequent
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sharp crack growth. This is the first time these two different crack types have been
observed and reproduced in the laboratory. These two different mechanisms are
necessary for NNpHSCC crack initiation and early growth. These are quite consis-
tent with the observations in the field. The sharp cracks in Stage II can create a
significant risk to pipeline integrity. If they can’t be detected and removed, they will
likely keep growing and eventually once the long crack corrosion fatigue threshold
is surpassed, cracks will grow much faster, even leading to pipeline rupture or
leakage. Compared to the long crack growth stage, the blunt crack growth in Stage I
and the sharp crack growth in Stage II consume a majority of pipeline life. So
Stages I and II cracks are very important for pipeline integrity management and
should be addressed intensively. Unfortunately, so far no research has touched
Stage I blunt cracks and little has paid attention to Stage II sharp cracks, while most
has focused on long crack growth. For in-service pipelines, removing Stage II
cracks that are deeper than 0.5-0.6 mm would benefit the pipeline integrity and
enhance the remaining life. If Stage I crack growth can be repaired, that would
significantly extend the remaining life. If active corrosion can be prevented such as
by cathodic protection then smaller stress facilitated dissolution cracks are innocu-
ous. More hydrogen, however, would be generated on the sample surfaces and in
the crack enclaves, which might enhance the amounts of hydrogen, trapped on
Stage II cracks and accelerate Stage II crack growth. Thus, cathodic protection
might impair one type of crack growth but assist another type of crack propagation.
So a better way is to reduce both the active corrosion and hydrogen generation
simultaneously, such as with an inhibitor, if it can be found, that can prevent free
corrosion by forming a film or surface layer (shifting anodic and cathodic polariza-
tion curves to the left). Then this would significantly benefit pipeline life.

4 Conclusions

Based on the results and discussion above, the following conclusions were made.
The depth and the depth aspect ratio for non-cracking pits were seen to be smaller
than for cracking pits. For cracking pits, generally when the pit depth aspect ratios
were higher than 0.5, cracks would be likely to initiate. The deeper the pit and the
higher the ratio the higher the probability for pit-to-crack transition. Blunt cracks
were seen to have initiated from the corrosion pits on the pitted samples cyclically
loaded in near-neutral pH environment and these blunt cracks were generally less
than 0.5-0.6 mm deep, consistent with the observations from the field. These blunt
cracks were transgranular and believed not to put pipelines at a risk from integrity
management point of view. Most of cracks were found to be shallow and wide
because they tend to be dormant and not to propagate to failures. Hence, they were
innocuous. Once these shallow blunt cracks exceeded a critical depth, these cracks
could be activated and continue to propagate which was related to hydrogen effect.
All the evidence was consistent with the field observations. Thus, the conditions
employed in this research can represent the operational ones in the field, which is
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one of the reasons why NNpHSCC cracks have been so difficult to initiate and have
not been successfully reproduced in laboratory. If active corrosion and hydrogen
generation can be prevented such as with a corrosion inhibitor, then smaller cracks
are innocuous.
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Hydrogen Embrittlement of Steels — Testing
and Modelling as a Joint Effort

Wolfgang Dietzel

Abstract To study the phenomenon of stress corrosion cracking (SCC) and
hydrogen embrittlement (HE) of metallic materials, and in particular of high
strength steels, fracture mechanics based techniques are well suited. Experiments
using a rising displacement test technique and pre-cracked specimens were
employed for experimental characterisation of the susceptibility of these materials
to environmentally assisted cracking and to study the mechanisms of failure caused
by the uptake of atomic hydrogen from a corrosive environment. This work was
complemented by simulating the degradation process caused by HE. The experi-
mental work was partly performed in conjunction with the Technical Committee
10, Environmentally Assisted Cracking, of the European Structural Integrity Soci-
ety, ESIS, in the context of two European research projects. As a result, a new ISO
standard on EAC testing, ISO 7339 — Part 9, was established. The work is now
focused on the development of suitable modelling approaches to HE. Such models
can either be used in addition to experimental testing or, to some extent, can replace
traditional SCC testing.

1 Introduction

Itis important to prevent stress corrosion cracking (SCC) in service and to reduce the
likelihood of consequent unexpected fast fracture without being unnecessarily
conservative. Since there is no generalized analytical approach which allows
prediction of combinations of material and environment that result in SCC, the
avoidance of SCC has to be based either on past experience and/or on SCC testing in
the laboratory. The current design approaches presume that short-term laboratory-
scale experimental data can be extrapolated to predict long-term structural
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performance. In principle, these tests consist of stressed pieces of the material
exposed to a corrosive environment, and the aim of the tests is to determine if and
how SCC occurs in the material during the test period.

SCC test methodologies follow the two basic philosophies underlying structural
design [1], i.e.:

— the safe-life approach,
— the damage-tolerance approach.

The older safe-life approach undertakes to design the structure for a finite service
life during which there is no significant damage, viz. there is no critical crack.
Consequently, this approach does not include in-service inspection. The damage-
tolerance approach, which evolved later, includes designing for an adequate service
life without significant damage, but also enables operation beyond the actual life at
which damage begins to occur. It must be shown that damage, and in particular
cracks, are detected by routine inspection before the cracks propagate to the extent
that they decrease the residual strength of the structure below a safe level.

The damage-tolerance philosophy goes beyond the safe-life approach by including
the possibility that cracks or flaws already exist in new structures. Either in-service
inspection has to ensure structural integrity during the service life, or it has to be
ensured that any initial cracks grow sufficiently slowly during the design service life,
so that they do not reach a critical crack size which would cause failure.

2 The Fracture Mechanics Approach to SCC

In the damage-tolerant design practice fracture mechanics concepts are utilised to
characterize the initiation and growth of cracks from initial flaws. This approach is
also applied to cracks which are caused or enhanced by the presence of a corrosive
environment. Typically, linear elastic fracture mechanics, LEFM, concepts are
employed, and the plane-strain stress intensity factor in the opening mode, Kj, is
used to quantify the stress situation at the crack tip controlling the onset of cracking
and the subsequent crack extension. Fracture mechanics based SCC testing is then
performed with the primary aim of determining the threshold, Kiscc, and the crack
growth velocity, da/dt. Since the specimens used already contain initial cracks, the
stage of crack formation from an initially smooth surface is precluded and the
problem of separating the environmental influence on both crack initiation and
extension is thus avoided.

Experience has shown that the results obtained from the different types of SCC
tests and on various specimen configurations are identical if all specific require-
ments are carefully met. Data obtained on part through-cracked specimens can, for
example, be used to predict crack initiation and growth in plates containing small
semi-elliptical surface flaws which simulate defects in large structures [2]. This
underlines the capability of the fracture mechanics approach to transfer stress
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corrosion data from small-scale laboratory specimens to real components and
structures.

The test technique used to determine Kjscc is expected to yield reliable and
reproducible results which only depend on the material/environment combination
under test, but not on the method of testing. Since only reliable and relevant
laboratory test data enable an appropriate risk assessment with respect to stress
corrosion cracking, the choice of a suitable test methodology is essential to predict
the likelihood of crack initiation and propagation but to avoid unnecessary conser-
vatism.

A number of test standards exist which provide guidance for performing fracture
mechanics SCC tests, issued by ASTM (ASTM E 1681-95), ISO (ISO 7539), and
NACE (NACE TM 0177-90). According to the older ones of these standards, K;scc
was in the past evaluated either using constant load or constant deflection experi-
ments, and the duration of the tests was often “left open to the parties concerned”.
Test times recommended for constant load tests ranged from 100 h for titanium
alloys to 10,000 h for aluminium alloys and steels (ASTM E 1681-95, ISO 7539-6).
A major advantage of static tests using constant load or constant deflection experi-
ments is their moderate requirements regarding the experimental set-up. On the
other hand, they have some inherent shortcomings:

1. the duration of a static test can be quite long and/or the test is terminated after an
arbitrary test time. It sometimes remains uncertain whether the measured
K-value really represents the threshold of the material/environment combination
under investigation,

2. discrepancy can exist between laboratory tests performed under static conditions
(constant load, constant deflection) and practical situations where dynamic
loading and increasing plastic deformation can occur and may be prerequisite
for SCC [3],

3. the specimens must satisfy the minimum size requirements imposed by the
linear elastic fracture mechanics concept; for lower strength and/or more ductile
materials this can lead to large specimen dimensions, particularly the specimen
thickness may exceed the thickness of the actual component.

3 Rising Load/Rising Displacement SCC Testing

The first two of the above problems can be overcome by using dynamic test
techniques like the slow strain rate test in which constant extension rates are applied
[4]. Because of their accelerating nature these tests usually yield results within an
acceptable amount of time, and they can reveal cases of susceptibility to SCC which
remain undetected in static tests. The slow strain rate test is typically performed on
smooth or notched specimens; although this type of testing has also been in use for
fracture mechanics based SCC investigations on pre-cracked specimens for many
years [5, 6]. Until recently, no SCC test standard existed which specified
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Fig. 1 Influence of the displacement rate, dq/dt, on the stress intensity factor at crack initiation,
Kyn, measured in rising displacement tests on CT specimens (circles); the results of long term
constant displacement tests (10,000 h) on DCB specimens are shown for comparison (triangles) [2]

a procedure for fracture mechanics based rising load/rising displacement tests on
pre-cracked specimens. As Fig. 1 illustrates for the case of the high-strength
aluminium alloy AA 2024 T351, the major problem encountered in such tests is
the selection of a suitable loading or displacement rate to be applied in order to
obtain “reliable” Kiscc values. “Reliable” in this context means that the Kiscc
values should be in agreement with the results of long term constant displacement
tests on DCB specimens which in this case had lasted approximately 10,000 h.

In 1992 the Technical Committee 10, Environmentally Assisted Cracking, of the
European Structural Integrity Society, ESIS, issued “Recommendations for Stress
Corrosion Testing Using Pre-Cracked Specimens” (ESIS P4-92 D) related to rising
displacement SCC testing of pre-cracked specimens. This document formed the
basis for two research projects funded by the European Commission and involving
more than 30 laboratories and in which the approach taken in ESIS P4-92 D was
experimentally verified [7]. The results led to a new ISO standard on SCC testing,
i.e., ISO 7339 — Part 9: Preparation and Use of Pre-cracked Specimens for Tests
Under Rising Load or Rising Displacement (ISO/DIS 7539-9), which was finally
issued by ISO in 2003.

The main feature of this standard is the establishment of a curve of the type
shown schematically in Fig. 2. Here it is assumed that the lower shelf region of this
curve corresponds to the looked-for threshold value K;scc for the onset of subcriti-
cal cracking caused by SCC/HE. In practice, it can be fairly difficult to decide
whether the displacement rate selected for determining Kjscc is low enough to
ensure that this lower shelf has really been reached. New approaches of simulating
HE seem to offer a solution to this problem (see further below).
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Fig. 2 Initiation value of
stress intensity factor as a
function of the applied
displacement rate (schematic)

Kine [MPa \rﬁ]

Vi [mmin]

4 The Elastic-Plastic Fracture Mechanics Approach to SCC

The applicability of linear elastic fracture mechanics to SCC and the use of Kj as
driving force parameter build on the assumption of limited plasticity and of
predominant plane-strain conditions. In cases of SCC in which there is not a higher
amount of plasticity, neither plane-strain nor linear elastic conditions are satisfied.

As mentioned above, a pre-requisite for the applicability of LEFM is that the
specimens must satisfy the minimum size requirements imposed by the linear
elastic fracture mechanics concept, as presented in Eq. 1. For lower strength
and/or more ductile materials this may result in large specimen dimensions, partic-
ularly with respect to thickness:

2
a,B, (W-a)>25 (E> (1)

Oy

S The J Integral

This led to the application of elastic—plastic fracture mechanics concepts also to
problems of SCC, and the J integral methodology has been employed by a number
of authors [8—10]. Figure 3 demonstrates the effect of hydrogen embrittlement on
J-R curves measured in rising displacement tests at C(T) specimens of a high
strength steel [11]. The difference between the two curves shown in this figure is
that one was obtained in air and the second one under cathodic protection in a
corrosive environment (substitute ocean water according to ASTM D1141).
Figure 3 indicates that the value of the J integral at crack initiation, Jg»,
significantly decreased due to the environmental degradation caused by the ingress
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Fig. 3 J-R curves determined on pre-cracked compact specimens of the low-alloyed structural
steel FeE 690T [11]

of atomic hydrogen and leading to hydrogen embrittlement. The slope of the crack
growth resistance curve measured in the corrosive environment becomes almost
negligible, indicating that only little mechanical energy is needed in this case to
achieve further crack extension. It should, however, be pointed out that the test in
the corrosive environment was carried out at a very low displacement rate (1 pm/h,
measured in the crack mouth of the specimen, CMOD) to allow for sufficient time
of the hydrogen to enter into the material, to diffuse within the material and to
accumulate in the vicinity of the crack tip.

6 The Crack Tip Opening Displacement, CTOD

In addition to the J-integral concept other elastic—plastic fracture parameters, i.e.,
the crack tip opening angle, CTOA, and the crack tip opening displacement, CTOD,
are successfully applied to study SCC. These two parameters are particularly suited
for fracture toughness assessments of thin-walled structures including the initiation
and growth of stress corrosion cracks in such structures.

The crack tip opening displacement, CTOD, often designated “8”, is specified as
the relative displacement of the crack surfaces normal to the original, un-deformed
crack plane at the tip of the fatigue pre-crack. Experimentally, this parameter can be
determined at the surface of a specimen or a component, e.g., by using a specially
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Vickers
hardness
indentation

Fig. 4 Clip-on gauge for measuring the CTOD over a gauge length of 5 mm (“35”); the figure also
illustrates the position of the current leads (“I”’) and the measuring location for the potential drop
across the crack when using the DCPD [12, 13]

designed clip-on gauge which measures the CTOD over a gauge length of 5 mm
(3s), as is demonstrated in Fig. 4 [12].

This figure also illustrates the position of the current leads (“I”’) and the measur-
ing location for the potential drop across the crack when using the potential drop
method for measuring crack lengths [13]. In SCC experiments performed in a
corrosive environment, a direct measurement of the variable 05 is difficult, since
the clip-on gauge would have to be immersed in the corrosive environment during
the test, and hence needed careful protection against corrosion. Calibration experi-
ments performed on a number of materials and under various environmental
conditions have confirmed that an excellent agreement exists between directly
measured 05 data and values which are calculated from the load and the crack
mouth opening displacement, CMOD.

The expression correlating 65 and the CMOD is derived from the British
Standard 5762 and modified with respect to crack extension [14]:

M _ K? 0.6Aa+04(W —2ay)
BS 26 E ' 0.6(ap+Aa) —04W +2

2
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Fig. 5 CTOD R-curves under hydrogen charging conditions and in laboratory air, determined at
displacement rates between 1 pum/h and 30 mm/h [2]

In this modified CTOD the motion of the rotation centre of the specimen due to
crack extension is taken into account. In Eq. 2, vy, is the plastic portion of the crack
mouth opening displacement, (CMOD), E’ the Young’s modulus for plane strain,
and z is the distance between the load line and the actual measuring position for v.
Figure 5 shows a set of CTOD R-curves which was generated for the same
combination of material and environment leading to Fig. 3 and applying CMOD
displacement rates between 1 pm/h and 30 mm/h [2].

Another feature which is associated with this type of rising displacement
tests is the fact that the crack growth rate, da/dt, measured in such a displacement-
controlled test, becomes essentially constant once the initiation stage is passed
[11]. In Fig. 6 the plateau or steady-state values of these crack growth rates are
plotted as a function of the applied deformation rates, the latter measured as
the increase of the parameter 05 with time, dds/dt. The data were obtained
for the same material/environment combination as was investigated in Fig. 3.
It can be seen that at deformation rates dds/dt below 10~ mm/s the crack growth
rates measured in the corrosive environment started to deviate from the straight
line relationship that in this log-log presentation is characteristic of tests in air, and
form a second branch of the curve towards higher crack growth velocities.
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Fig. 6 Relationship between the applied deformation rate, dds/dt, and the crack growth rate, da/dt,
measured for the material/environment combination of Figs. 3 and 5 [11]

7 Modelling of Hydrogen Assisted Crack Growth

In recent years, increased computer power has made modelling a useful tool for
simulating mechanisms of SCC and hydrogen embrittlement. This has not only
improved the understanding of the micro-mechanisms involved in environment-
assisted failure but can also be complementary to laboratory SCC testing. Multi-
scale modelling describing the influence of a corrosive environment on crack
susceptibility of components and structures may allow prediction of deformation
behaviour and crack initiation in different material configurations under different
external loads and environmental conditions. It can give predictions of critical flaws
and fracture toughness of existing components and structures and may suggest the
optimal microstructure configuration of new constructions with respect to with-
standing environmentally-assisted cracking. Figure 6 indicates that the relative
increase in crack growth velocity at low deformation rates caused by hydrogen
embrittlement can be rationalized by a theoretical model. According to this super-
position model the total crack growth velocity consists of a component due to
ductile failure and a second one caused by hydrogen embrittlement [15, 16].
The model assumes that the hydrogen enters the specimen through the freshly
created surface at the crack tip and that the diffusion inside the material is impeded
by traps resulting from plastic deformation in the plastic zone ahead of the tip [17].
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To mimic the experimental findings using this model, information about the
impact of plastic deformation on the effective hydrogen diffusion coefficient was
acquired from permeation experiments on thin plastically deformed membranes of
the same material, and this information served as input parameter for predicting the
acceleration of the crack growth velocities by hydrogen embrittlement [18, 19].

In another approach, the effect of hydrogen diffusion and of hydrogen embrittle-
ment on stable crack propagation was assessed by a finite element simulation based
on a cohesive model [20]. In the specific version of this model in which hydrogen
enhanced crack extension was taken into consideration, two parameters character-
izing the effect of hydrogen, i.e., the effective diffusivity, D¢, and a reduction factor
for the cohesive strength, p, were introduced in addition to the two commonly used
parameters cohesive strength, Ty, and critical separation, dq [21].

This way, it could be shown that a thus extended cohesive model could mimic
the effect of HE on CTOD-R curves measured at various displacement rates for the
steel FeE 690 T, as is displayed in Fig. 5. A comparison between model and
experiment and the obtained good agreement is demonstrated in Fig. 7 [22]. The use
of this model can also help to assess whether the displacement rate applied in a
particular SCC test for determining K;jscc has been chosen sufficiently low enough
to reach the lower shelf area indicated in Fig. 2.

In Fig. 8, a prediction is made regarding the influence of the displacement rate on
the value of Kigcc determined in rising displacement tests [23]. The prediction is
related to the same combination of material (steel FeE690T) and environment
(hydrogen charging in ASTM D 1141) which was investigated in Figs. 3, 5 and 6,
and the parameters were taken from cohesive modelling leading to Fig. 7.

0.5

I
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10 mu/h (sim) ——
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0.4+ 100 mu/n (sim) -=-===--
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Fig. 7 Comparison of experimental and simulated CTOD R-curves under hydrogen charging
conditions and in laboratory air (displacement rates: 1, 10 and 100 pm/h, cf. Fig. 5) [21, 22]
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Fig. 8 Model prediction for the influence of the applied displacement rate on the initiation value
of stress intensity factor Kjscc according to Fig. 2 [23]

8 Conclusions

Rising displacement tests on pre-cracked specimens are in combination with
elastic—plastic fracture mechanics methodology well suited to study the mechan-
isms of hydrogen embrittlement. Measurements of the relationship between crack
growth velocity and the applied deformation rate and of CTOD based crack growth
resistance curves can be used for a comparison with model calculations in which the
hydrogen embrittlement is simulated. This way it is possible to mimic the influence
of hydrogen embrittlement on both the crack growth velocity and on the crack
growth resistance. It is expected that in the future suitable modelling can, at least to
some extent, replace expensive and time consuming testing of hydrogen empbrittle-
ment. New nano-mechanical test methods which are under development can vali-
date and provide information obtained from such models and can thus provide a
safe basis for avoiding cases of SCC and to assess the criticality of existing
components and structures with respect to SCC.
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The Role of Material and Corrosion
Engineering in Managing the Service-Life
Integrity of Flow and Export Lines

Manuela Gentile, Roberta Vichi, Roberto Bruschi, and Furio Marchesani

Abstract Material and corrosion assessment are crucial engineering tasks that can
deeply influence the satisfactory performance of interfield and export lines over the
design lifespan. The project conditions to be pursued, can be different, and the field
of engineering investigations needed and technical solutions developed, vast. The
selection of line pipe material at design stage, in relation to the transported products
and flow rate, relevant temperature and pressure profiles along the route and
external environment as well, is a factor for a successful project. To be noticed
that there are significant differences in the relevant engineering tests for the final
selection, whether dealing with a short small diameter multi-phase flow line or a
long strategic large diameter treated gas trunk line. On the other hand, the integrity
management of a line over the operating time span, when the variation of trans-
ported product composition or inlet temperature and pressure as well, may occur, is
a very specific process, to be assessed case by case, far different from the manage-
ment of a strategic gas trunk line the performance of which over time is not subject
to significant variation of transport conditions and the integrity of which may affect
the vital activities of a district. In most circumstances the relevant project decisions
regarding material and corrosion management are to be taken at a very early design
stage, deeply influencing the future project development and operation as well.
It shall be a very expert and safe decision. In this paper we will provide a brief
overview of a few topics regarding strategic pipeline material selection and integ-
rity management of interfield network, referring to recent outstanding R&D and
project experiences.
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1 Introduction

The last three decades saw the satisfactory accomplishment of some 10,000 km of
strategic submarine and cross country pipelines, in increasingly deep and difficult
waters, as well as across remote and harsh regions. Applied research provided a new
technological background. Dedicated conferences and publish hundreds research
notes dedicated to the structural integrity of pipelines, presented and discussed in
specific international symposia. Loading regimes, interaction with soil and sediments,
linear and non linear response in static and dynamic conditions, strength capacity,
material and welding technology, stress and strain based design criteria, new equip-
ment for installation, experiences in inspection and maintenance technology, repair,
corrosion and strength degradation, rehabilitation have been studied and are still
occupying plenty of joint industry research programmes. Relevant findings are cur-
rently embodied into design codes and are the basis for some challenging project
perspectives envisaged in the coming years in increasingly harsh environments.

Pipeline technology is still topical for both operators and contractors due to the
new challenges of the coming decade. A reason for this can be found in the
increasingly difficult environments new pipelines are expected to sustain and in
the complexity encountered in merging different disciplines: from environmental
issues to fracture mechanics passing through geotechnics, ocean and coastal engi-
neering, fluid dynamics and structural mechanics, etc., the objective is the structural
integrity of each section of the pipeline (1,200 Km mean 100.000 fiels welds, and the
failure of one jeopardizes the entire system) that has to tackle actions from both
external — permanent, environmental, accidental — and internal — operational — media
interacting with it. Further there are pipeline networks in operation, e.g. offshore
field under development or at the end of the production cycle, that require particular
care for minimizing environment threats still maintaining their operating target.

Pipeline systems include trunk lines (rigid, steel), long (~10? km) and generally
large diameter (>16" OD) pipelines transporting treated hydrocarbons mostly sweet
gas at high pressure (>10 MPa), interfield (rigid or flexible) pipelines (flow lines),
short (~10' km) and in general small diameter (<16” OD) pipelines transporting
single or multiphase often untreated and sour hydrocarbons. Actually this separation
shall be reflected in design codes. Different design criteria in relation to the different
roles that trunk lines and interfiled pipelines generally fulfil should be established.
As an example, the Transmediterranean pipeline system supplies approximately
30% of gas used in Italy, 27 billion m?/year. The first three lines (20” OD) were laid
in deep waters (more than 600 m) in 1979 and 1980, the second two (26” OD) in the
early Nineties. The availability of this gas, actually strategic, provides quite different
arguments for the integrity and carrying capacity over the years with respect to those
related to the productivity of an offshore field and, therefore, to the well being of an
interfiled pipeline sometimes in service for a short lifetime!

For both types of pipeline systems whether trunk lines or interfield lines, the
adopted technology provided an excellent performance over the past 30 years, as
shown by the lack of significant incidents implying shut down or, at worst, loss of
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containment. A thorough analysis of available failure statistics sometimes has shown a
weak correlation between adopted design criteria and experienced failures. Therefore
a general consensus has arisen over recent years on the introduction of the limit state
approach as a way to rationalize the design phase, particularly from the perspective of
reducing costs of new transportation networks and documenting the pipeline reliabil-
ity of new ventures in ultra deep waters and harsh or sensitive environments.
“External Interference” appears to be the most likely cause of pipeline failure, in
general 30-60% according to the different sources [1]. Corrosion is the second
cause, 50-20% as a complement to the external interference. In addition, corrosion
is reported mainly in the near platform zone, probably indicating a correlation
between external impact causing coating damage and development of corrosion
attack but also due to more severe operating conditions, particularly high tempera-
ture. In the Gulf of Mexico a higher incidence of corrosion failure is evident with
respect to North Sea pipelines. This can be attributed to the higher average age of
such lines which were built in compliance with older design and corrosion protec-
tion standards. The corrosion protection design in new pipelines is such that the
corrosion failure rate should be decreased to negligible figures. Material failures are
reported to represent a minor contribution to the overall failure probability. Again,
this is expected to be even more evident for new pipelines complying with modern
material specifications and very restrictive criteria for weldability and toughness.
For a pipeline, the selection of the most appropriate material is a crucial step and
is usually performed since the preliminary phases of a project, in relation to the
project parameters foreseeable at the time and taking into account the management
of the line over time (i.e. variation of product composition, inlet temperature and
pressure, vertical profile of the laying bed/burial configuration, etc.). This selection
is significantly different when dealing with a short small diameter multi-phase flow
line with respect to a long strategic large diameter treated gas trunk line. Aggressive
fluids in multi-phase flow line can be faced utilizing inhibitors, Corrosion Resis-
tance Alloy. As an example, plenty of efforts are dedicated to field development in
difficult conditions, from both external environment and product aggressiveness.
As an example, the Kashagan Oil Fields Development is the most challenging
project currently undertaken by Oil&Gas Industry. External environment (arctic
conditions) as well as considerable present of H,S, in the extracted products, are the
key issues. As for trunk lines, current research is looking into long distance gas
transportation and deep water profile. Long distance transportation of large volumes
of natural gas requires high pressure and large diameter-thick wall line pipe. High
grade steels (equivalent X100 and X120) are proposed by industry to meet techni-
cal-economical feasibility targets. ENI comprehensively worked on X100, particu-
larly looking into the sensitivity to environment of new high grade carbon steels.
Moving from design to operation, an appropriate maintenance and monitoring
program can significantly help ensuring its safety during the life time. In operating a
pipeline it shall be taken into account that pipelines are subjected to loads and
environmental effects which may cause them to become degraded with the passage
of time. Degradation has a variety of causes, including corrosion, mechanical
damage, fatigue, and stress corrosion cracking. In particular, a huge work has
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been made by Majors, on the modelling of the corrosion phenomenon. In the
application, a remarkable uncertainty on the previsions is evident. We are currently
developing an engineering procedure that analyzes fluid dynamics, production,
geometry, transported fluids, etc. along lifetime, to identify critical locations
where different corrosion mechanisms might be relevant, applies advanced engi-
neering tools (artificial neural networks) across the specific locations previously
identified, using the experiences maturated in the industry (e.g. the model proposed)
and calibrating the previsions on the basis of detailed and qualified field measures
as well, and provides an assessment of corrosion rate with a measure of confidence
linked to both model uncertainty and uncertainty of the input parameters.

2 Material Selection for HG.HP.HC
for Long Distance Gas Pipeline

Current research is looking into long distance transportation of large volumes of
natural gas. In order to improve the economics of the pipeline transport system,
industry is proposing high pressure and large diameter-thick wall line pipe in link
with high grade steels (equivalent X100 and X120).

Trunk line usually experience negligible corrosion phenomenon due to the sweet
and dry internal fluid and only minor issues arise from external corrosion.

However, exploiting new, high grade steels, potential risks can occur, mainly
related to the uncertainties of the safety of such pipelines in the long term, as in field
experience are practically absent. The huge investments required for these transport
systems push for specific investigations and qualifications.

ENI comprehensively worked on X100, particularly looking into the sensitivity
to environment of new high grade carbon steels. In the last years a relevant effort
was paid to qualify the application of X100 steel line pipes for a long distance gas
transportation [2].

The usage factors for pressure containment, as well as line pipe capacity to
sustain global and local deformations, are closely linked to investment costs and
reliability in operation. A series of studies confirms the major role of steel on costs,
and such a new material can be adopted only when full confidence on satisfactory
performance in operation, is achieved.

Further concerns are related to the susceptibility of high grade steels to hydrogen
embrittlement and environmental aggression, in case of severe local deformations
or pipe wall surface damages, as those caused by third party interference, and under
the sustained action of the internal pressure.

The pipe integrity (EAC and EAC + Mechanical Damage) evaluation is a
paramount important aspect to be evaluated in order to perform “economical risk
evaluation”, particularly high EAC susceptibility could vanish the economical
benefit of the high grade steel save as it could affect long pipeline section.

A pilot section in X100 line pipes was built to assess the fabrication, constructabil-
ity and in service behaviour of a X100 pipeline. The line was put in (simulated)
service to test (and monitor) a realistic realization of X100 gas pipeline over the time.
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Fig. 1 Samples of in field tests, (on the left) in field cells where artificial low pH environment is
reproduced and strain gauges on mechanical damage, (on the right)

Specific issues tested are the in service behaviour of special components (hot bends,
tees, dielectric joints and other fittings), coupled to X100 line pipes and field bends.

The test section included different wall thicknesses, as a major was the investi-
gation of the safe working factors for X100 line pipes, in relation to local steel
deformability and environmental assisted fracture behaviour on damaged pipe in
realistic operation condition. The effect of the working factor, that is the level of the
circumferential stress mobilized to resist the internal pressure (in relation to the
steel characteristic strength), both in integer pipes in presence of sweet environ-
ment and in damaged pipes in presence of normal and aggressive environment, on
the safe life operability of a high pressure pipeline crossing harsh environments,
see Fig. 1.

At the end of the simulated operation, line pipe and crack stopper capacity to
arrest running shear fracture was tested (burst test).

In parallel to the pilot section testing, full scale and laboratory tests were purpose
designed and performed to extend the qualification of the X100 steel grade and
define the limits and the weak points for its applicability.

The susceptibility to environmental cracking was assessed also through labora-
tory tests investigating slow strain rate and slow bending (SB) tests. The SB tests
evidenced a potential critical role by the longitudinal welding: some steels showed
a very high HE resistance, other high HE susceptibility and a final brittle propaga-
tion of the cracks. The possibility of insurgence of HE phenomena in the longitudi-
nal welding was also confirmed by the ISSR tests.

The SSR tests carried out in the NN-SCC environment focused the increasing of
the SCC susceptibility with the Actual Strength. The NN-SCC cracks are always
initiated from localized attacks. An electrochemical procedure to obtain localized
attacks on the surface was developed.

Finally, both in field and laboratory tests evidenced the strong effect of the third
part mechanical damage on the HE behaviour of the X100 steels.
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Specific full scale tests were designed to further investigate the combined effect
of working factors, cyclic pressure loads, mechanical damage and different level of
cathodic protection. Traditional X65 carbon steel pipes were also involved in order
to assess the high grade resistance/criticality on a comparative basis too.

3 Material Selection for Deep Water Pipeline

The traditional view of subsea crossings, which three decades ago were considered
as merely belonging to offshore operation i.e., export lines from offshore fields, is
definitely changed. Offshore trunklines in service or in construction exceed
1,000 km, the longest ones stretching across the North Sea (Langeled, 44 in.
pipeline between Norway and England, in operation) and the Baltic Sea (Nord
Stream 2 X 48 in., 1,200 km pipelines between Russia and Germany, soon to be
under construction). Currently, a few 1,000-2,000 km subsea pipeline ventures
(in deep waters and hostile environments) are being planned. Subsea pipelines
between continents can now be conceived, and a series of new projects are currently
on the desk, to transport gas from, for example, Oman or Iran to India (in more than
3,000 m water depth) and across the Black Sea, the latter to create an offshore
permanent link from the Caspian and Middle East regions to central Europe. The
Mediterranean basin provides a relevant development framework for strategic
submarine crossings.

Line pipe material specification is an important issue for deepwater projects, and
this is reflected in the efforts of certification bodies to get consensus on international
guidelines. The stringent requirements on weld-ability and toughness, as well as on
geometric tolerances and resistance characterisation of the line pipe are currently
met by a significant number of pipe mills worldwide. There is certainly room for
overcoming the traditional reluctance of pipeline operators to use high strength
steel such as X80 or even X100. X70 line pipe has been laid offshore relatively
recently (Europipe II in the mid-1990s, Langeled in 2004, and next up, Nord
Stream), and X120 is already on the line.

For increasing steel grades, the higher material proportionality limit allows for
higher working stresses, for both installation and operation, assuming the pipeline is
specified to work within the elastic field i.e., fully recoverable deformation after
unloading. The adoption of limit states-based design, as proposed in some new
projects, allows the pipeline to work beyond the proportionality limit. The actual
stress-strain curve of steel and the performance of girth welds therefore becomes a
more important factor for pipeline integrity.

One crucial aspect of working with high strength steels concerns welding
technology, as well as acceptance criteria for maximum weld defects and weld
toughness. Advanced and more precise non-destructive control of welds, and
engineering criticality assessment methods, have been introduced in the last
10 years to qualify weld strength vs. defect acceptance criteria. For increasingly
high grade steels, it is difficult to get a tough weld stronger than the parent
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pipe and, considering the thick wall, the heat affected zone of the longitudinal
seam weld is a concern. Overmatching and tearing capacity of the as-weld material —
key factors in the assessment of the strength capacity of a weld in operation
under large strains, as well as the softening of the heat affected zones — become
critical issues.

For shallow, long distance pipelines, the reduction of a few millimetres of wall
thickness, thick due to the high pressure and large diameter of the lines, would have
a significant cost impact without impacting on the overall safety, strictly linked to
the wall thickness. When it is the internal pressure that dictates the MWTR, there is
proportionality between the required thickness and the characteristic strength, so
for the same diameter and internal pressure, the required wall thickness for X60 is
two times the one for X120.

For ultra deepwater pipelines, the steel grade is not a priority. The relationship
between the strength characteristic and wall thickness for collapse strength is not
direct as per internal pressure containment. There is a parameter, the fabrication
factor, which significantly affects the minimum wall thickness requirements for
external pressure containment, the subject of a series of investigation after it was
first introduced in design guidelines. It is related to the fabrication process of
creating a round pipe by using cold bending thick plates. For collapse strength,
the proportionality limit in compression is relevant, which may be significantly
lower than the one in tension. There may also be a further difference between
samples taken at the inner wall from samples taken at the outer wall (across the
large thickness). Pipe mills must demonstrate that at the end of the fabrication
cycle, after the coating and particularly the associated thermal processes, the
fabrication factor is partially recovered.

4 A Crucial Issue of Deep Water and Closed
Sea Gas Pipeline

Deep water and closed seas may be characterised by anoxic conditions with the
proliferation of anaerobic bacteria, i.e. Sulphate Reducing Bacteria (SRB), which
generate a significant amounts of H,S in the sediments that may cause Sulphide
Stress Cracking mechanism as the consequence of hydrogen-uptake in the steel, and
it depends on number of parameters of which the most important are hydrogen
sulphide concentration and pH. Briefly, atomic hydrogen migrates into the steel and
concentrates at inclusions and voids in the steel. Voids are fault in the crystal lattice
that can be filled by small interstitial atoms. Most voids occur at points of high
stress, where slippage of metal atoms has concentrated the dislocation in the crystal
lattice, as a result of yielding of the steel. The steel becomes embrittled because the
hydrogen acts in a way similar to an alloying element and prevents further stress
relaxation by movement of the dislocations.

This may be particularly relevant for UOE cold formed pipes, which undergoes
significant plastic strain during fabrication (Thermo-Mechanical Controlled

www.iran—mavad.com

Slgo wigo ole @2 40



134 M. Gentile et al.

cooling Process plates — TMCP). The susceptibility to SCC generated by the
external environment is related of the following conditions:

¢ the probability to have a “sour environment” (pH value and H,S concentration),

e the probability that a material can be exposed to a sour environment coupled
with the coating breakdown,

¢ the steel material susceptibility to this corrosion phenomena.

Normally the application of external anticorrosion coating provides the main
protection for the steel. Nevertheless steel exposure may occur in those locations
where the coating has been damaged by natural degradation or by external inter-
ferences. A methodology is proposed to quantify the risk of external SCC during
engineering phase. A case study exemplification [3], is presented using the Baltic
Sea sediments environmental data recovered by bibliographic sources.

In order to assess the most reliable design value of H,S concentration and pH for
pipeline design, representative distribution functions for both pH and H,S concen-
tration in seabed mud are found. On this basis, the external environment seen by an
hypothetical pipeline as been classified following the NACE/ISO15156 [4],
approach as “susceptible to sulphide stress cracking”. In this code the critical
level of hydrogen sulphide for SSC is defined in terms of concentration or partial
pressure of hydrogen sulphide and pH.

The application of the proposed methodology leads to “a ready to use” con-
siderations for a pipeline project. In detail, using the collected literature data
characterizing the sediment mud of major areas in the Baltic Sea, H,S concentration
and pH were used to construct a cumulative distributions of H,S concentrations and
pH. A 2-parameter (for H,S concentrations) and a 3-parameter (for pH), Weibull
distributions show a reasonably good fit with the available data points.

From the selected Weibull distributions is possible to evaluate the probability that
the pipe will actually see an external environment able to promote SSC phenomena.
The approach is to apply a Monte Carlo statistical method to calculate the probability of
having a sour environment. Once the steel material has been tested and proven resistant
to such environment it is possible to state that SSC susceptibility is related to the
probability of an external environment to exceed the target test condition. Following
the NACE/ISO 15156 framework, which correlated the severity of the sour conditions
on a pH — H,S partial pressure plot, see Fig. 2, it is possible to measure the exceeding
probability of an environment worst than the target point using the following criteria:

e rectangular criteria,
¢ SSC bound translation criteria.

“Rectangular criteria” takes into account the probability that the case study
environment shows a pH or a H,S partial pressure “worse” than the “target test
point”. This criteria consider pH and H,S critical concentration independently to
each other: if single parameter exceeds the target test point the environment
condition is assumed more severe of target point (Fig. 1).

Following the physical meaning of SSC Region Classification NACE/ISO 15156
[4], “SSC bound translation criteria” defines a new reference line parallel to the
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Baltic sea - SSC regions of environmental severity-1SO 15156-2:2003
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Fig. 2 SSC environment severity — rectangular criteria
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Fig. 3 SSC environment severity — SCC region bound translation criteria

SSC Region 1/SSC Region 2 bound-line for each target test point. Considering the
new reference line, the probability that the case study environment is worst than the
target point is calculated by counting point (the couple of pH and H,S partial
pressure) “worse” than i.e. under the new reference line, see Fig. 3.

The “SSC bound translation criteria” is considered more rational because its link
the physics of the problem (being based also on the experimental evidence) and also
still conservative.

Randomization analyses with a classical Monte Carlo approach was used.
Statistical uncorrelated sampling of H,S concentration and pH data from their
statistical distributions were made and then plotted in the ISO framework.
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On these bases the case study environment shall be considered as “mild sour”
(i.e. Region 1 of ISO15156 framework) with a frequency of 56%, and therefore it is
necessary to qualify the steel material for Region 1. At the same time, the “target test
points” have been assumed as the same percentile value for pH and H,S concentration
distributions, i.e. 90, 95, 99, 99.9 and 99.99. Note that it is a conservative approach,
because the minimum percentile value of pH is linked to the maximum value of H,S.

The application of a “SSC region bound translation criteria” unless the more
conservative “rectangular criteria” presented above, leads to the following results.

A conservative target test conditions can be assumed (Table1): i.e. a H,S
concentration of 850 ppm and pH of 5.9, safely representative of 99.99% percentile
of the Baltic Sea environment, see Fig. 4.

If a pipeline steel material is tested and proven resistant to such environment, the
residual probability of SSC susceptibility is equal to the joined probability for a
pipeline of a bare metal surface exposed to a seabed mud with a “sour condition”
worse than the test condition. In this case study the calculated probability is only
107®to 1077, This means that the frequency to find a bare steel surface exposed to
sour environment able to active SSC phenomena is less than 10~ events/pipeline/
year, acceptable for DNV rules [5].

Table 1 Target test point
Target test points

Percentile 90 95 99 99.57 99.9 99.99
H,S (ppm) 123 177 320 405 562 837

pH 6.97 6.83 6.55 6.41 6.19 5.87
Out of range probability 37E-02 1.0E-02 4.7E-04 1.0E-04 1.0E-05 <I1.0E-6

(“SSC region bound
translation criteria’)
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Fig. 4 Comparison between different criteria for SSC Baltic Sea environment severity
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S Operation of Interfield Networks

Operating a pipeline requires an understanding of the purpose of the pipeline, how
the pipeline was designed and constructed, the codes and standards that govern the
operation, the operational history of the pipeline, and the pipeline’s current status.
It also requires a good knowledge of pipeline engineering and many other related
fields, such as corrosion control, automatic control, fluid mechanics, structural
engineering, machine maintenance, etc.

Therefore, it takes engineers and technicians of different disciplines and training
working together as a team in order to keep a modern pipeline system running and
maintained in good condition. Unqualified operators and/or inadequate training
often result in improper operation of the pipeline and damage to the system, or
frequent unscheduled shutdown. The use of modern computers and automatic
control system has greatly decreased the number of technical personnel needed to
run a pipeline system; however the knowledge and training required by the techni-
cal personnel who run a pipeline have been increasing steadily.

How to operate a given pipeline system depends on the purpose of the pipeline.
All the operational strategies and details must be designed to achieve this purpose.
The strategy is normally planned around a set of operational parameters such as the
discharge through the pipe, mean velocity, temperature range of the fluid trans-
ported, maximum and minimum pressures at various locations along the pipe, pump
speed and head, valve closing speed, etc. These operational parameters are deter-
mined not only by the original design but also by the changing pipeline condition
e.g. production and market demand. This shows that the operational strategy and
parameters that govern a pipeline may change with time, and the current situation
governs the ongoing operation of the pipeline.

The set of operational parameters and their relevant allowable ranges are the
results of multidisciplinary complex studies designed to ensure safe, uninterrupted
and optimum productivity in oil and gas streams. For an export line, these studies
ensure system integrity and transport capacity under both routine (steady and
transient states) and emergency conditions. For a flow line, another issue has to
be considered i.e. to prevent pipe blockage.

Flow assurance is a multidisciplinary process to guarantee successful and eco-
nomical flow of hydrocarbon stream from reservoir to the point of sale along the
complete operating life of the production system and considering all the potential
operating conditions (steady state, transients and possibly emergency). Understand-
ing the concept helps to ensure that any development plan, from exploration
through abandonment, is technically viable and designed for optimal operations
throughout the field’s life. Besides network modelling and transient multiphase
simulation, flow assurance involves effectively handling many solid deposits, such
as, gas hydrates, asphaltene, wax, scale, and naphthenates.

Bespoke software and commercial multiphase packages are available to execute
flow assurance projects and engineering the flow of oil, water and gas in pipelines
and receiving facilities. These include PVT packages for fluid modelling and
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characterization (e.g. reservoir fluid phase behaviour, hydrate, wax, and asphaltene
precipitation and deposition, water chemistry and inorganic scales, rheology of
produced fluids and rock-fluid interactions), as well as simulation software for
steady and transient multiphase flow simulation.

Internal corrosion processes depend on the service of the pipeline. The main
mechanisms are sweet corrosion caused by the presence of carbon dioxide, sour
corrosion caused by hydrogen sulphide, and microbiological corrosion resulting
from the activity and growth of sulphate-reducing bacteria (SRB) in the pipeline.
A detailed description of each mechanism is provided in [6]. The prevention of
corrosion requires attention throughout the life cycle of the pipeline, from design
(selection of materials adequate to the transported fluid and/or the definition of a
corrosion allowance thickness, and treatment of transported fluid for an export-line
only) to operation (corrosion status monitoring). Due to the huge economic impact of
corrosion, recent studies indicate a cost of corrosion of about 3—4% of PIL in the more
industrialized countries [7], a huge work has been made by Majors, on the modelling
of the internal corrosion phenomenon to provide a reliable corrosion rate prediction.

The leakage or rupture of a petroleum-product pipeline poses a threat to both the
environment and public health due to the pollution of surface water, ground water,
and/or soil. For natural gas pipelines, the greatest threat is property and life lost
from explosion and fire resulting from pipeline leaks or rupture due to the highly
flammable nature of natural gas.

5.1 Corrosion Management

Different oil companies and research institutions have developed a large number of
prediction models, mainly focusing on CO, corrosion of carbon steel in oil and gas
wells and pipelines fully or partially described in the literature. Several models have
been developed mainly based on empirical correlations with laboratory or field
data. Some other models were built based on a strict mechanistic analysis of the
various processes involved in the corrosion mechanism. Commonly used CO,
corrosion models are the De Waard and Milliams [8] and [9], the De Waard et al.
[10] and the Norsok M-506 [11].

It is seen that different parameters are used as inputs and the number of the
required ones varies considerably from model to model [12]. An overview of the
parameters treated in the various prediction models includes operating temperature
and pressure, flow rates, CO, and/or H,S mole fraction in the gas phase, measured
or calculated pH of condensed and/or formation water, bicarbonate concentration in
the water phase, total ionic strength in the water, inhibitor efficiency, glycol
concentration in the aqueous phase and so on.

As an example, the De Waard et al., [9], predicts corrosion rate due to CO, as a
function of operating conditions and acid gas molar fraction:

1710
t+273

Log(CR) =5.8— +0.67 - Log(pCO,) (1
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Where pCO,is the CO, partial pressure and t the fluid operating temperature.
Several corrective factors have subsequently been added to the former equation
to take into account the effect of the total system pressure, high temperature, pH,
glycol and/or inhibition and water wetting.

For multiphase pipelines the variation in flow regime, liquid flow velocity, water
wetting and temperature along the pipeline will have a large effect on the prediction
of pipeline corrosion. Most of the models take limited account for multiphase flow
effects, and some of the models require separate fluid flow calculations. Many of
these models take flow-related parameters like liquid velocity or water, oil and gas
production rates into account. However, most of the models are point models, i.e.
they can only be used to predict the corrosion rate at a given location in a well or
pipeline where the temperature, pressure, water chemistry and flow conditions are
specified. The models either take liquid velocity as input or assess the flow effect on
corrosion by a simplified fluid flow calculation in a point.

In the application of the internal corrosion models, a remarkable uncertainty on
the previsions is evident, see Fig. 5, due to the complexity of the phenomenon as
pipelines are usually afflicted by a combination of degradation modes (microbially
induced corrosion, oxygen corrosion, etc.), the difficulty in modelling the interac-
tions among different corrosive species such as CO, and H,S, and the difficulty in
obtaining reliable input parameters. The high spread in previsions also reflects the
different philosophies used in models development [13, 14].

In details, different prediction models for CO, corrosion of carbon steel have
been evaluated in two Joint Industry Projects, JIP, carried out at the Institute for
Energy Technology, IFE, in Norway [13, 14]. The corrosion models have been run
with a series of test cases in order to examine the sensitivity of the different models
to input parameters such as temperature, water chemistry and flow velocity. Field
data with actual corrosion measurements have been gathered from the companies
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Model
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Ratio predicted/measured corrosion rate

Fig. 5 Previsions (discouraging) of corrosion rate (mm/year) [15]
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participating in the projects. The corrosion models have been run for the actual field
cases and the predicted corrosion rates have been compared with the actual
measured corrosion rates.

The projects have demonstrated that it requires much time, effort and patience to
collect reliable corrosion field data from oil and gas production systems, and that
the chances of obtaining good field data are increased if the required parameters are
not over-specified. Moreover, very different results are obtained when the models
are run for the same test cases. The corrosion models have very different
approaches in accounting for oil wetting and the effect of protective corrosion
films, and this seems to account for much of the differences in behaviour.

5.2 New Engineering Approach

We are currently developing an engineering procedure covering internal corrosion
of flow lines containing CO,, H,S and/or O, together with liquid water containing
corrosive species, microorganisms that may influence corrosion and solids such as
deposits or scale. The aim is to obtain an assessment of corrosion rate associated to
a measure of variance that considers the uncertainty on the input parameters.

The prediction of corrosion rate resulting from this new engineering approach,
involves to combine fluid flow models and corrosion models into a single package
as fluid dynamics i.e. flow regime, liquid flow velocity, water or oil wetting,
governs the initialization and development of the corrosion phenomenon. In order
to perform a corrosion evaluation for a specific well or pipeline it is therefore
necessary to first perform a fluid flow simulation with a separate fluid flow model
and then use the results from this simulation as input for running corrosion models
in the well or pipeline.

The procedure consists of three separate phases:

¢ flow assurance analysis to locate where it is most likely corrosion problems may
occur and relevant corrosion mechanisms identification,

¢ use of advanced engineering tools to manage parameters and models uncertainties,

e use of corrosion model prediction in the integrity assessment.

6 Flow Assurance and Relevant Corrosion
Mechanisms in Critical Locations

In the first phase, it is required to collect and then organize in as detailed of manner
as possible, all existing, relevant, essential, historic and current operating data about
the pipeline segments and/or regions relevant to corrosion distribution.

The types of data collected are typically available in design and construction
records (e.g. routes, material, flow rates, design pressures and temperatures, and
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microstructure), operating and maintenance histories, corrosion survey records, gas
and liquid analysis reports, and inspection reports from prior integrity evaluations
or maintenance actions.

Then, calculations are performed using steady and transient multiphase flow
simulation software, such as OLGA®, to determine flow regimes and hold-ups in
order to prioritize locations along a pipeline for susceptibility to and severity of
corrosion damage. In fact as the operating conditions vary along the route, the
engineering of the fluid flow has the benefit to predict the flow regime along the
pipeline which is used for the prediction of oil or water wetting of the pipe wall
moreover, pressure, temperature, liquid flow velocity, wall shear stress an so on, are
used in the corrosion rate calculations i.e. as input parameters of the available
corrosion models. The factors contributing to the distribution of corrosion within
each flow regime are identified and the locations of different corrosion damage
severity are predicted (e.g. deposits of formation and/or condensed water, high flow
velocities, etc.).

As corrosion rate conditions are variables not only in space but also in time,
significant variations in time of main input parameters are identified and simula-
tions are repeated for each time interval, see Fig. 6. Samples of in field tests, (on the
left) in field cells where artificial low pH environment is reproduced and strain
gauges on mechanical damage, (on the right)

In each identified point, the conditions, corrosion rate depends on, can be
different. A probability of occurrence is calculated for each corrosion mode in
each critical location and point in time. The most probable development mode is
selected as input, as well as other potential (second in ranking). For the corrosion
mode identified as most likely to occur in each location and point in time, corrosion
rate is predicted by relevant openly available models considered not as determin-
istic correlations but as probabilistic functions since despite what we often think,
the input parameters are not deterministic quantities i.e. quantities which are
perfectly known but are random variables with an associated probability mass
function and cumulative distribution function. So corrosion rate itself, CR, as a
function of random variables, X;, X», . .. Xk can be described as a random variable:

CR = f(X;,Xa,.... X) )

In applying the developed/available formulas, a preliminary assessment is car-
ried out to evaluate the sensitivity of the different models to input parameters such
as operating pressure and temperature, water chemistry and flow velocity in order to
identify the most critical ones i.e. to show the ones for which obtaining reliable
values is most important. A multivariable regression technique is applied to rank
the input parameters and establish which have a greater influence on the prediction
of the corrosion phenomenon i.e. to assess the weight to be associated to an input
change. As the accuracy of the corrosion rate predictions is limited by the quality of
the input data, the most critical input parameters are considered as random variable
with an associated probability mass function in order to consider the uncertainty
relevant to their true value.
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Fig. 6 Analysis of fluid dynamics, production, geometry, transported fluids, etc. along lifetime
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Moreover, in order to estimate how corrosion predictions vary as a function of
input changes i.e. to assess the uncertainty of the previsions, a statistical analysis is
carried out by means of Monte Carlo and Rosenblueth methods [16].

The Monte Carlo method is a simulation technique used to generate some results
numerically without actually doing any physical testing. Defined the probability
distributions of the main parameters, the simulation technique generates samples of
numerical data which allow to assess the cumulative distribution function, CDF, of
the function of random variables as indicated in Fig. 7.

The Rosenblueth’s 2k + 1 point estimate method provides an estimate of the
mean, Y, and coefficient of variation, Vy, of a function of random variables
Y = {(X4,Xs,...,Xk) by evaluating the function at 2k + 1 key points where k is
the number of the input parameters, as indicated below:
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Random Variable:
¢ pressure (normal);
* temperature (normal);
¢ CO,% (normal);

e HCO, (normal).

10000 samples

average (mm/year) 2.26
standard deviation 0.30
coefficient of variation 13.2%

Fig. 7 Assessment of the cumulative distribution function of a function of random variable
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7 Corrosion Prediction Vs. Parameters
and Models Uncertainties

The second phase of the procedure applies advanced engineering tools i.e. artificial
neural networks, ANN, with the aim of obtaining an improved prediction of the
internal damage along the pipeline route.

The artificial neural network is a parallel distributed process, PDP. It consists of a
pool of simple processing units which communicate by sending signals to each other
over a large number of weighted connections. Commonly, neural networks are
adjusted, or trained, so that a particular input leads to a specific target output, see Fig. 8.

Designing a neural network consists of arranging neurons in various layers,
deciding the type of connections among neurons for different layers, as well as
among the neurons within a layer, deciding the way a neuron receives input and
produces output and determining the strength of connection within the network by
allowing the network to learn the appropriate values of connection weights by using
a training data set. The process of designing a neural network is an iterative process.
The developer must go through a period of trial and error in the design decisions
before coming up with a satisfactory design. The design issues in neural networks
are complex and are the major concerns of system developers [17, 18].

Neural networks are sometimes called machine learning algorithms, because
changing of its connection weights (training) causes the network to learn the
solution to a problem. The strength of connection between the neurons is stored
as a weight-value for the specific connection. The system learns new knowledge by
adjusting these connection weights.

The learning ability of a neural network is determined by its architecture and by
the algorithmic method chosen for training. The training method usually consists of
unsupervised learning (the hidden neurons must find a way to organize themselves
without help from the outside) or reinforcement learning (the connections among
the neurons in the hidden layer are randomly arranged, then reshuffled as the
network is told how close it is to solving the problem) or back propagation. The
last one method is proven highly successful in training of multilayered neural nets.
The network is not just given reinforcement for how it is doing on a task. Informa-
tion about errors is also filtered back through the system and is used to adjust the
connections between the layers, thus improving performance [19].
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Neuron 1

Neuron k

Yk

Fig.8 The basic components of an articial neural network (on the left) and the parallel distributed
processing (on the right)

In this proposed engineering procedure, the ANN is a feed forward network with
a single hidden layer of sigmoid neurons followed by an output layer of linear
neurons as multiple layers of neurons with non linear transfer functions allow the
network to learn non linear and linear relationship between input and output
vectors. The linear output layer let the network produce values outside the range
0to +1.

A back propagation rule has been chosen to train the ANN based model. The
network weights and biases are updated in the direction in which the performance
function decreases most rapidly. One iteration of this algorithm can be written:

Wnt1 = Wp— Bn “ 8 (5)

Where w, is the vector of current weights and biases, g, is the current gradient and
B, is the learning rate. A batch training mode has been chosen i.e. the weights and
biases of the network are updated only after the entire training set has been applied

www.iran—mavad.com

Slgo wigo ole @2 40



146 M. Gentile et al.

to the network and a mean squared error, mse, as performance function. To avoid
the network memorizes the training example i.e. for improving generalization, a
regularization technique is applied as well as preprocessing of the network inputs
and targets.

In details, the artificial neural network is trained by field data and experiences
made by competent groups, introduced using developed/available formulas (mod-
els). The predictions provided by the learned models are combined with the aim of
forming an improved estimator:

(X) =2 o fi(X) (6)

where o; is the coefficient or weight of the prediction provided by the ith learned
model, f;.

A combining strategy must be able to robustly handle the inherent correlation, or
multicollinearity, of the models while identifying the unique contributions of each.
A high degree of correlation is expected because the available formulas are
attempting to perform the same prediction task i.e. an assessment of the corrosion
rate. Correlation reflects the amount of agreement or linear dependence between
models when making a set of predictions. The more the models agree, the more
correlation, or redundancy, is present. Another issue in combining the predictions
of learned models is detecting each model’s unique contribution to predicting the
target outcome. Models generated using different learning algorithms are more
likely to make such contributions. A good combining strategy must be able to
weight each model according to its unique contribution. An approach based on
Principal Components Regression, PCA, is applied to find weights for the devel-
oped/available formulas with low prediction error, without discarding any of the
original models, and without being subject to the multicollinearity problem [20].

The incorporation of prior knowledge into neural networks can improve neural
network learning in several respects, for example, a faster learning speed and best
generalization ability. However, neural network learning is data driven and there is
no general way to exploit knowledge which is not in the form of data input-output
pairs. A technique, which integrates a priori knowledge and ANN modelling, is
applied to generate augmented training data set from the field data measurements
and to impose correct behaviour on the ANN model i.e. to condition the ANN
model [21]. The calibration of the previsions on the basis of detailed and qualified
field measures as well, is necessary as, the models, in general, have a built-in
conservatism and they probably over-predict the corrosion attack significantly for
many cases.

At the end of the training phase, the ANN based model is applied to assess
corrosion rate applied across the specific locations previously identified, using the
experiences maturated in the industry (e.g. the proposed models) and calibrating the
previsions on the basis of detailed and qualified field data, as well.

To sum up, as the quality of the input data has a major impact on the reliability
of the predicted corrosion rates, and the complexity of acquiring good field data
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Fig. 9 Application of an Artificial Neural Network based model

is often not fully appreciated, a measure of the variance is associated to input
parameters such as pressure, temperature, acid gas, etc., in assessing the corrosion
rate by the openly available CO, models, both during the training and application
phases of the ANN base model, providing in output a prediction of corrosion rate
with an associated measure of variance, applying an ANN based model, see Figs. 9
and 10.

8 Rationale Use of Corrosion Model Prediction

Finally, in the third phase an analysis of results and a prevision of corrosion rate
along lifetime is carried out adding up in each identified critical point, the partial
corrosion rate due to certain operating and morphology conditions, see Fig. 11.

Along a pipeline temperature, pressure, flow velocity and flow regime vary.
Predicting the behaviour of the fluid flow allows to identify the locations, along the
transport system, where it is most likely that corrosion problems may occur.
Moreover, the flow regime prediction from a flow model is used for the prediction
of oil or water wetting of the pipe wall whilst pressure, temperature, liquid flow
velocity, wall shear stress an so on, are used in the corrosion rate calculations.
In operating a pipeline it shall be taken into account that pipelines are subjected to
loads and environmental effects which may cause them to become degraded with
the passage of time. Degradation has a variety of causes, including corrosion,
mechanical damage, fatigue, and stress corrosion cracking. All pipeline operators
are well aware of this, and the prudent operators have active programs to mitigate
deterioration and to remediate defective pipe.

Moreover, the procedure has the benefit to identify the most probable mecha-
nism of internal damage in each critical location along the pipeline route and point
In time.
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Fig. 10 Statistical analysis of the ANN prediction

Summarizing, the suggested procedure provides an assessment of corrosion rate
with a measure of confidence linked to both model the input parameters uncertain-
ties along lifetime that allows to:

e identify corrosion mechanisms with their probability of occurrence in each
critical location and point in time,
e assess the development of corrosion along the pipeline over time.
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Fig. 11 Analysis of results and prevision of corrosion rate along lifetime

In this way, the significant uncertainty in the models for corrosion prediction is
in some way mitigated and an assessment of the extent of corrosion, defect depth
and length, provided. As the wall thickness of a steel pipe is the most relevant
parameter affecting the pipe capacity to withstand the combined loads imposed
during installation and under operating conditions i.e. internal (bursting-pressure
containment failure mode) and/or external pressure (collapse) pipeline, the results
provided by the suggested engineering procedure may be applied in the integrity
assessment, detailed described in the next paragraph.

9 The Integrity Assessment

The corrosion rate prediction is a difficult task due to significant uncertainties and
variability’s in flow characteristics, pre-existing conditions, corrosion resistance. . . .
Usually a reliability analysis is the most appropriate approach to rationally investi-
gate the matter, allowing to also considering the uncertainties in the applied
pressure/loads and material resistance parameters.

Pipeline integrity monitoring includes a variety of measures taken to monitor the
condition of the pipeline including its immediate environment, in order to deter-
mine or head off damage to the pipe and its associated equipment, maximize the
efficiency and safety of the pipeline, minimize potential accidents and service
interruptions due to pipeline neglect, and safeguard company and public interests.
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A partial list of measures that should be involved in pipeline integrity monitoring
includes leak detection, inspection pigs, visual and underwater inspection of pipe
exterior, and checking of pressure regulators and pressure-relief valves.

In the analyses, the extent of corrosion, defect depth and length, is the major
variable. The first step is to perform a screening on the criticality of the line to
corrosion, utilizing the most accurate model for corrosion available. In this way, the
significant uncertainty in the models for corrosion prediction are in some way
mitigated, getting a preliminary screening on the attention it has to be paid to the
pipeline. The various operating condition occurred (or expected) in the pipeline life
are considered and the corrosion rate can be calculated along the pipeline, defining
the location of the most critical points.

Unfortunately, the uncertainties in the models for the prediction of corrosion rate
do not allow to be enough confident on the obtained results. The scatter in the
models often cover all other sources of uncertainty, e.g. internal pressure, wall
thickness, temperature, steel yield strength, fluid composition. In order to improve
the prediction accuracy of the models, experimental checks and comparisons are
necessary. Two different ways can be used:

¢ intelligent Pig Run, in the pipelines where this is feasible, and when the safety
resulting from the reliability analysis results lower than target allowable values.
Uncertainties related to measurements of remaining wall thickness in an intelli-
gent Pig run are low, allowing to accurately estimate the corrosion rate along the
specific pipeline. On this basis, the models for corrosion estimate can be
calibrated and, hopefully, extending the gained know how on the phenomenon
to similar pipelines (may be not piggable). A Pig run along a single pipeline
provide a huge amount of data that can be used to train ANN avoiding un
necessary inspection activities. For the pipeline effectively suffering of relevant
corrosion phenomenon, at the end the Pig run it is possible to calculate the safety
level of the pipeline at any required location, identifying any location of the
threatening corrosion defect. Then it is possible to intervening, restore the
required safety level for the pipeline,

e check the extent of corrosion in some specific location, the worst according to
the prediction model, in order to improve model accuracy. This approach is
usually applied in the not-piggable pipeline, as the definition of the worst
location for corrosion is quite difficult and rarely it is possible to obtain a
definitive answer on the safety of the pipeline. More reliable failure estimate
are obtained in case similar pipelines have been inspected with intelligent pig,
obtaining the corrosion rate for operating conditions close to the ones under
analysis. In any case, for not piggable pipelines, risk analyses are performed,
combining the failure estimations with the consequences of any leak or failure.
These analyses give the ultimate word upon the operability of the pipelines.

A first requirement for the definition of minimum wall thickness is the contain-
ment of internal pressure. Onshore and shallow water pipeline have to be designed
to resist against bursting, internal pressure is the most important load. In these cases
several pipeline standards give recommendations and criteria for assessing the
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serviceability and integrity of corroded steel pipe sections [22—25]. In particular, in
[5], partial safety factors have been calibrated to ensure a target safety level.

Actually, for ultra-deep water conditions, failure modes related to the external
pressure, the predominant load, are more relevant than bursting: design checks
against cross section collapse and propagation buckling under external pressure
alone, and ovalisation buckling under combined bending, axial and external pres-
sure loads, are the relevant ones. Study on the behaviour of corroded pipelines
under external pressure and/or combined loads are not so readily available neither
standardized.

The failure mechanisms of pipes with corrosion defect subject to combined load
condition i.e. internal pressure, axial force and bending moment, depend on several
parameters i.e. steel pipe diameter, pipe diameter to thickness ratio, pipe segment
length to diameter ratio, stress-strain relationship (yield stress, ultimate stress and
uniform elongation), steel axial force (generally normalized with the yield axial
force), internal pressure (generally normalized with the yield internal pressure),
pipe initial ovalisation, pipe initial curvature, girth weld characteristics (residual
stresses, pipe misalignment at the joint, change in material properties in the heat
affected zone, HAZ, and pinching deformations that arise at the weld from the
thermal contractions and contribute to the initial pipe deformations), corrosion
defect location with respect to the loads, corrosion pattern (simple, multiple and
interacting metal losses) and metal loss dimensions i.e. corrosion depth to pipe
thickness ratio, corrosion length to pipe diameter ratio and corrosion width to pipe
diameter ratio.

Numerical studies and experimental tests have been performed in the last 15
years aiming to investigate the failure mechanisms and quantify design criteria and
equations for pipeline subject to external/internal pressure combined with steel
axial force and bending moment.

FE models such as ABAQUS®, calibrated by experimental tests may be devel-
oped and used to quantify the strength and deformation capacity, to analyse the
failure mechanisms and limit loads of pipe subjected to combined loads with single
corrosion and interacting defects [26, 27].

Figure 12 shows the typical failure mechanisms/modes of intact and corroded
pipes subject to internal pressure. An outward bulge failure mechanism develops
for the intact pipe, see Fig. 12a. By contrast, for the corroded pipes, the localised
bulge and tear developed in the region where failure occurs is less visible than for
the intact pipe, mainly because of the lower strain energy level stored in this tube
before failure, see Fig. 12b. The failure modes for intact and corroded pipes under
external pressure are shown in Fig. 13. The corrosion patterns on the pipe surface
(width, depth and location of the corrosion defect) affect the collapse behaviour and
the deformation shape during and after failure.

The FEM analyses may be linked to a probabilistic assessment in order to
determine the reliability of the pipeline system considering all the relevant uncer-
tainties in the major parameters e.g. extent of corrosion defect due to the model
used in the prediction (large scatter) and/or accuracy of the pig instrumentation tool
(small scatter), yield stress, axial strain, bending moment, etc. To be noted that the
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Intact pipe

Corroded pipes

Fig. 12 Typical failure mechanisms of intact (a) and corroded (b) pipes subject to internal
pressure

accuracy relevant to FE models has to be included in the reliability assessment and
that the probability functions associated to input parameters (random variables) can
play a major role in the resulting failure probability.

10 Conclusions

High pressure transportation of large volumes of natural gas, i.e., with an inlet
pressure greater than 10 MPa, makes the gas pipeline option competitive over long
distances, both cross-country and offshore. The adoption of high grade steels can
extend the breakeven distance, at which the cost per thermal unit is competitive in
the end users’ market. Cross-country pipeline operators, initially reluctant to high
pressures, are presently planning large volumes of gas transportation over long
distances, requiring large diameters; and thick pipe walls, met by increasing the
steel grade. At present, offshore pipelines, whether in deep or shallow waters or
across mild or rough sea beds, can pose an alternative to onshore projects, poten-
tially reducing transit fees, a significant component of cost for end users. Offshore
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Fig. 13 Typical failure mechanisms of intact and corroded pipes subject to external pressure.
Symmetrical Collapse Modes: (a) Flat Mode; (b) Ul-Mode; (¢) U2-mode; (d) “Pear”’-mode;
(e) U3-mode

routes can also help strategically, ensuring the security of supply across politically
unstable regions by reducing asset vulnerability. Projects in water depths of
3,000-3,500 m are now being considered and so the offshore industry is called to
solve demanding material and line pipe challenges; develop new and reliable
installation technologies for ultra deep waters and difficult seabeds; improve the
engineering prediction of in-service behaviour over the entire design lifetime;
identify the suitable technological measures to tackle environmental hazards typical
to ultra deep waters; and to move the already advanced tools for inspection and
integrity management technology to increasing water depths.

The relationship between the hydraulic regime of the basin and of the nature of
seabed sediments, may be a factor in the selection of the steel proprieties (clean to
sour) and field joint integrity as well.
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The integrity of interfield network, throughout their operating lifetime, is an
important area for operators to consider in maximizing reliability and serviceability
for economic, contractual and environmental reasons. Many relevant improvements
have been performed in years, but models for corrosion estimates still have many
uncertainties and significant expertise is required to manage the issue. The proposed
engineering procedure, introducing a measure of variance both in input parameters
and corrosion rate prediction, may allow to mitigate, the significant uncertainty in
the models for corrosion prediction and provide an assessment of the extent of
corrosion, defect depth and length. Pipeline integrity monitoring includes a variety
of measures taken to monitor the condition of the pipeline including its immediate
environment, in order to determine or head off damage to the pipe and its associated
equipment, maximize the efficiency and safety of the pipeline, minimize potential
accidents and service interruptions due to pipeline neglect, and safeguard company
and public interests. A partial list of measures that should be involved in pipeline
integrity monitoring includes leak detection, inspection pigs, visual and underwater
inspection of pipe exterior, and checking of pressure regulators and pressure-relief
valves.
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Protection for Natural Gas Installations
Against the Corrosive Effect of Mercury
by a Chemical Nickel Coating

C. Fares, A. Merati, M.A. Belouchrani, and A. Britah

Abstract Aluminium in contact with mercury is degraded by amalgamation. This
phenomenon is of interest in LNG (Liquefaction of Natural Gas) operations. Where
the mercury — either contained in natural gas or from other sources — may be
introduced into the system and come into contact with equipment made of alumin-
ium or aluminium alloys (for example, cryogenic exchangers, LNG storage tanks
and cargo tanks). Various methods to remove mercury from gas streams are used to
trap mercury upstream installations in question by the means of specific absorbers.
However, this trapping is not total, and corrosion by mercury even with the state of
traces always threatens. In this context, and for the intention of preserving these
installations even in the presence of corrosive metal, we recommended a solution
which consists in applying a metal chemical nickel coating using the sodium
hypophosphite like reducer.

1 Introduction

Liquefied Natural Gas (LNG) is simply an alternative method to transport methane
from the producer to the consumer. Methane (CH,) gas is cooled to —161.5°C,
converting its gaseous phase into an easily transportable liquid whose volume is
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Fig. 1 External and interior sight of the exchanger

approximately 600 times less than the equivalent volume of methane gas. It is
usually stored and moved at cold temperatures and at low pressures.

The LNG plant in Algeria has adopted the Air Products Pre-Cooled Mixed
Refrigerant (MCR) process that uses propane to pre-cool the processed gas,
then a mixed refrigerant consisting of Nitrogen, Methane, Ethane and Propane
to liquefy and sub-cool the processed gas into LNG. The second two stages
use the Air Products (A-P) proprietary Main Cryogenic Heat Exchanger
(MCHE) unit, which is built directly by A-P [1, 2]. It consists of aluminium
tubing in a spiral wound configuration around a stainless steel core, they have
a length of 60 m and diameters interior and out-side, respectively of 14 and
16 mm. A simple exchanger can include roughly 20,000 tubes. An example is
shown in Fig. 1.

LNG operation requires gas to be cooled to very low temperatures; care must be
taken to remove all impurities, water vapour, hydrogen sulphide, carbon dioxide,
nitrogen and mercury from the gas stream at processing plants.

However, the quantity and the flow of the treated gas, which are about
277.000 m>/h cause the mercury not to be retained completely by the upstream
installation absorbers containing activated carbon impregnated of sulphur [3].
If mercury is present in the liquid form (e.g. during process interruptions or plant
shut down) it can do catastrophic damage to the aluminium heat exchangers in LNG
plant [3—12].

In the natural gas, mercury at relatively low concentrations can concentrate in
the cryogenic distillation process and can degrade the aluminium materials by three
basic mechanisms [13]:

e Amalgamation: is the process by which mercury forms liquid solutions with
aluminium metal. There is increased risk of mercury damage if under thermal,
mechanical stress or some chemical environments, the Al,O3 protective surface
oxide cracks.

www.iran—-mavad.com

Slgo wigo ole @2 40



Protection for Natural Gas Installations Against the Corrosive Effect of Mercury 159

e Amalgam corrosion: is the combined action of mercury and moisture producing
a corrosion process that propagates with miniscule amounts of mercury. The
reaction is:

Hg + Al — Hg(Al)amalgam (1)

Hg(Al) + 6H,0 — AlLOs - 3H,0 + H, + 3Hg )

e Small amounts of aluminium can dissolve in liquid mercury, diffuse to the
mercury—moist air interface, and then rapidly oxidize. Since, oxidation removes
aluminium from the mercury, further aluminium can dissolve, and the process
can continue until the aluminium is completely converted to oxide.

e Liquid metal embrittlement (LME): LME of Al alloys by mercury is one
example of a generic phenomenon in which many metals are embrittled by
certain liquid metals [14-20]. LME is generally much more severe than other
embrittling processes, such as hydrogen embrittlement or stress-corrosion crack-
ing, and once cracks have initiated, very rapid sub-critical cracking can occur
even at low stresses (stress-intensity factors). Mercury induced LME in alumin-
ium alloys leads to intergranular cracking and potentially very widespread
damage in heat exchange manifolds.

The solution exposed in this work, to protect aluminium from mercury attack
consists to operate directly on the aluminium tubes by the application of a metal
coating. Several techniques are offered for the realization of metal coatings; the
chemical method is characterized by its simplicity, the homogenous of deposit
thickness and the possibility to cover complex parts [21-24]. In the preventive aim
against corrosion, the autocatalytic coatings of chemical nickel are frequently used
in the surface treatment field.

2 Experimental Procedure

The reaction which governs the deposition in chemical or electrolytic process is the
same (reaction (3)). The difference lies in the source of electrons exchanged in this
reaction.

In electrodeposits, these electrons are provided by a current external source, in
the other case, their provisioning is ensured by the oxidation of chemical species
introduced into the plating bath. When the substrate to be covered oxidizes, the
method is said by displacement, whereas the oxidation of a form reduced in solution
defines the method called by reduction (Fig. 2) [21-24].

The reducer used in this study is the sodium hypophosphite. The deposition of
nickel directly on aluminium gives uniform but not adherent deposits, for this, the
realization of intermediate fixing coat between the substrate and the nickel deposit
was essential. After several test, nickel deposited by displacement technique was
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Mm+n + ne~ — M; (3)

Electrolyse

A metal ionizes Generator of A metal oxidizes
My & Myt + ne” current Red <> Ox + ne—

Fig. 2 Diagrams of supply electron

Fig. 3 Metallographic cut of a nickel deposit (S.E.M.): (a) Thickness distribution, (b) Surface
distribution of the grains

selected as under layer. The external coating of nickel was elaborated during 1 h at
80°C. In this case, the thickness is about 17 um [24]. The microscopic observation
shows that the deposits surfaces are marked by the presence of spherical grains,
whereas, the thickness is dependent on a uniform distribution as shown in Fig. 3.

3 Behaviour Study Against the Mercury Corrosive Attack

The elaborated coatings improve generally the aluminium corrosion resistance in
saline medium. In this case, the objective is to study the influence of mercury on the
behaviour of substrates covered by autocatalytic nickel. The tests carried out consist
to follow the free potential evolution according to time and to establish potentio-
dynamic curves after 1 h of immersion in acid solutions containing different
mercury nitrate concentrations (300, 500, 700 and 1,000 mg/l). The results
obtained, for immersions of about 30 min, indicate that the aluminium without
deposit presents a strong sensitivity to the mercury corrosive attack (Fig. 4).
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Fig. 4 Potentiodynamic curves after 1 h of immersion of aluminium without deposit, in acid
solutions containing different mercury nitrate concentrations
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Fig. 5 Potentiodynamic curves of coated aluminium, in acid solutions containing different
mercury nitrate concentrations

Whereas, those obtained for coated samples show that the free potential rises
with the mercury nitrate quantities and their behaviour becomes similar to the no
coated one at the concentration of 1 g/l. the current densities decrease slightly with
the concentration increase (Fig. 5).
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Fig. 7 Potentiodynamic curves of the coated aluminium for different immersions

No pit or crack, observed on no coated aluminium after only 15 min (Fig. 6b),
have been revealed by the SEM observation on the coated one (Fig. 6a). To simulate
a real situation of this corrosion problem, the coated aluminium was immersed in
humid liquid mercury. After 4 h, it was noted that the potential decreases to reach
the aluminium potential value, and then becomes nobler after 8 h (Fig. 7).

These observations can be interpreted by corrosion product filling the pores,
either by passivity due to the diminution of deposit activity or by a protector film
created by this corrosion product. Knowing that the aim of this work is to protect the
exchanger tubes against the mercury attack, nickel layers were elaborated on
similar tubes. These layers were uniform and present the same characteristics that
those elaborated initially on rectangular samples (Fig. 8).
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Fig. 8 Metallographic cuts of a nickel deposit on an aluminium tube: (a) Transversal x500 and
(b) Longitudinal x200

Fig. 9 Comparison between the mercury corrosive attacks of: (a) no coated aluminium tube after
20 min and (b) the coated aluminium tube after 6 month

The Fig. 9b indicates that no mercury attack is observed on the tubes coated even
after 6 months, whereas after only 10 min, the attack starts and the no treated tube is
completely damaged 20 min later (Fig. 9a).

To complete this work and knowing that these tubes are used at cryogenic tem-
peratures, layers elaborated were tested in this condition. Controls carried out after
16 h of immersion of these tubes in nitrogen liquid at temperature of —96°C, show that
not only the surfaces and the deposit remain intact, but also the hardness improves.

4 Conclusions

The nickel autocatalytic coating obtained by treatment of 1 h at 80°C on fine nickel
layer realized by displacement, improve the behaviour of aluminium substrates
against mercury corrosion. In a mercury liquid solution, the not covered aluminium
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corrosion start at the mercury concentration of 300 mg/l, whereas; the aluminium
protected by chemical nickel presents a good resistance even to high concentra-
tions. The deposits carried out inside the tubes are also characterized by an
excellent resistance in contact with the metallic mercury and at low temperatures.
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Corrosion Study of API 5L X60 Gas
Pipelines Steels in NS, Simulated Soil

A. Benmoussat and M. Traisnel

Abstract External corrosion and cracking are the major threats and the principal
mechanisms of buried pipelines deterioration. Indeed they reduce the structural
integrity of the transmission system of gas pipelines. Investigations carried out on
GZ1 site line, in Algeria, after about 30 years of exploitation under high pressure
revealed that under certain conditions the not protected surfaces in contact with the
ground developed many failures by corrosion and cracking: coating failure, reduc-
tions in thickness, pitting, etc. In this study the methodology was defined initially,
by an expertise of the characteristic parameters of working GZ1 line which broke
due to external corrosion, and then a simulation, in laboratory, of the conditions and
the corrosion damage mechanisms. We were particularly interested in the corrosive
electrolytic medium choice because it can simulate NS4 soil solution and the
protection system by using corrosion inhibitors containing polyphosphates. Results
showed that the corrosion potential is slightly moved towards the anodic values,
when the pH of soil solution tends to a light acidity. This shift goes with a clear
reduction of anodic and cathodic current densities and the polarization resistance
Rp decreases. In the explored temperature range and simulating soil, corrosion
current density increases with temperature increase. The corrosion activation
energy increases with temperature according to the soil environment. Nyquist
diagrams present the same general form for corrosion according to the slightly
neutral pH for various immersion times in the steel/test solution interface.
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1 Introduction

The transport of oil and natural gas fossil resources from their geographical locali-
zation to their consumption centers usually located in industrialized zones takes
place by the mean of buried pipelines networks. Since 40 years, an important buried
tube network has been constructed and always develops through the world [1].
The search for always increasing pipeline profitability has led to the development of
high-strength and high-toughness pipelines steels and to avoid any increase of tube
thickness. The transport reliability depends on soil environment interaction and the
choice of pipeline material and steel protection which will avoid damage. Corrosion
risks are preoccupying phenomena in oil industry. External corrosion pits and
cracking phenomena are the major threats and the main deterioration mechanism
of buried pipelines under coating failure and cathodic protection (CP) that can
reduce the structural integrity of buried pipelines transmission system. Corrosion
behaviour of low carbon steel pipeline alloys in soil environment under protection
failure motivates our research. The objective is to bring a better comprehension of
damage mechanisms and to reduce steel failures in service.

Carbon steels of weakly C-Mn allied type as API 5L X60 of GZ1 pipeline in
Algeria [2] are protected from the external soil aggressions by a bituminous coating
whose action is coupled with a cathodic protection system (minimum potential
specified —850 mV versus (Cu/CuSO,)), which aims to maintain steel in its
protection field and thus, to avoid any risk of external damage by corrosion or
cracking during a possible rupture of the coating. Unfortunately, the investigations
carried out on GZ1 site line [3], after about 30 years of exploitation under high
pressure revealed many failures: coating failure, reductions in thickness, pitting,
cracking. These chemical, biochemical or mechanical failures occurred particularly
in clay soils, like montmorillonite type or saline underground waters subsoil.

Steel pipelines corrode in soil by complex electrochemical processes because of
different nature of soil electrolytes. Corrosion phenomena in underground condi-
tions are still unclear, because soil is a complex material, a porous, heterogeneous
and discontinuous environment constituted by mineral or organic solid phase, water
liquid phase, air and other gas phases. It is necessary to examine every particular site
to explain the corrosion mechanisms models. The factors that influence corrosion in
soil are numerous as soil type, moisture content and the position of the water table,
soil resistivity and soluble ion content, soil pH, oxidation-reduction potential and the
role of microbes in soil corrosion. Soil properties depend of soil particle size
distribution, organic content, mineralogical composition and structure. Soil profiles
are developed from parent materials in response to factors associated with the
climate. Mineral composition is a key to understanding how a soil can influence
the corrosion of buried steel. Clays are among the most common minerals on earth.
Most clay has notable plasticity when wet and a marked ability to adhere to surfaces.
Physically, clays of the montmorillonite group such as bentonite can radically
change volume through dehydratation/rehydratation or ion exchange. This shrinking
and swelling can exert forces on structures buried in montmorillonite rich soils
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leading to potentially detrimental consequences. Coarse silica sands tend to be
relatively permeable, well drained, and inert. Dissolved carbonate will buffer the
solution in the neutral to alkaline pH range [4]. Exposure of this saturated solution to
steel surfaces rendered alkaline by electrochemical reactions induced by an effective
cathodic protection system will precipitate hard white carbonate scales on the metal
surface which can involve corrosion problems. The physicochemical parameters of
soil including resistivity (p), redox potential (E), pH, salt and moisture content can
be determined quickly to estimate soil corrosivity. Weight loss measurements is the
most important parameter for determining soil corrosivity, but it takes a long time to
obtain weight loss data The electrochemical parameters such as corrosion current
density (Icorr) and polarization resistance (Rp) can serve as parameters for evalua-
tion of soil corrosivity with accuracy and ease. Electrochemical impedance spec-
troscopy (EIS) and potentiodynamic polarisation [5] were carried out to study the
mechanism of pipeline steel soil corrosion. The likely rate of corrosion of under-
ground corrosion can be assessed in terms of the soil pH, resistivity, temperature,
and redox potential. However, the relationship between soil corrosivity and physi-
cochemical parameters is very complex; therefore, the soil corrosivity appraised by
these parameters is often unreliable. A number of probes have been developed for
field measurements of these parameters. Li and Cao [6] reported the development of
anew soil corrosivity probe that could be used to measure not only corrosion current
density and corrosion potential of metals in soil, but also parameters of soil.

2 Materials and Methods

In this study the methodology was defined, initially, by an expertise of the charac-
teristic parameters of working GZ1 line which broke due to external corrosion, and
then a simulation, in laboratory, of the conditions and the corrosion damage
mechanisms. We were particularly interested in the corrosive electrolytic medium
choice because it can simulate NS4 soil solution and the protection system by using
corrosion inhibitors containing polyphosphates.

2.1 Pipeline Steel

In zones where GZ1 steel pipeline are damaged (from pK = 145 to pK = 226),
(pK = kilometer point) samples of corroded X60 steel and not corroded ones have
been studied by micro analytical techniques. These tubes from 40" diameter are
rolled and welded in spiral are posed in 1976 which the failures corrosion pits and
cracks were detected. Micrographic analysis has been done by scanning electronic
microscopy (SEM). Elemental composition of the samples was determined by
spectrophotometric analysis type “SPECTRO RP 212” Measured values were
compared to values quoted in the material test certificates [7]. Electrochemical
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Table 1 Elemental composition of API 5L X-60 steel pipeline

C% Si% Mn% P% S% Cr% Mo%
0.180 0.0364 1.4000 0.0175 0.0131 0.0284 0

Ni% Al% Cu% Ti% V% Sn% Fe%
0.0182 0.0493 0.0326 0.0058 0.0061 0.0031 ~97.880

measurements, potentiodynamic polarization and impedance spectroscopy (EIS)
were carried out by means of potentiostat equipment. Soil simulating solution was
chosen according to results obtained of the most aggressive GZ1 environment
composition.

Steel pipeline of weakly C-Mn allied type as X60 for use in gas transmission is
manufactured according to the specified chemical composition and mechanical
parameters. It is manufactured from a variety of materials including carbon steel
and corrosion resistant alloys (Table 1). Steel, although susceptible to corrosion, is
widely used because of its low cost, high strength and the ease of field makeup by
welding. The use relies on appropriate design allowances and corrosion controls.
It is manufactured to the API-SL specification cover grade X60 and other grades
[7]. It has a specific set of mechanical parameters including: yield strength, tensile
strength and toughness that pipe must comply with. Chemical composition is
specified as maximum limits of four elements, i.e. carbon, manganese, phosphorus
and sulphur. Composition and microstructure can vary significantly between pipes.
These variations result in substantial differences in corrosion performances of
pipeline steel in a corrosion regime. GZ1 tube diameter of 40 in. and a fine
pearlitic-ferritic microstructure have been manufactured in Algerian Annaba steel
factory controlled lamination and accelerated cooling. The refinement of ferritic
grain size has been obtained by different mechanisms of hardening and precipita-
tion based on the dislocation movement that increases elasticity limit and steel
tenacity. Hall-Petch laws [8] have since been verified experimentally and explain
the hardening induced by a reduction in the ferritic grain size.

K
oy = 00+— (D)
vd
oy — Elasticity limit
Op — sum of hardening stresses based on the dislocation movement
K, — constant expressing the grain size effect

Samples cover grades X60 within the API-5 L specifications, were obtained
from pipe Algerian gas producer’s society SONATRACH. Materials have been
chosen as representative of tubes posed on the line in 1974 where corrosion pits and
corrosion cracks were detected. Samples were cut by flame-cut from the pipe walls
and the test coupons were then cut from these sections by wet sawing. The cutting
process was chosen as it does not alter the microstructure and corrosion test at the
coupon surface, due to its low heat input and the absence of mechanical damage.
The sections were polished by emery paper of 600-2,000 grit before being tested.
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2.2 Soil Simulating Solution

The corrosion is related to soil conditions in which the structures are buried. The
techniques available to determine the aggressiveness of the site may include
laboratory tests based on a soil chemical analysis in a specific location. Several
soil samplings have been taken from various Algerian sites from which we have
chosen the most aggressive composition. Soil extract was prepared according to
AFNOR French norm A-05.250 P. 278.

A mass of ground is taken, then mixed with distilled water and analyzed by
spectrophotometer microanalysis. The chemical composition of soil is given in
Table 2. The criterion of steel aggressiveness is principally the chloride, sulphate
and bicarbonate content. However, the analysis should also include the concentra-
tion of sodium, potassium and calcium ions so that an ionic balance can be struck.
The test solution is obtained by reconstitution of the chemical composition of soil in
a solution called “soil simulating solution”. Si is the considered site. The analogue
soil excavations determined some synthetic solutions named NS1 to NS4 [9].
The chemical composition is described in Table 3.

The soil chemical composition shows that the principal electrolytes contained in
pipe soil environment are variable proportions of carbonates and bicarbonates
according to line sites and quantities of chlorides and sulphates. NS, synthetic
electrolytic solution was selected as soil simulating solution and aggressive solution
for electrochemical measurements. The pH of NS, synthetic electrolytic solution is
ranged between 8 and 8.5. pH measurements raised on the line showed values
ranging between 6.5 and 8.5. This low value for tubes submitted to a cathodic
protection and generating alkalinity by hydroxyl ions is explained by CO, dissolved
in the electrolyte. In laboratory, a bubbling of CO, gas in an aqueous solution would
permit to adjust the pH of the medium to pH ~ 6.7.

Table 2 Chemical composition of corrosive soils solution
Mass (mg/l)

Sites Ca** Mg>* K* - SO, HCO;~
S1 94.60 56 7.6 76.9 736 117
S2 18.96 16.44 11.7 47.33 4584 183
S3 - - 6 7.8 74 218

Table 3 Composition of NS; synthetic electrolytic solution of soil [9]

Denomination
Composition (mg/L) NS, NS, NS; NS4
KCl 149 142 37 122
NaHCO; 504 1,031 559 483
CaCl,-2H,0 159 73 8 181
MgSO,- 7TH,0 106 254 89 131
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2.3 Electrochemical Measurements

Pre-treatment of steel samples surfaces was carried out by grinding with emery
paper of 600-1,200 grit, rinsing with bidistilled water, and ultrasonic degreasing in
ethanol and drying at room temperature before us. All tests have been performed at
30 £ 1°C. Electrochemical measurements were carried out by means of Tacussel —
Radiometer PGZ 301 equipment. Polarization equipments were carried out in a
conventional three electrodes glass cell with a platinum counter electrode and a
saturated calomel electrode (SCE) as reference with luggin capillary bridge. All
tests have been performed in de-aerated solutions under stirred conditions at room
temperature. Electrochemical cell used and polarization measurements was the
same as described in paper [10]. The potentiodynamic polarization curves were
recorded by a constant sweep rate of 0.5 mV s~ '. Before recording the polarization
curves, the open — circuit potential was stable within 30 min. The cathodic branch
was always determined first, the open—circuit potential was then re—established and
the anodic branch determined.

Electrochemical impedance spectroscopy (EIS) measurements were performed
using Tacussel — Radiometer PGZ 301 frequency response analyser in a frequency
range of 10° to 1072 Hz with 10 points per decade. Impedance equipment is
controlled by Tacussel corrosion analysis software model voltamaster 4. Square
sheet steel of size (5 x 5 x 0.06 cm3), which exposed a 7.88 cm? surface to the test
solution, were used as the working electrode.

2.4 Soil Resistivity

Soil resistivity (p) was determined according humidity values on line environment.
The moisture content was determined by weight loss measurements. One weighs an
earth sample is dried in a drying oven 105°C during 24 h. The weight difference
between earth sample before and after evaporation is regarded the moisture content
determined as the evaporated water mass. This method is not precise and does not
give a constant weight after earth sample evaporation.

2.5 Corrosion Inhibitor Used

The corrosion inhibitor used is disodic Hydrogéno-monophosphate is an odourless
hygroscopic white powder of chemical formula: Na,HPO,

‘0‘
P "
.
/ \l O~ Na*
HO (o) Na

+
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The inhibitors solutions containing polyphosphates were obtained by dissolution
in distilled to obtain different concentrations (1073 ,1072,1074,5.107! M).

3 Results and Discussions

3.1 Potentiodynamic Polarization

The anodic and cathodic polarization curves are recorded on low carbon steel in de-
aerated soil simulating solution at various pH and temperatures that simulates
conditions of pipe soil environment.

3.1.1 pH Influence

Polarization curves in the pH range 6-8 are shown in Fig. 1. The polarization
parameters values of (I..), corrosion potential (E..,), polarization resistance and
cathodic and anodic Tafel slopes (b.), (b,) are given in Table 4. For corrosion
potential value (E.,, = —452.8 mV/SCE), the corrosion of low carbon pipeline
steel in acidic soil simulating solution is obtained.

Results of polarization curves show that the corrosion of iron as a function of pH
increases considerably at acidic environments. If values of pH decrease toward the
neutral or acidic pH in the range 6-8, steel corrosion increases and polarization

logli] Superposition des treds oouthes

Fig. 1 Potentiodynamic polarization curves of X60 carbon steel in NS4 simulating solution of
corrosive soil environment at 30°C
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Table 4 Polarization parameters for the corrosion of carbon steel in soil simulating solution
according to the pH variation in the range 6-8

pH Ecor/SCE Leorr be b, R,

(mV) (pA.cm™?) (mV.dec™) (mV.dec™) (mV.dec™) kohms.cm?
6.7 —452.8 3.137 177.0 190.4 6.87

75 —704.4 26.686 475.5 168.5 1.51

8.0 —759.3 5715 231.7 87.2 3.54

resistance decreases. In alkaline pH from pH = 8, the corrosion of steel decreases
and polarization resistance increases.

The pH of soil will generally fall within the range 4—10. Soils containing well
humidified organic matter tend to be acidic. Mineral soils can become acidic due to
leaching of basic cations (Ca**, Mg”*, Na*, and K*) by rainwater and as the result of
dissolving of carbon dioxide into the groundwater. In the context of steel corrosion
in soil, the passivity occurs at high pH values. In contrast to iron, amphoteric
metals, such as aluminium, which are protected by oxide films, can be rapidly
corroded in alkaline soils with high pH values as well as in acidic environments.

King [11] in a review of soil corrosiveness developed a monogram that com-
bined the influence of resistivity and pH on the corrosion rate of steel pipe in soil but
cautioned that the figure should only be used as a guide. The monogram ignores the
influence of both oxidation-reduction potential and microbial activity, key para-
meters in underground corrosion. It may be applied to the prediction of corrosion
rates in aerobic conditions.

3.1.2 Temperature Influence

Gas pipelines operation shows that the temperature vary between seasons, or the
climatic changes and can modify the interactions between steel and the middle
environment in soil. Temperature effect on the steel resistance corrosion was
carried out using potentiodynamic measurements. Polarization curves in the tem-
perature range 20—60°C are shown in Fig. 2. Polarization parameters values;
corrosion current density (I.,.), corrosion potential (E..,,), cathodic Tafel slopes
(b.) and polarization resistance (Rp) are given in Table 5. The temperature can
modify the interaction between steel electrode and the electrolytic medium.
It modifies the electrochemical corrosion speed of metals. Steel corrosion is a
function of pH and temperature. In neutral pH, oxygen reduction reaction and
diffusion speed are favourable reaction with temperature and causes a reduction
in solubility. In acidic pH, corrosion speed grows in an exponential form with the
temperature because of the over tension reduction of hydrogen release.

In the studied temperature range, the corrosion current density increases with
increasing temperature and the steel corrosion potential moves towards the negative
values when the temperature increases in the studied solution. The anodic polariza-
tion curves present parallel Tafel straight lines indicating that the hydrogen
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Fig. 2 Temperature influence on polarization curves of C-Mn steel in NS4 simulating solution of
corrosive soil environment (pH ~ 6.7)

Table 5 Polarization parameters for the corrosion of low carbon steel in NS, soil simulating
solution according to the temperature (pH ~ 6.7)

Temperature [°K]  Econ/SCE [mV]  Ioon [MAcm™?] b, [mV.dec™'] R, [kohms.cm?]

293 —705.0 16.86 563.4 2.59
303 —705.0 26.68 475.5 1.51
313 —715.0 3343 668.1 1.31
323 —727.8 38.98 631.9 1.15
333 —750.0 44.17 457.0 0.913

reduction reaction to steel surface is always done according to activation mechanism
in all the temperature range studied. Results of temperature effect show that the
corrosion current density increases with increasing temperature in corrosive test
solution. The corrosion reaction can be regarded as an Arrhenius-type process, the
rate is given by the following equation:

log Icorr = —Ea/2.303 RT + k 2)

Where k is the Arrhenius pre-exponential constant, and E, is the activation corro-
sion energy for the corrosion process. Figure 3 present the Arrhenius plots of
corrosion current logarithm density vs. 1/T. The Ea values were determined from
the slopes of Arrhenius plots and are calculated to be Ea = 13.91 kJ mol~'. This
value is low compared to the value of steels corrosion activation energy in acidic
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Fig. 3 Arrhenius plot calculated from corrosion current density for steel in NS4 simulating
solution of corrosive soil environment (pH = 6.7)

environment which to reach a value of 60 kJ mol ' decreases in inhibitors presence.
This reduction probably was attributed to inhibitors chemisorptions on the steel
surface [11]. The activation corrosion energy increases with the temperature
according to the pH soil environment. The protective efficiency of external coating
is function of temperature and it protective properties and decreases the activation
corrosion energy.

3.2 Electrochemical Impedance Spectroscopy

The corrosion behaviour of carbon steel in soil simulating solution was investigated
by the EIS method at 30 + 1°C after immersion for 24 h. Impedance diagrams of
steel/solution interface at various potentials imposed was obtained varying from the
corrosion potential to the cathodic rest protection which simulates the pipes
operating conditions. Figure 4 presents the evolution of Nyquist diagrams of steel
pipeline obtained at the rest potential and protection potential in different pH range
and immersion time of soil test solution. The impedance parameters derived from
this investigation are given in Table 6. Nyquist plots displayed two impedance
buckles, one capacitive buckle at the raised frequencies and diffusional loops to the
low frequencies. Iron anodic dissolution and oxygen cathodic reduction phenomena
are simultaneously made on surface electrode. Capacitive arc size of resistance
transfer charge decreases to the slightly acidic pH. Impedance diagrams of
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Fig. 4 Nyquist slopes for low carbon steel in NS4 simulating solution of corrosive soil environ-
ment (pH = 6.7) at different immersion times (t = 30°C)

Table 6 Impedance pH R, (ohmscm?)  E,/SCE (mV)  Cgq (uF.cm 2)
parameters values of low 50 20114 00 167.90
carbon pipeline steel : : - :
corrosion in soil simulating 8.0 508.40 -850 559.35
solution (t = 30°C) 8.0 550.10 —1,000 339.62

8.0 525.60 —1,100 211.97

steel/solution interface at various potentials imposed varying from the corrosion
potential to the cathodic over-protection shows that more the imposed potential is
superior to (Eg,,) values of (R, charge transfer resistance decreases and more the
imposed potential is inferior to (E.), charge transfer resistance values decreases
also but remains always superior to (R, value obtained with corrosion potential
(Ecorr = —650 mV/SCE). Corrosion pipeline steel can be started according to
operating conditions and soil environment. Immersion time influence where bare
steel is in contact with the corrosive soil medium is a significant factor.

Nyquist diagrams of low carbon pipeline steel corrosion in simulating soil
solution (pH ~ 6.7) obtained at the abandonment potential according the immer-
sion time influence and constant temperature are shown in Fig. 5. Impedance
parameters values of charge transfer resistance (R,) and capacitance Cgy; according
the immersion time influence are given in Table 7. Results of time immersion
influence shows that the charge transfer resistance (R,) increases with increasing
immersion duration in corrosive test solution. When the immersion time exceeds
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Fig. 5 Potentiodynamic polarization curves of X60 carbon steel in NS4: simulating solution of
corrosive soil environment at pH = 6.5 showed the polyphosphate inhibitor influence

Table 7 Evolution of impedance parameters values (R,) and (Cy)) according to
immersion time of low carbon pipeline steel corrosion in soil test solution at
constant temperature (t = 30°C) and pH =~ 6.7

Time immersion (min) R, (Q.cm?) Cqi (WF.cm™?)
30 0713.9 2704
60 1,458.3 463.2

120 1,569.5 684.1

240 1,681.4 1,010.0

120 min steel corrosion resistance varies weakly. Capacitive arc size of resistance
transfer charge increases to the time immersion increases (Fig. 4).

This result suggests the formation of protective film on steel surface whose
protection increases with contact time.

4 Conclusions

Results of this investigation showed that some operating buried transmission pipeline
systems will develop unforeseen pits and cracking surface corrosion problems. They
are principal threats for the buried structure where the humid clay soil aggressive-
ness and bacterial activity appear. Steel surface must be protected by a full protective
system defined by an active cathodic protection to maintain steel in potentials
protection in addition to passive coatings protector aiming to avoid any corrosion
interaction between steel surface and soil environment.
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Future coating systems must answer the durability and reliability requirements
in service in regard an economic aspect. Corrosion phenomenon is accentuated by
the soils parameters influence such resistivity, pH, temperature, moisture content
and chemical composition of electrolytes contained in soil. Potentiodynamic polar-
ization curves showed that the steel corrosion increases at acidic pH environments.
Corrosion current density and activation corrosion energy increases with tempera-
ture. EIS curves showed that the charge transfer resistance (R,) increases with
increasing immersion duration in corrosive test solution. Capacitive arc size of
resistance transfer charge increases to the time immersion increases. This result
suggests the protective film formation on steel surface. Soil resistivity decreases
according to the increase in moisture content and temperature to support ionic
exchange between buried steel surface and corrosive soil environment. Results
showed low resistivity values in soil investigation particularly in montmorillonite
clay soil characteristic of corrosive medium for buried pipeline structures. The
electrochemical tests with inhibitor containing polyphosphates showed that the
density of corrosion current values (I corr) decreased, for a pH of NS, solution
equal to 5, in absence of inhibitor, the density is about 7.5 pA/cm? in the presence of
inhibitor it is to 0.851 pA/cm? with inhibiting effectiveness of more than 88%.
Damage problems raise questions as the remaining safe life of the tubes. Pitting or
cracking are those most to be involved in remaining life of an existing structure,
because of their greater propensity to cause a reduction in the utility duration. Some
of the probabilistic approaches can be applied, or are being developed, to answer
the corrosion related cracking and pitting phenomena. The research will provide
data for risk assessment models to be used for maintenance and operation of the
pipeline system.
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Leak Detection: General Remarks and Examples

Anita Calcatelli

Abstract Structure defects may be detected by all the non-destructive analysis
techniques from radiography, magnetic particles, liquid penetrating, to ultrasounds,
to eddy currents, etc. Nevertheless, to evaluate the quantity of liquid or gas that may
be lost in the surrounding ambient specific techniques related to leak detection
should be considered. Frequently the maximum acceptable leaks must be evaluated
to select the method suitable for the specified object and, finally, to compare the
solutions on the basis of costs-benefit relationship. Various leak detection methods
and related instrumentation are available (bubbles, ultrasound emission, radar,
pressure/vacuum variation, thermal conductivity, halogens, radioisotopes, selective
ion pumping, mass spectrometry). Before starting any type of leak testing, it is
necessary to decide whether leaks have to be located or measured. Checking the
tightness of an object or device implies the measurement of gas flow coming out
from a defect or entering through it and reference devices should be provided by
primary or accredited laboratories. After a short review of methods/instrumentation
attention is given to the calibration of any kind of systems and methods to guarantee
the validity of the whole test.

1 General Considerations on Leaks

It is not possible, to date, to have systems or components absolutely tight even if the
technology had enormous developments (Fig. 1). Containers always have a leak, be
it of gas or liquid from a high-pressure artefact whether entry of fluid in an object
kept at low pressure (Fig. 2).

And then, some components for the operation of which a degree of tightness has
to be guaranteed should be subjected to a control apt to show any leakage due to
material defect, faulty workmanship, non hermetic assembly, material degradation
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Fig. 1 Typical occurrence of leaks in industrial products [1]
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Fig. 2 Pressure and vacuum leaks

during their operation, crack, pore. welding micro-gap or to non perfect coupling of
gaskets in a wall of containment, etc.

The tightness test is a non-destructive test and may be defined as “a test performed
to verify compliance of materials or components to specified requirements, using
techniques that do not damage the characteristics or working performances”.

Only in a very lucky situation, so very rarely, a leak is represented by a
cylindrical channel, more often it is due to a tortuous small duct or may also
occur through a permeation process.

The leak usually is not deformable, so it has a constant value unless strong
mechanical or thermal stress occurs through the walls of a container located between
two environments kept at different pressures (Fig. 3). A real leak causes a change of
the pressure in the container and it is through a “hole” on a wall connecting the
interior of the container with the atmosphere. Even a virtual leak causes a change in
pressure inside the considered volume, but it is caused by the evolution of gas or
vapour within the system itself, such as desorption of gas from the material of the
container or diffusion within the wall followed by emission inside the chamber.

A tightness test implies, therefore, measuring the flow of gas (the amount of gas
in time), that escapes from the defect or enters in. Over the years different
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W High Pressure
="

Low Pressure

Fig. 3 Example of geometrical leak

methodologies have been developed to perform qualitative or quantitative measure-
ments. This entails an incentive to address the problem of measuring small gas
flows so as to ensure proper traceability to SI (International System of units) for this
derived quantity. The cost of the leakage test must be balanced by life time of the
artefact under examination.

2 Gas Flow Definition

The rate of leak is therefore the amount of fluid entering or escaping from a given
container in a time interval and it is commonly known as flow, q. From the ideal gas
state equation the molar flow, q,, [mol/s], i.e. the variation in the number of moles
(n) of gas in the considered volume, V, is obtained:

dn 1 d(pv) 1 1 dv 1 .dp 1 dT
- —q=—p L v®__ (&)
i Rt & R4 RtPa TRt @ reePVla)

Where p is the pressure of the gas, R is the universal gas constant (8.3144 J/mol. K)
and T is thermodynamic temperature of the gas. In practice very often the flow rate
is given in Pa.m3/s or in mbar. L/s. 1/(RT) converts the molar flow qm into the
throughput q. It is evident, when measuring q, that it is necessary to detect also the
temperature. Flows q are referred to a standard temperature that generally, unless
otherwise indicated, is 20°C (in some cases 15°C). Very often, and with high
values, volumetric flow (qV = dV/dt in m>/s or L/s) is given that is linked to the
q through the pressure p. The capacity of a duct to let the gas flow is called
conductance for the definition of which reference is made to the literature [2, 3].

3 Gas Flow Regimes

The factors affecting the gas flow through a leak are the molecular weight of gas
(m), the viscosity of the gas (m, the pressure difference causing the flow, the
absolute pressure in the system and the length and the section of the hole, the
channel or leak in general. Depending on the level of considered pressures, there are
various types of gas flows (Fig. 4 and Table 1). The dynamics of the flow is
characterized by the Knudsen number (K, = A/d, A = mean free path, d = pipe
diameter) and the Reynolds number Re = pvdn = [4/(nrnd)] x [W/(RT)] x q
where p is the gas density, v the velocity of the gas flow, d is the equivalent

www.iran—mavad.com

Slgo wigo ole @2 40



184 A. Calcatelli

Fig. 4 Visual representation g ~a ~a
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Table 1 Flow regimes in Pressure Flow
different pressure intervals range/Pa Gas status  regimes Conditions
10° Viscous Turbulent Md < 1072
laminar 1,200 < Re < 2,200
133 Intermediate Transitory ~ 107%A/d < 0.5
107" Rarefied Molecular ~ A/d > 0.5

diameter of channel and m is the gas viscosity [2, 3]. The gas regimes are:
molecular, viscous, transition.

The molecular flow occurs when the mean free path, A, is greater than the section
of the duct (large value of K;, = A/d > 0.5) and when one side of the hole or the duct
is at low pressure. This implies that the gas molecules pass through a small channel
without colliding with each other; they just collide with the walls. The molecular
flow is proportional to the difference of the pressure across the wall where the
leakage is located. From equation (1), through a hole of area A with p; and p, the
pressures upstream and downstream of leaking hole, q in [Pa m>/s] is given by:

IRT 1 [8kT KT
= /—(; —P2) A=—{/—(; =) - A=1/—(p; —p) A (2
q 2W(pl P2) 2\ o (P1 —P2) an(pl P2) 2)

For a duct of length / and diameter d Knudsen has found out the following

expression:
1 8RT
=—m- — G R it 3
4=15 " (Pr —p2) - &y - (3a)

s RT
q=3.342. T\ (P1 —P2) (3b)

With m molecular mass and p molar mass.
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From (2) and (3) it is easy to evaluate gas flow rates for gas molar mass and
temperature other than those measured during the leakage test without problems of
measurement units.

Viscous regime occurs when the mean free path of the molecules is small
compared with the characteristic dimensions of the hole or the duct, and collisions
between molecules are more frequent than with the walls. Viscous flow is propor-
tional to the difference of the squares of the pressures upstream and downstream of
leak. In this case there are two different conditions of motion of the gases: laminar
or turbulent corresponding to different range of R, values.

Laminar flow occurs when Reynolds number is 1,200; the gas moves along the
duct in parallel paths following the container profile and even when the gas hits an
obstacle such lines remain parallel. Laminar flow has the main characteristics of
being:

1. proportional to the square of the difference in pressure through the leak;
2. inversely proportional to the viscosity of the gas passing through the leak as it is
shown by the Poiseulle equation:

nd* mdt, ,
frng .—D — = — — 4
380 1 P(p1 = P2) = 55 (P1 — P3) )

q

with : q; = cost(p} — p3)
Where p is the average pressure in the duct? Equation 4 is valid if the graph of flow
rate is constant throughout the length of the channel, the velocity of gas flow on the
walls is zero and has a parabolic profile; the molecules move in a non-turbulent
way. When a gaseous flow is under laminar regime its value does not vary much
with varying the gas because the viscosity varies at most by a factor of 2 while it is
strongly dependent on pressure (Fig. 5). If, for leak testing, a mixture of two or more
gases is wused the viscosity of the mixture is assumed to be:
1=n

nmiscela - nl 'C] + nl 'C] + ......... + nl 'C] - Z nl 'Ci, here Ci, and T]i
i=1

are viscosity and concentration of i-th gas in the mixture. From equation (4) it
can be easily deduced that the flow of a given gas can be calculated for another gas
simply by the ratio of the viscosity.

This is useful when a tracer gas is used and the flow must be calculated for a
working gas. If the flow must be evaluated for a pressure, p;, upstream of the leak
different from the one involved in the leakage test from the same equation we have
q,@—@q

-,

In the turbulent regime the motion of gas is more disordered, it does not move
along parallel paths and is influenced by any obstacles. This type of regime is
encountered when a gas is travelling along pipelines at high and very high pressure.
The viscous-turbulent flow occurs when R, is greater than 2,200. The chaotic and
fluctuating nature of turbulent flow has made it impossible to find a theoretical
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formula that completely represents it. All solutions to the problem of analytical
representation led to semi-empirical equations including the best-known and wide-
spread equation of Fanning:

© |(pi —p3)
A\t

g2 €0\ (RN 4N
1= N 1632 21 w0

Where p’ is the density per unit of pressure, f is the friction factor which depends on
R., the diameter of the channel and the roughness of its inner surface. Lafferty [2]
gives for a long and regular cylindrical duct and smooth surface
f =0.316R. — 0.25.

Figure 6 shows the behaviour of the ratio, q/d, of the flow to the diameter of a
duct as function of d* (p% — pf) /21. This diagram can be useful when the gas flow in
a duct of known diameter must be tentatively evaluated.

In the transition from molecular to viscous regime the mean free path, A, of the
molecules is roughly of the same magnitude order as the duct section. The character-
istics of the laminar and molecular flow coexist (1,200 < R, < 2,200): Both wall and
intermolecular collisions influence the flow characteristics. The mathematical descrip-
tion of this regime is rather difficult. The flow may be represented with the following
empirical relationship:

=z [T lo4n2. L4 — 4
3 pool A 143.095 -

q =
®)

~(p1 —p2) (6)

NS D
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Fig. 6 Behaviour of the g/d ratio values versus d*(p? — p})/21

This flow regime frequently occurs, such as with small cylinders as those used to
calibrate the leak detectors, the so-called geometric leaks of wide industrial use as
they are cheap, easy to be machined. If properly calibrated they may give accept-
able reference gas flow rates.

4 Methods for Leak Detection

Regardless of the instrumentation used, the tests may be essentially of two main
types: location and measurements or quantitative evaluation.

4.1 Location of Leaks

These tests are always qualitative and their results are strongly linked to the ability
of the investigator. Two routes may be followed:

(a) pressure tests,
(b) vacuum tests.

4.1.1 Pressure Tests

The object under test is internally pressurized with tracer gas and then with a probe
(a conductance named sniffer) it is carefully checked from the outside. The probe
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a b

< > Evacuated

Detector Pressurized object

sensing the object ,
test gas

Detector

sensing the
test

Fig. 7 Localization of leaks

transfers part of the gas to the sensing element of the leak detector and so the
leakage point can be identified (Fig. 7a).

4.1.2 Vacuum Tests

The object in which the leak has to be located is emptied with a special pumping
unit or with the same set of detector pumps. The tracer gas is sent to the object and if
there is a micro-hole the gas passes through it inside the object to be tested and
reaches the sensor of the detector (Fig. 7b).

4.2 Measurement and Quantitative Evaluation of a Leak

To quantify a leak previously localized or not, there are two methods, depending on
the object being tested, if pressurized or evacuated.

4.2.1 Pressure or Vacuum-Pressure Tests

The object under test is filled with a tracer or test gas at a given pressure and the
surrounding ambient closed or not is at lower pressure (Fig. 8a). If the test piece has
a leak, the gas contained in it is released and reaches the detector whose output
represents the total flow.

4.2.2 Vacuum Tests

The object under test is connected to the detector, emptied and positioned inside a
chamber in which a known quantity of tracer gas is let to enter (Fig. 8b). If there is a
hole the gas enters though it and reaches the detector, giving an instantaneous
measurement of the gas flow. To increase the sensitivity, the test gas can be cumulated
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Fig. 8 Leak measurement, (a) pressure-vacuum test and (b) vacuum test

for a defined time interval (bombing). One method or the other should be chosen
carefully depending on the piece under consideration and the costs of the test.

5 Instrumentation for Leak Detection

The instruments dedicated to search of leaks, both for their location or for their
quantification, are numerous [4] but we focus in little more details only on some of
them. The most commons are: pressure variation, air bubbles in liquid, spark tester,
vacuum sensors (Pirani, Thermocouple, Ion Gauge), radioactive elements, halogen
leak detector, SF6 leak detector, chemical reactions, penetrating liquids, mass
spectrometer, acoustic/ultrasounds devices (active and passive), microwave radar.
Some instruments of more general use are modified and adapted for leak search,
others are special for leak detection. It should be stressed here that any instrument
that measures high or low (vacuum) pressure can be used, with certain precautions.
Some methods are particularly useful for locating leaks and others for their quanti-
fication. Many systems used for the latter purpose serve, often but not always, even
to locate leaks.

5.1 Location

Some techniques/tools are used primarily to locate leaks (bubbles and ultrasound),
even though sometimes a tentative value can be estimated.

5.1.1 Bubble Test

This is a pressure test widespread on an industrial scale (typically for car tires) since
it is simple and cheap. The object is pressurized and immersed (or sprayed) in a
liquid having low surface tension so that it can not penetrate through the possible
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defect. Under the leak formation of bubbles occurs that are emitted when the
internal pressure exceeds the surface tension of the liquid outside, allowing a
correct location of the point of leaking gas on the wall. The bubble size and their
emission frequency are function of the type of gas flow, size of the leak, surface
tension of the liquid. The bubbles can be seen directly by the operator or by remote
viewing achieved by the use of a camera. This type of detection is suitable to
highlight (1072 to 10~2) mba L/s flow. Very often the object being tested must be
dried for later use and this is a major drawback.

5.1.2 Ultrasound

with ultrasounds the tests may be passive or active; with both techniques, the object
must be pressurized [5]. With the passive one the ultrasounds are spontaneously
emitted from large holes. If the object kept at high or very high pressure leaks the
fluid escapes from the high-pressure zone and passes through the imperfection by
creating a turbulent flow with frequencies from hearing (typical car tires) to over
20 kHz (ultrasound), there is a significant ultrasound component detectable with a
special tool (Fig. 9). The ultrasound detectors are of active type when controls are
carried out with the help of an ultrasonic generator. The instrumentation consist of
two parts, together or separated: the generator and the detector, which receives,
amplifies, filters and displays the signals returning to the probe after propagation.
In this way it is possible to detect only the echoes reflected from any internal defects
or the background echoes more or less attenuated depending on the flows.
The element that generates and sends ultrasonic waves to the component to be
tested is usually a piece of piezoelectric material.

Ultrasonic leak detection is extremely broadly used [6, 7]. Sensing ultrasounds
generated by a leak, can be used to locate leaks in pressurized systems regardless of
the type of gas used. This is especially beneficial in areas where there is a saturation
of gases or where a wide variety of gases, pressurized vessels and vacuum processes
exist. Time and convenience are also improved with ultrasonic detection since the
equipment may be tested while on-line. This method can easily locate the position
of a leak but only if the flow is within the range of 10~ " mbar L/s and a few tens of
mbar L/s.

] Amplification
Pressurized > and
vessel ) modulation

system

>20 kHz

Fig. 9 Ultrasound leak location on an artefact kept at high pressure
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Fig. 10 Location of leaks on long underground pipes at high pressure
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Fig. 11 Location of leaks on underground pipes with acoustic sensors [10]

The main advantages of this method are related to the possibility of using the
working gas under pressure and the absence of “memory” effects at the end of the
test. This method is mostly useful whit high leaks, e.g. in pipelines or underground
cables (Fig. 10), as in gas transmission lines. With ultrasounds it is possible to
inspect the leaks on component in operation or partially loaded without the need of
removing it. Microphone receivers are widely used also in the automotive industry
for rapid diagnosis of brakes, tires, valves, cooling system, exhaust system of fuel
gas and natural gas pipelines. Several probes are commercially available [8].

Even acoustic waves [9] can be used instead of ultrasounds as it is described by
Foddis and Pedrielli [10]. The authors give a complete description of leak detection
based on analysis of 3,000 Hz component of longitudinal acoustic waves transmit-
ted along oil pipes (Fig. 11) and characteristic of vibrations starting in the pressur-
ized fluid by its leakage from an hole or crack. By an appropriate positioning
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of several piezoelectric sensors the exact position of a leak can be detected.
This method has been checked by locating several sensors along oil pipes in Sicily
and in underground water Scottish pipeline.

5.1.3 Microwave Radar

The detection of leaks is similar to radar weather prediction. It is based on the of
refractive index variation. This method was used to locate underground oil or gas
deposits of hydrocarbon gases [11]. The gas flow through a leak (hole in a pipe)
depends on the difference between the pressure inside the pipe and the surrounding
atmosphere and it is turbulent. When that method is used on natural gas pipeline,
since the density of the methane is smaller than that of the air the leaking gas
generates a force due to buoyancy; the gas flow is characterized by vortices whose
size may range from 1 mm to 1 m. Ground penetrating radar (GPR) is commonly
used to locate underground utilities and other buried systems and it used frequently
to survey and prepare job sites for construction or repairs underground infrastruc-
tures (Fig. 12). GPR is one of the most accurate methods of mapping and marking
what lies beneath the surface [12—14].

MW Radar

Fig. 12 Microwave radar for leakage location from reference [12]

www.iran—-mavad.com

Slgo wigo ole @2 40



Leak Detection: General Remarks and Examples 193
5.1.4 Thermal Conductivity Method

The leaks are detected by measuring the change in the thermal conductivity of air
due to the presence of tracer gas that escapes from the leaks. The gas is sent to the
sensitive element (thermistor), which, with another similar element cooled by the
atmospheric air, makes a full bridge circuit. When the sensing element is affected
by atmospheric air and tracer gas (helium) it changes its electrical resistance and
therefore the bridge is unbalanced.

The instrument has, therefore, a control unit and a probe. The probe includes the
sensor and the sniffer equipped with a small fan which conveys the gas escaping
from the leak on the hot filament of the sensor kept in thermal equilibrium. The
device under test can be pressurized with tracer gas or gas mixtures (typically
mixtures of hydrogen with nitrogen at 5%). When leak gas reaches the sensor LEDs
on the control unit will light up in numbers proportional to the leak. This system,
which can detect leaks in the field of 10~* mbarL/s, has the advantage of a low cost
and it is easy to handle, but it has the disadvantage that the measure may be
influenced by gases extraneous to the process. The commercially available instru-
ment are known as “electronic sniffers”; they are widely used for total leakage tests
on small objects but even to locate leaks in containers filled with tracer gas. Several
sniffer may be used in detecting leakage in very large liquid or gas containers and
even in the liquefied natural gas ships.

5.1.5 Mass Spectrometry

Any type of mass spectrometers based on magnetic sector or quadrupole analysers
[15] can be used. The application of mass spectrometry with or without e tracer gas
has a good sensitivity (even better than 1076) and speed of response [1]. In the most
commonly used mass spectrometers leak detectors (MSLD) helium is used as tracer
gas because of its chemical and physical characteristics: it is not toxic, it does not
pollute, does not disturb the environment, is chemically and physically inert and it
is present in the atmosphere in small proportions (concentration of 5 x 10°).
The MSLDs may be used both for locating or for measuring leaks with all the
methods in pressure and vacuum. When a pressurized vessel is tested by the probe
method (sniffer) much of the sensitivity is lost [1].

5.1.6 Selective Ion Pump Detector and Tracer Gas

It is based on the fact that permeability of quartz for helium is much greater than for
other gases so that variation of helium concentration in the atmosphere can be read
as a difference of potential in the ion pump. In the system shown on Fig. 13 a quartz
capillary made is connected to an ion Pump working under ultra high vacuum
conditions; the sensitivity of the commercially available leak detector is 5 x 10~°
mbar L/s [16].

www.iran—mavad.com

Slgo wigo ole @2 40



194 A. Calcatelli

6 Measurements of Leaks

Several systems and procedures are available, but attention is concentrated on the
most diffused or on those applicable to the oil/liquid gas transferring such as long
underground pipes, ships, or storage thanks.

6.1 Method Based on Pressure Variation Ap

It consists on pressurizing the test pieces and checking the pressure drop, or
lowering the pressure in the piece (vacuum with a pump) and then checking the
pressure rise. In large containers the pressure change is commonly measured. It is
required to pressurise and isolate the container, then to adjust for temperature and
water vapour; temperature and pressure must be recorded in time.

Measurements can be performed with absolute or differential pressure transdu-
cers (Ap measured between the work piece and a reference volume pressurized
together and then separated). From the variation of pressure (Ap) measured in

QOF THE SENSOR

——— EXHAUST FILTER

—— CLOSED END CAPILLARY
EXTERNAL SHIELD
—— HEATER HOLDER
- HEATER FILAMENT
—— QUARTZ CAPILLARY

Fig. 13 Selective ion pump leak detector [6]: (a) detection method and (b) application to detect
leaks on underground telephone cables
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Fig. 13 (continued)

the time interval (At) in a known volume (V) of the test artefact gas flow
q = (Ap x V)/At is evaluated. It is clear that greater sensitivity of measurement
will be obtained on small volumes and long intervals of time. If the test components
is made of elastic material it is necessary to take into account that there will be
variations in the volume of the product which then affect the calculation of the gas
flow. When operating in vacuum (evacuated artefact) the effect due to desorption
from the walls of the object must also be considered. The desorption results in an
increase in pressure that is added to that due to the presence of leaks. Figure 14a
shows the general behaviour of the pressure rise when there is a virtual leak that
means that the pressure first increases and then stabilizes; the presence of both real
and virtual leaks causes first a non-linear increase in pressure and then a continuous
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Fig. 14 (a) Pressure versus time: in an evacuated volume (/) real leak, (2) virtual leak.
(b) Pressure versus time: pressurized vessel (pressure drop)

linear increase. With the drop measurements the gas is let to enter in the volume
under test and let to stabilize (Fig. 14b).

To evaluate the amount of the leak the linear part of the curve should be
considered.

A typical industrial application of this method consists in verifying the rise of
pressure in a bell enclosing the pressurized test object (pressure-vacuum method).
The main advantage of this method lies in its cost; in fact relatively cheap pressure
gauges may be used, compressed air and, there are no “memory” phenomena. The
main disadvantage consists in the strong dependence on temperature whose
changes during the tests may affect the measurement p(T;) = p(T2) (T2/Ty).

Finally, the measurement of small flows requires very long test times resulting in
certainly larger variations in temperature not negligible. The pressure change is
widely used in space modules when a quite fixed pressure must be guaranteed for a
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defined time interval, mostly if there are persons on board. Leak tests are performed
at ground and leak values are evaluated by using accurate differential pressure
gauges such capacitance membrane gauges, traced to a metrological institution.
Since the temperature variations may cause pressure changes it is mandatory to
know the sensors temperature coefficient.

6.2 Pressure Waves

Another pressure method is based on the property of pressure waves generated in a
transient pressure; the pressure waves travelling trough pressurized pipes interact
with each irregularity they meet and are partly reflected back to their origin and
partly transmitted. By the behaviour in time of the pressure in a measuring section it
is possible to locate and to calculate the possible leaks with an appropriate mathe-
matical tool (wavelet function) and calibration [17, 18].

6.3 Method with Mass Spectrometry and Gas Tracer

MSLD can be applied with the both methods (pressure-vacuum and vacuum) and
the situations are similar to those shown in Fig. §, but the detector consists of a mass
spectrometer specially dedicated to this type of testing. A mass spectrometry can
detect even very small leaks (down to 10-11 mbar L/s). As in the case of location
and for the same reasons, the tracer gas is usually helium. Whether the device is a
special spectrometer adapted to leak detecting equipped with its own pumping
system or a common mass spectrometer, MSLD is one of the most used devices
with any type of object to be tested. The leak detection may be used in classical
configuration with direct flow or in the contra flow configuration [1, 19-21].

Many leak detectors are automated in order to reduce operator’s influence; that
has increased enormously the use of those devices in areas not previously consid-
ered in many industries, not only in research field.

Figure 15 shows an example of application of the MSLD [22], in which a
commercial detector is used for approval tests of various components in cryogenic
industry (compressors, heat exchangers) as well as in automotive industry (light
alloy rims for automobiles or trucks, cylinder heads) for which the threshold value
of the leaks must be defined to accept or to reject the considered components. The
objects are tested by pressure-vacuum technique with helium as tracer gas. The
leakage rate is rather high (10~ mbar L/s to 10~* mbar L/s).

The module must have the shortest possible cycle time (not more than several
tens of seconds) and high reliability; the measurement results must be as much as
possible independent from the operator ability and attention. In addition its mea-
surement uncertainty must be clearly defined.
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Fig. 15 Schematic of a leak measurement apparatus [22]

6.4 Acoustic, Ultrasound and Radar

Methods and instrumentation may be used to measure the quantity of the gas
leaking provided they are appropriately calibrated by using calibration leaks
(membranes with hole or capillaries [11-14].

7 Calibration of the Instruments Involved in the Leak Detection

Even for detection of leaks whatever method is chosen and whatever instrumenta-
tion is used, there is the need of calibration and of making reference calibrated leaks
available. In the case of pressure measurements with both rise or drop of pressure
the transducers used must be traced to National Metrology Institutes (NMls)
directly or through accredited laboratories. The NMlIs, as LN.RL.M. (www.inrim.
it), provide primary measurements of all the base quantities and several of derived
ones as e.g. pressures, flows, volumes, etc. in the most commonly requested
working ranges. Figure 16 summarizes, for all the primary systems available at I.
N.RI.M. [23], the uncertainty values related to the working ranges; the system are,
of course, based on different methods of evaluating the pressure from vacuum
standards to high pressure balances (also known as piston gauges) [24, 25]. If the
leak detector provides the value of the flow-rate it will be necessary to trace
the instrument to a primary flow-meter through calibrated leaks, which may be of

www.iran—mavad.com

Slgo wigo ole @2 40



Leak Detection: General Remarks and Examples 199

1E+00

=—4—2absolute
1E-01 —p—differential

¢ = X —e—gauge
1E-02

Ur N\\
1E-03

LN
N

1E-06 1E-04 1E-02 1E+00 1E+02 1E+04 1E+06 1E+08
pressure/Pa

Fig. 16 Primary pressure devices at I.N.RL.M. represented by the pressure ranges and the
expanded uncertainty at 95% [23]

Fig. 17 Geometrical leaks: (a) capillary type [13] and (b) holes in membranes [17]

the geometrical types, Fig. 17 (hole in a membrane, small capillary tube) or of the
permeation type.

From equation (1) to generate and measure primarily a flow q can be done in
three different ways depending on whether it may let to vary over time:

1. pressure and volume (most difficult),
2. volume while pressure is maintained constant,
3. pressure while volume is maintained constant.

The most diffused primary flow—meters are based on variable volume and
constant pressure [25-27] where, in general, the pressure is kept constant by
varying the volume by a movable piston whose displacement is measured or by
an interferometric device or by a length transducer traced to length standard. Table 2
lists both mass or volume flow-meter available at LN.RL.M. [22] and the expanded
uncertainty values for the various ranges as listed in the BIPM database [23].
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Table 2 Primary gas flow rate and volume measurements at LN.RL.M

Notes Mass flowrate Ur
kg/s %

Gas-oil 1.0E-03 0.2

Kerosene 1 0.2
3.0E-04 0.1
0.1 0.1
1.0E-03 0.1
1 0.1

Liquid helium 1.5E-02 0.5
0.3 0.5 Notes Volume Ur
g/s 1

Inert gas 2.0E-05 0.05 Water 1 0.2
0.02 0.05 50 0.2
0.02 0.1 0.01 0.05
5 0.1 0.1 0.05
Volume flowrate 20 0.01
/s 200 0.01

Inert gas 20E-05 0.05 Inert gas 2.0E-04 0.2
0.02 0.05 45 0.2
0.02 0.1 50 0.1
1 0.1 120 0.1
1 0.05 120 0.05
10 0.05 800 0.05
10 0.1
45 0.1
2.0E-04 0.2
45 0.2

For very low pressure at LN.RI.M. three home-built flow-meters are available:
one is used for throughput measurements with outlet to vacuum and two for
throughput measurements with outlet to atmospheric pressure (Figs. 18 and 19).
They are essentially based on constant pressure-variable volume methods [26, 27]
and cover the following gas flow-rate ranges:

~ 2x10 %t 2 x 1077 mbar L/s, extended uncertainty 8% and 2 X 1077 to
1073 mbar L/s, with extended uncertainty from 3% to 0.5%, with reference to
vacuum,

— 2 x 107* to 1072 mbar L/s with reference to atmospheric pressure, extended
uncertainty, 2%.

An example of calibration curve of a capillary leak is represented in Fig. 20
showing the behaviour of the scaled conductance in the full range from molecular to
viscous though the transition regime depending on the pressure (mean free path)
[22, 28-30].

With the radar leak detection in addition to install (on aircraft or car), test radar,
data collection and signal processing several other steps are necessary as for
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Fig. 18 Schematic of one of the .N.RL.M. flow-meters [25]

example [13]: modelling the leak plume and providing standard leaks to be able to
measure the flow: some results are summarized in Fig. 21 and Tables 3 and 4 for
methane pipeline from reference [13].

8 Mutual Recognition Agreement

The primary systems designed for measuring the pressures and gas flow [24, 26, 29]
as well as all other fundamental or derived quantities of the SI must meet the
requirements of Mutual Recognition Agreement (MRA). By this Agreement, the
primary institutions that have signed it recognize the need to demonstrate their
Calibration and Measurement Capabilities (CMC), and recognize the validity of
calibration and measurement certificates issued by other NMIs (www.bipm.org).
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Fig. 19 General view of
one of the .N.RL.M. flow-
meters [25]

|
i

The practical realization of the MRA is based on the results of key comparisons
or even additional regional or bilateral comparisons performed according to set of
procedures, to determine the degree of equivalence of national measurement
standards maintained by NMlIs. Each laboratory that has signed the agreement
must also ensure the quality of its measures through a system of quality to interna-
tional standards [31]. On the basis of the results of all those actions, the degree of
confidence that each laboratory may have on the calibration results and calibration
certificates of the others is documented.

The results of various comparisons (key, supplementary and bilateral), after a
process of evaluation and acceptance by participants are entered in a database
maintained by the Bureau International des Poids et Mesures [32]. Even the
CMC:s (supported by the comparisons) are included in the BIPM database. Each
line of the CMCs represents the calibration activity that the primary laboratory can
perform for a given quantity and a particular type of instrument, in a defined range
of measurement with a well definite uncertainty value [33].
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Fig. 20 Calibration curve of a capillary leak, dots-measurement results, curve-Knudsen interpo-
lation [22]
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Fig. 21 Gas leak: flow versus diameter [13]

Table 3 Methane gas flow Leak
rate and hole diameter [13]

—1

Methane flow m>/s Hole diameter mm

Very small 1.7 x 1072 <54
Small 17x102 > 17x 107" 54— 17
Medium 1.7 x 107" — 1.7 54 — 54
Large >1.7 >54
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Table 4 European standards on leak detection: methods

EN 1330-8:1998 May 1998 Non-destructive testing-terminology-part 8: terms used in leak
tightness testing
EN 1518:1998  April 1998 Non-destructive testing-leak testing-characterization of mass
spectrometer leak detectors
EN 593:1999/  Dec. 2003 Non-destructive testing-leak testing-bubble emission
A1:2003 techniques
EN 1779:1999/  Dec. 2003 Non-destructive testing-leak testing-pressure change method
A1:2003
EN 13184:2001/ Dec. 2003 Non-destructive testing-leak testing-pressure change method
A1:2003
EN 13185 :2001 Dec. 2001 Non-destructive testing-leak testing-tracer gas method
EN 13192:2001/ Dec. 2003 Non destructive testing-leak testing-calibration of reference
AC:2003 leaks for gases
EN 13625:2001 Dec. 2001 Non-destructive testing-leak test-guide to the selection of
instrumentation for the measurement of gas leakage

Table 5 Leaks permitted in most common artefacts

Leak
Artefact/system mbar L/s Notes
Large tanks for gases >10"* Tested with tracer gas or pressure decay/depending on
and liquids temperature stability in time (ex. dp/dt = 1073 mbar/s
for V = 15,000 m®)
Long pipes >107* Natural gas transportation at high and very high pressure
Chemical process 10—"to 1 High gas flow processes
systems
Beverage cans 1077 t0 107 They must guarantee CO, tightness
Vacuum process 1077 to 107 Dynamic systems with acceptable small leaks
systems
Automobile airbags 1078 to 107> They must be in operation for an established time interval
Packaging 1078 to 1077 Tightness against humidity or contaminants
Pace makers <107° Once implanted long life must be guaranteed

9 Standards

In addition to the various standards on NDT regarding all the techniques, specific
standards on leak detection have been made available at European level (Table 4).
In Europe, standards on leak detection are the task of the working group WG 6
“Leak testing” of the CEN/TC 138 (Non Destructive Testing); at international level
ISO became active in the last years through the working group SC 6 “Leak
detection methods” of the ISO/TC 135 (Non Destructive Testing).

Table 5 lists the European method standards to which the EN 473 must be added
on qualification and certification of NDT personnel-general principles. It is impor-
tant, besides desirable, that in the near future the whole standardization activity will
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be the task of only one group working on the standards for all the available methods
on leak detection, combining the various experiences on non destructive testing.

10 Conclusions

It is relatively easy to find out leaks while it is more complicated to quantify them;
for the measurements of the leaks appropriate methods and techniques should be
chosen in advance on the basis of needs and cost-benefit analysis. It is necessary to
provide a traceability chain in which National Metrology Institutes have to be
involved directly or through accredited laboratories The demands of leak measure-
ments is increasing for quality and safety warranty. The following table shows some
examples of acceptable leaks for the most common artefacts.

Mass spectrometry is widely used both for leaks identification/location and
measurements; on large containers pressure rise or drop is frequently applied with
careful attention to temperature stability or to the evaluation of its influence on the
final result. Both method and related instrumentation need to be traced to reference
standards for gas flow rate or pressure. Ultrasound and radar are widely employed
to locate leaks, mostly for underground large tanks and gas pipes; several studies
based on appropriate mathematical tools and calibration studies have been per-
formed or are under way for quantification of leaks.

Frequently it necessary to combine several testing types (Table 5) to appropri-
ately locate the leakage zone and to measure the corresponding flow. The choice of
the measurement method and instruments depends on the type, geometry of the
containers to be analyzed and, of course, on fluid and its pressure.
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Corrosion Defect Assessment on Pipes
Using Limit Analysis and Notch
Fracture Mechanics

Guy Pluvinage

Abstract Two methods of corrosion defect assessment on pipes are described:
Limit Analysis (LA) and Notch Modified Failure Assessment Diagramme
(NMFAD). Limit pressure analysis are based on ASME B31G, modified ASME
B31G, DNV RP-F101 codes and recent proposed formulations. The notch stress
intensity factor concept and SINTAP structural integrity procedure are combined to
assess pipelines integrity into a notch-based assessment diagram so-called ‘NFAD”’.
Defect assessment is made by comparing safety factor to a prescribed value
(deterministic approach) or failure probability at conventional level.

1 Introduction

Pipelines have been employed as one of the most practical and low price method for
large oil and gas transport since 1950. The pipe line installations for oil and gas
transmission are drastically increased in last three decades. Consequently, the
pipeline failure problems have been increasingly occurred. The economical, envi-
ronmental and human life considerations involve the current issue as structural
integrity and safety affairs. The explosive characteristics of gas provide high
wakefulness about the structural integrity. Therefore, the reliable structural integ-
rity and safety of oil and gas pipelines under various service conditions including
presence of defects should be warily evaluated. The external defects, e.g., corrosion
defects, gouge, foreign object scratches, and pipeline erection activities are major
failure reasons of gas pipelines. A typical example of a corrosion defect is given
in Picture 1. According to numerous design codes, this kind of defects is considered
as a semi elliptical crack—like surface defect of aspect ratio a/c. The aspect ratio
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Picture 1 Example of
corrosion defect on pipe

varies in range [0.1-1] depending on corrosion rate anisotropy. Several types of
pipes failures can be distinguished as longitudinal, circumferential or helicoidally
failures. These types depend mainly on pipe diameter. For small diameter pipes,
where bending stresses are predominant, circumferential failure occurs. For large
diameters, hoop stresses are more important than bending stresses and longitudinal
failure appears. When bending and hoop stresses are of the same importance,
fracture path becomes spiraled.

Pipe steels have yield stress up to 700 MPa for the most recent quality in order
to ensure enough ductility and weldability. Failures emanating from corrosion
defect are elasto plastic fracture or plastic collapse. For these two situations, defect
assessment is made generally by two tools: failure assessment diagram (FAD) and
limit analysis (LA). In this paper the two major corrosion defect assessment tools
for pipes are presented:

1. limit analysis,
2. anotch adapted failure assessment diagramme by modification of the SINTAP
procedure using the Volumetric Method,

A comparison of methods is given as a conclusion.

2 Assessment of Corrosion Defect by Limit Analysis

The structural integrity of corrosion defects is substantially studied. In Fig. 1, A list
of methods available for corrosion defect assessment is presented. They are
grouped vertically by their type, codified methods or others, and horizontally by
their applicability, pressure or combined loading, etc.
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Fig. 1 Methods for corrosion defect assessment based on limit analysis

2.1 ASME B31G and Modified ASME B31G

ASME B31G [1] is a code for evaluating the remaining strength of corroded
pipelines. It is a supplement to the ASME B31 code for pressure piping. The
code was developed in the late sixties and early seventies at Battelle Memorial
Institute and provides a semi-empirical procedure for the assessment of corroded
pipes. Based on an extensive series of full-scale tests on corroded pipe sections, it
was concluded that pipeline steels have adequate toughness and the toughness is not
a significant factor. The failure of blunt corrosion flaws is controlled by their size
and the flow stress or yield stress of the material. The input parameters include pipe
outer diameter (D) and wall thickness (t), the specified minimum yield strength
(oy), the maximum allowable operating pressure (MAOP), longitudinal extent of
corrosion (L.) and defect depth (d).

According to the ASME B31G code, a failure equation for corroded pipelines
was proposed by means of data of burst experiments and expressed with consider-
ation of two conditions below:

First, the maximum hoop stress cannot exceed the yield strength of the material
(ggp<0ovy). Second, relatively short corrosion is projected on the shape of a parabola
and long corrosion is projected on the shape of a rectangle. The failure pressure
equation for the corroded pipeline is classified by parabola and rectangle as
shown in Fig. 2.
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a

itudinal axis of pi
Long inal axis of pipe

LM : Measured longitudinal extend
of the corroded area

Measured
maximum depth of corrosion

V27272070 2 :t:ﬁ

b Longitudinal axis of corroded gas pipeline
L
t d
\ 1
N N
Parabolic defect shape assumption for short defects Corroded regions
C Longitudinal axis of corroded gas pipeline
L
tl d
; V. \

¥
N/ N
Rectangular defect shape assumption for long defects  Corroded regions
Fig. 2 (a) Typical illustration of corrosion defects (longitudinal axis), (b) Short corrosion defect
simplified as a parabolic curve (ASME B31G) and (c) Long corrosion defects simplified as a
rectangular defect
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Parabolic defects:

PR
where:
w=reos(5) (2)
for:

o C)=

Where, P¢, D, d, t, M, oy and L are the failure pressure, outer diameter, maximum
corrosion depth, wall thickness, bulging factor, yield stress and longitudinal corro-
sion defect length, respectively. Due to some problems associated with the defini-
tion of flow stress, a new flow stress was proposed as:

or = l.1oy + 69[MPa] 2)

The modified ASME B31G including this new modified flow stress and bulging
factor is a follows:

2(1.1oy +69) -t | 1 —0.85(d/t)

Pr = 3)
D || g9
M
where:
2 4 2
Wﬁwmqqcywwfqﬁ

D t D t

for:

B(E)=s

2(1.1oy +69) -t | 1 —0.85(d/t)

D (d/1)
- 0851

P; =

“)
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wso0n(s) ()
(5) ()

It is necessary to recall that ASME B31G is limited to low stress concentration
factors and internal pressure loading conditions. In the assessment procedure, one
considers the maximum depth and longitudinal extent of the corroded area, but
ignores the circumferential extent and the actual profile. If the corroded region is
found to be unacceptable, B31G allows the use of more rigorous analysis or a

hydrostatic pressure test in order to determine the pipe remaining strength.
Alternatively, a lower maximum allowable operating pressure may be imposed.

where:

for:

2.2 DNV RP-F101

DNV RP-F101 [2] is the first comprehensive and extensive code for pipeline
corrosion defect assessment. It provides guidance for internal pressure and
combined loading. It covers all loading types e.g., pressure only and combined
loading. Furthermore, it provides codified formulations for pressure, bending and
area depth. DNV RP-101 proposes two methods to find the failure pressure. The
first method is based on the partial safety factor and the second is classified as
allowable stress design. Both methods entail information on the pipe outside
diameter (D), wall thickness (t), ultimate tensile strength (), maximum allowable
operating pressure (MAOP), longitudinal extent of corrosion (L) and defect depth
(d). The allowable stress design method considering non-interacting defects is
discussed here. The exact procedures for the partial safety factor method and
interacting defects can be found within the DNV code.

To pursue the design procedure via DNV RP-101, it is required to determine the
loading type (pressure only and combined loading) and consequently, the failure
pressure can be obtained as:

_ 20ut |1- (D/t)

D-—t 1_%
Q

oo ¢(T)
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Where Py, D, d, t, Qand oy are the failure pressure, outside diameter, corrosion
depth, wall thickness, correction factor and ultimate tensile strength, respectively.
According to DVN RP-101, the failure pressure should not exceed the maximum
allowable stress design operating pressure (MAOP) otherwise, the corroded pipe
will be repaired or replaced before returning to service.

2.3 Choi’s Method

Based on limit load analysis assumptions and finite element analysis of corroded

pipelines, Choi et al. [3] proposed a limit load solution as a function of %, \/L_
follows: Rt
2oyt L L\* L
0.9 Co+C + G| —= for —<6
il 1<\/Rt> 2<\/Rt) ] VRt
Py (6)
Zaut

o) o o

Cy = 0.06 (Q)2 ~0.1035(¢) +1
= -0, 6913(%)2 +0.4548(%) — 0.1447
C, = 0.1163 (%)2 ~0.1053(§) +0.0292
— ~0.9847(¢) + 1.1101
€y = 0.0071($) —0.0126

where P¢, gy, Dj, d,tandR are the failure pressure or maximum pressure, ultimate
tensile strength, inside diameter, defect depth, wall thickness and average pipe
radius, respectively. In general, the corrosion pits are idealized into a semi-elliptical
shape rather than rectangular and semi-spherical shapes.

2.4 Experimental Verification and Codes Comparison

An experimental verification has been made by burst tests. Specimens are rolled
steel cylindrical pipes with .an external diameter of 219.1 mm and a thickness of
6.1 mm. A quasi-semi-ellipsoidal notch represents a corrosion external defect. The
major axis of the ellipsoid is parallel to the axis of the tube and the length .of the
notch is 30.5 mm. The depth of the notch is 3.05 mm and the width is also 3.05 mm.
The radius of .the notch tip is 0.15 mm, as shown in Figs. 3 and 4. A schematic view
of the notched tube is given in Fig. 3.

Some tubes containing a notch with the dimensions given here were loaded with
a gas up to failure. Fracture occurs under a pressure of about 12 MPa. Only two
results are available, but they give fracture pressures that are close together.
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h=1.55 mm | a=3.05 mm

o r=1.0 mm

r=3.05 mm 61 mm

219 mm

D

Fig. 4 Experimental device for burst test under gas pressure
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Moreover, this type of burst test with gas is rare, as are papers on this subject. So it
is very difficult to properly compare our results. If we consider the gross hoop
stress, it appears that computation gives a maximum value that is less than the yield
strength. The hoop stress acts along the circular direction of the tube, but the stress
in a perpendicular direction acts in the longitudinal direction of the tube and the
stresses in this direction are constrained by the great length of the tube. Conse-
quently, a triaxiality effect is observed on the Von.Mises stress. This triaxiality
effect induces an over stress to obtain the yield of the material. Here, the overstress
factor is 1 = oym/oy = 760 MPa/528 MPa = 1.44. The .maximum stress value is
about 760 MPa for an internal .pressure of 12 MPa (Fig. 5).

Predicted burst pressure was determined according to codes ASME-B31G and
DVNRP-F101 and results are reported in Table 1. According to the experimental
results, it seems that the ASME B31G code is the closest to experimental values.
The DNVRP-F101 is the most conservative code.

Fig. 5 Fracture of pipe
specimen after burst test

Table 1 Predicted burst P_ Error with experimental results
pressures from codes (MPa) (%)
ASME B31 G 11.3 5.8
Modified ASME 10.8 10
B31G
DNV RP-F101 6.6 45
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3 Modified SINTAP Procedure for Fracture
Emanating from Notches

The structural integrity of corroded pipes can assess using failure assessment
diagramme. Classical failure assessment diagramme are established for crack-like
defects and are not directly applicable to corrosion defect. However a notch-adapted
procedure based on notch Fracture Mechanics and particularly Volumetric method
can be used.

3.1 Volumetric Method

The Volumetric method [4] is a local fracture criterion, which assumed that the
fracture process requires a certain volume. This volume is assumed as a cylindrical
volume with effective distance as its diameter. Physical meaning of this fracture
process volume is “the high stressed region” where the necessary fracture energy
release rate is stored. The difficulty is to find the limit of this “high stressed region”.
This limit is a priori not a material constant but depends on loading mode, structure
geometry and load level. The size of the fracture process reduced to the effective
distance according to the above mentioned assumptions is obtained by examination
of the stress distribution.

The bi-logarithmic elastic—plastic stress distribution (Fig. 6) along the liga-
ment exhibits three distinct zones which can be easily distinguished. The

1 IOy (1)
Log(oy,(r)) (1) = "
A ; 3
c yy(r) Jx
Omax [ Stress distribution along defect root
Oeff
/Kp =0y 4 27 Xepr
I m HIE Relative stress gradient
Fracture Process Zone (
e i
Aesteleteted |
\ ':t:t:::t:ﬁ:ﬁ::\ Xeff : Xn
RS . L.
S Notch stress intensity virtual crack Log(r)

Geometrical defect

Fig. 6 Schematic elastic—plastic stress distribution along notch ligament and notch stress intensity
virtual crack concept
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elastic—plastic stress primarily increases and it attains a peak value (zone I) then
it gradually drops to the elastic plastic regime (zone II). Zone III represents
linear behaviour in the bi-logarithmic diagram. It has been proof by examina-
tion of fracture initiation sites that the effective distance corresponds to the
beginning of zone III which is in fact an inflexion point on this bi logarithmic
stress distribution. A graphical method based on the relative stress gradient
associates the effective distance to the minimum of 7y. The relative stress
gradient is given by:

_ 1 9oy(r)
X(r)_oyy(r) or

)

Where y(r) and oy (1) are the relative stress gradient and maximum principal stress
or crack opening stress, respectively.

The effective stress for fracture is then considered as the average volume of the
stress distribution over the effective distance. However stresses are multiply by a
weight function in order to take into account stress gradient due to geometry and
loading mode. The stress distribution is given by:

| Xeft
rar =g | owl) (1= ) ®)
Kefr
0
Therefore, the notch stress intensity factor is defined as a function of effective
distance and effective stress:

K, = 0eit /27 - Xesr 9

Where K, oer and Xegr are notch stress intensity factor, effective stress and
effective distance, respectively. Description of this kind of stress distribution at
notch tip and the procedure with the help of the relative stress gradient is given in
Fig. 6.

3.2 Notch Adapted Failure Assessment Diagramme (NFAD)

An example of Notch Adapted Failure Assessment Diagramme is given by
Matvienko [5]. The parameter k; is defined as the ratio of the applied notch stress
intensity factor and fracture toughness Kjc.

(10)
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The failure assessment curve is taken from the cohesive zone model and the
criterion of average stress in the cohesive zone head of the notch tip as indicates in
[5]. However the critical stress intensity factor is shown as to be a decreasing
function of the elastic stress concentration factor and consequently failure assess-
ment curve is notch radius dependant. In order to get a NFAD interpolation curve
independent of the notch radius, the parameter k, is defined as follows:

Ko
P = (11)
Kﬂ,C(P)

Where the fracture toughness K, . is a function of notch radius. L, parameter keeps
the same definition. By assumption, the interpolation curve is independent of notch
radius and is the same that the crack’s one. Consequently, the SINTAP interpolation
curves [6] were used in the NFAD.

3.3 Failure Assessment Curve

Two SINTAP levels are used (Level O and Level 1). Characteristics of these two
levels are given in Table 2. The mathematical expression of the interpolation curve
f(Lr) are given in formulae (22) and (23).

Level 0
L2 ‘
f(L,) = [1 n —r] [0.3 n 0.7e(*°-6Lr)] (12)
for:
0<L <1
where:

1 2.5
L;nax =14+ (ﬂ)
oy

Table 2 SINTAP levels 0 and 1 description

Level Data needed When to use

Default level

Level 0 Yield or proof strength When no other tensile data available

Standard level

1. Basic Yield or proof strength: ultimate  For quickest result. Mismatch in
tensile strength properties less than 10%
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Level 1
[1 —3}%[0/3 +0.7e(HL )} 0 <L, <L™
f(L,) = 2] Nj =S (13)
[1+4]7[0/340.7¢W] - L, 1 <L, <L
where:
E
i = min {0.001 —,0.6] ,Lmex = | (M) and N = 0.3 (1 — G—Y>
oy oy ou

3.4 Safety Factor Obtained from Different Defect Geometry

In the failure assessment diagramme, service conditions of a structure exhibiting a
corrosion defect is represented by the assessment point A of coordinates [1*, k* ] in
the NFAD plane (1, k;). Due to the definition, 1, and k, parameters are proportional
to pressure and the loading path is linear passing through A and intercepting the
failure assessment curve at point C. The safety factor is then defined as:

f, = OC/OA (14)

Safety factor on corrosion defect have been determined for pressure service
conditions of 70 bars for a gas pipe made in X52 steel (yield stress 410 MPa). Three
kinds of surface defects are examined semi spherical, semi elliptical and long semi
elliptical defects (Fig. 7).

In Figs. 8a, b and c, the geometrical configuration of these defects is presented.
The defect depth for all models is equal to one-half of pipe wall thickness and the
defect length over defect depth ratio is considered as 10 (L/d = 10).

A

Kr
1.2 4
Fs = OB/OA
1
Kr.c
0.8 - D Unsafe
* 2.5
Kr b eeeeeeeeeee s ' 150
0.6 - : Ly max=1+
: o
0.4 4 &
0.2 1
0O T T . . . —
0 0.2 04 %06 0.8 1 12 Lr
Lr Lr.c

Fig. 7 Failure assessment diagramme and definition of safety factor Fs
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Fig. 8 (a) Central semi-spherical defect (t = 6.1 mm, d = t/2), (b) Central semi-elliptical defect
(t =6.1 mm, d =t/2, d/L = 0.1), (¢) Central longitudinal semi-elliptical defect (t = 6.1 mm,
d=1t/2,d/L =0.1, p = 0.15 mm)

Table 3 Effective stress, effective distance and notch intensity factors along radial and longitu-
dinal direction using 70 bars as applied internal pressure

Defect type Effective distance (mm) Effective stress (MPa) K, (MPa.m®%)
Radial direction

Semi-spherical 0.42 202.7 10.4
Semi-elliptical 0.67 343.4 223

Long 0.38 539.6 26.3
Longitudinal direction

Semi-spherical 0.72 184.4 12.4
Semi-elliptical 0.53 252.1 14.5

Long Blunt notch 0.63 311.4 19.7

The obtained notch stress intensity factors and applied internal pressure are
utilized to define the required assessment points which are used in the failure
assessment prediction (Table 3).

The safety factor has been determined on the Failure Assessment diagram
according to the procedure described in Fig. 6. In Table 4, different safety factors
according to the SINTAP procedure are presented.

We note that all values of the safety factor are above the conventional value
of 2 and consequently all the defect sizes are acceptable.
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Table 4 Safety factors

; Type SINTAP OB SINTAP 1B
according to the SINTAP - -
procedure Sem}—spt.ler.lcal 4.095 4.106
Semi-elliptical 3.407 3.750
Blunt notch 3.186 3.583

Table 5 Calculated safety factors using mentioned coded and other methods

Type SINTAP 0B SINTAP 1B ASME B31G
Semi-spherical 4.0 4.1 3.5
Semi-elliptical 34 3.7 34

Blunt notch 3.1 3.5 N/A

Type mASME B31G DNV RP F-101 Choi et al.
Semi-spherical 4.0 4.2 33
Semi-elliptical 39 4.2 2.8

Blunt notch N/A N/A N/A

The failure pressure is extracted by means of the maximum failure pressure
according to the above-mentioned codes (ASME B31G, Modified ASME B31G,
DNV RP-101 and Choi’s method). The safety factor is determined by means of the
applied pressure P, over failure pressure Py as:

P,
F, = 2 15
Py (15)

In Table 5, different safety factors according to the SINTAP procedure and limit
load analysis methods are computed using implemented MATLAB code.

As expected earlier, the SINTAP OB is more conservative than SINTAP 1B.
Nevertheless, ASME B31G, modified ASME B31G, DNV RP F-101 and Choi’s
method do not offer any structural integrity formulae for blunt notch defects and
DNV RP F-101 does not exhibit any variation in safety factor for the chosen semi-
spherical and semi-elliptical defects. The comparison of computed safety factors
emphasizes that DNV RP F-101 and Choi’s method provide the upper bound and
lower bound margins.

3.5 Probabilistic Safety Factor

On the probabilistic point of view, the Failure Assessment Diagramme can divide
into zone of ISO failure probabilities. The material failure curve is a particular case
for which the failure probability is equal to 1 because failure is then a certainty.
Any assessment point of coordinates [L,*—k*] is situated on an equi probability
curve P.*. The following conventional failure probability are often used Pr = 10~*
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0 . ‘ — T r —
L
0 0.2 0.4 r 08 08 1 1.2

Fig. 9 Probabilistic Notch Failure Assessment Diagramme (PNFAD) with definitions of material
failure curve, assessment point, save and unsafe zones and safety factor

if there is no human life risk and Pr = 10*6; if there is. These conventional iso
failure probabilities divided the Failure Assessment Diagramme into three zones:
the unsafe zone with P, = 1; the safe zone with maintenance P*, >10"* or 10 ® and
the safe zone without maintenance P*, <10~* or 10.”® This type of failure
assessment diagramme is called probabilistic N FAD (Fig. 9).

The pipes located in a water network which consists of a pump, a reservoir and
5 pipe sections are submitted to a stochastic water hammer. Fracture toughness,
yield stress and corrosion depth are assumed to be randomly distributed to allow
determination of safety factor by Monte-Carlo and Form/Sorm methods.

Within the chosen procedure, the following parameters are treated as random
parameters and introduce into the Notch Failure Assessment Diagramme:

¢ notch fracture toughness K
e yield strength Re,

e ultimate tensile strength G,
e defect depth a,

® maximum pPressure Puax-

p.Cco

These random parameters are treated as not being correlated with one another.
Fracture toughness is assumed as Weibull’s distribution. Yield strength ultimate,
tensile strength and internal pressure can be mainly assumed as following a normal
distribution. For defect, depth (a) is assumed to follow an exponential distribution.

The exponential distribution generally governs for defect size analysis. Conse-
quently, the probability density function has the following form:

F(X) = lexp(—4a) (16)

where A is the exponential distribution parameter.
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Table 6 Mechanical properties of pipe steel and used distribution

Mechanical Yield strength Ultimate circumferential Fracture
properties Re strength stress toughness Defect
Mean 410 MPa 528 MPa  41.8 MPa 116 MPa.m®® 2 mm
cv 0.1 0.1 04 0.1
c 41 MPa 528 MPa  18.44 MPa 11.6 MPa.m®®
Distribution Normal Normal Normal Weibull Exponential
12 4% STEEL
0.012
0.01
0.008
0.006
0.004
: 0.002 Ly
0 T T T T T > 0 4 - b
0 02 04 06 038 1 12 14 0 0.05 0.1 0.15

Fig. 10 Example of probabilistic Notch Failure assessment diagramme for steel

The mechanical properties of the studied steel materials are presented in Table 6.

We have chosen the lower bound for variation coefficient CV = 0.1. Using Monte
Carlo method, several assessment points (40-50) were generated using the character-
istic parameters of the distribution. The obtained NFAD are presented in Fig. 10.

The NFAD can be presented into polar coordinates (r, 0). Two particulars value
are noted in this polar diagramme 0, and 6,. The first polar angle 6; corresponds
to the angle of the intercept of the failure curve at abscissa L, = 0.62. This
corresponds to a conventional value of gross failure stress of 62% of the yield
stress. The second polar angle 0, corresponds to the intercept of the vertical line
of L; max abscissa. These two angles determine three domains in the NFAD dia-
gramme (Fig. 11).

If 6 < 0, brittle fracture.
If 6, < 6 < 0, elasto plastic fracture.
If 6 > 0, plastic collapse.

These three different failure zones are presented in Fig. 8. For any assessment
point A we can define the safety factor according to Eq. 23.

_0A

fo.=—
*7 OB

A7)

However, and mainly for steel and cast iron, the assessment points lay in the
plastic collapse zone. Another way to define safety, is to consider that we have
plastic collapse only for 6 = 0. In this case the safety factor is defined as:

A*
fr O

- 1
= o (18)
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Fig. 11 Definition of zones of brittle fracture, elasto plastic failure and plastic collapse in NFAD
and definition of theta angle

6 angle (%)
3 - x STEEL
64 i 1\ Weibull distribution n=1232
N \\ m = 9.29 =158
18 \ oe=1238 x
\\
449 \‘ x X x %
y 4
5% x
% xxx 5 Ko X
m-1 m “‘30 § o x>t " “+36
14 p(x)=cmx exp (-cx™) > x % X ok . o . ‘
,>(<x>x§>< % Safety Factor fg
0 T = T L ! T 1
u
0 5 10 f’; 15 20

Fig. 12 Distribution of the safety factor with q angle for pipe steel

Values of 6, and 0, are respectively §; = 55 and 6, = 22. Muhammed and al.
[7] have shown that the general trend that emerges is that on average the margin of
safety on the FAD is minimum in the middle (elastic—plastic) region, slightly higher
in the ‘plastic collapse’ region and maximum in the ‘brittle fracture’ region.
However, this overall trend is complicated by varying degree of scatter in the
different regions. For this reason, we have examined the evolution of the safety
factor with 0 angle. It has been shown that the 0 angle is in range [0-7°] for steel,
[0-15°] for cast iron and [0—4°] for polyethylene. All data are in a narrow scatter
band of range [t — 30; p + 3c] and in the region of plastic collapse. For this
reason the safety factor f*; computed from the ultimate pressure done by code
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Table 7 Mean values and

Material Steel
standard deviation for the -
safety factor of the material Mean p 12.32
f* 11.63
Standard deviation o 1.26
Variational coefficient CV 0.12

ASME B31G is also reported (Fig. 12). Mean values and standard deviation for the
safety factor of the three material are reported in Table 7.
The safety factor computed for fully plastic collapse is less than the mean value of f;.
The safety factor distribution is represented with a Weibull distribution.
Kolmogorov-Smirnov test results indicate that the Weibull distribution is signifi-
cant at 57%.

4 Conclusions

The structural integrity of corroded pipelines subjected to internal pressure is
studied in this paper. The semi-spherical, semi-elliptical and blunt notch defects
are examined under this loading and safety factors are evaluated by means of the
SINTAP procedure which is modified using a Notch-based Failure Assessment
Diagram or so called “NFAD”. The ASME B31G, Modified ASME B31G, DNV
RP F-101 and Choi’s method have been also utilized.

The values of deterministic safety factor are codified in codes such as
EUROCODE 3[8] However, the actual trend is to adopt partial safety factor
according to the degree of uncertainties of the material properties in order to
avoid over conservatism. The design material properties are then defined as some
percentile of the material resistance distribution (The mean values is generally used
for metals and alloy but for wood, the admissible stress is defined as the fifth
percentile of the distribution). The use of probabilistic Notch Failure Assessment
Diagramme allows getting global safety factor without introducing a series of
partial safety factors on material properties, defect size and applied loading. In
addition, the probabilistic safety factor is associated to a failure probability. Then,
with a conventional allowed failure probability, it is possible to have a maintenance
policy and to compute the economic cost of the risk of structure failure. Under
stochastic service pressure, the safety factor is distributed randomly according to
Weibull distribution. It has been seen that the Weibull modulus of the distribution is
about ten and the confidence interval of the safety factor has a satisfactory value.
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A Damage Evolution Approach in Fracture
Mechanics of Pipelines

Yu.G. Matvienko

Abstract The paper concentrates on perspectives of the damage evolution
approach in fracture mechanics of oil and gas pipelines. This approach is based
on the generalised concept of damage. It is postulated that deformation and fracture
processes in solids are determined by some general functional law related to the
accumulation of damage. Fracture mechanics parameters are accepted as the
controlling parameters for the failure processes. The approach leads to a description
of fatigue crack growth, stress corrosion cracking, a correlation between hydrogen
redistribution in the vicinity of a crack tip and the stress intensity factor during
crack propagation under cyclic loads. The damage evolution approach has been also
employed to quantify the shift of the ductile-to-brittle transition temperature of gas
pipelines due to physical-mechanical damage of the steel during long-term opera-
tion of pipelines. The ductile—brittle transition curve of the steel pipeline shifts to
higher temperature which decreases operation margins in both the temperature and
pressure. The methodology of the above-mentioned approach and the failure
assessment diagram has been employed for the structural integrity analysis includ-
ing assessment of the ductile-to-brittle transition temperature and allowable sizes of
surface longitudinal crack-like defects in gas pipelines.

Nomenclature

a crack size

A constant in the damage evolution law
Cu hydrogen concentration

E Young’s modulus

J J-integral
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K stress intensity factor

Kpat fracture toughness

m strain hardening exponent

n power exponent in the damage evolution law

N number of fatigue loading cycles

N*, t* fixed (or a unit) number of cycles and time, respectively
SFx safety factor against fracture

Ty ductile-to-brittle transition temperature

V*., Vo coefficients in the Paris and the corrosion crack growth laws, respectively
Ag; crack increment length
o nominal applied stress
oy yield strength
) local strength
p local biaxiality ratio
T time

14 controlling parameter

b4 continuum parameter

Subscripts

i initiation
max maximum
scc  stress corrosion cracking

1 Introduction

It is well-known that failure of gas and oil pipelines can be associated with
initiation or crack propagation as a result of various physical-mechanical damage
processes of the steel, namely, corrosion, fatigue, hydrogen embrittlement, the
ductile-to-brittle transition temperature shift during long-term operation of pipe-
lines. It should be noted that the risk of fracture increases at low climatic tempera-
tures, degradation and strain aging of steel which cause in plasticity drop (Fig. 1).
There are different concepts for describing crack initiation and propagation in
the case of various mechanisms of pipeline failure including a damage evolution
approach.

A concept of damage evolution in solids has been suggested by Kachanov [1]
and Rabotnov [2] for the analysis of damage under creep loading. It was essentially
a mathematical treatment to quantify damage and as such had no physical interpre-
tation. When both mechanisms and processes of failure events became better
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Fig. 1 Fracture of the gas-main pipeline in Yakutia at low climatic temperature

understood, the damage evolution approach was itself seen to be insufficient —
particularly when the mechanisms and the processes of failure changed during the
lifetime. For this case, the damage evolution approach needs to be accompanied by
fundamental principles and laws of thermodynamic, mechanics and physics of
solids, materials science.

The concept of damage evolution has been used in different later versions (e.g.
[3-5]) for the analysis of various processes of damage accumulation. The accumu-
lation of damage can be associated with a change of continuity . The continuum
parameter  (or damage parameter D = 1 — /) has not a physical interpretation.
A change of the parameter 1/ means the appearance and growth of cracks and/or
voids, and a change in the mechanical and physical properties of a solid. Conse-
quently, the value of s reflects damage evolution (the state) of solids under an
external influence. The description of the evolution phenomena in various branches
of knowledge can be based on an interdisciplinary or a synergetic branch of science.
A typical non-linear evolution equation of the state of autonomous systems can be
expressed in the form [6].

q=F[¢,q(1)] (D

For practical applications of the evolution approach it is important to choose the
vector of state parameters q of the system and the controlling parameters C.
A specific form of the function given by Eq. 1 can be obtained from data of basic
experiments and an analysis of the system behaviour under the influence of various
external factors during time 7.

This paper presents a concept of damage evolution to some problems of fracture
mechanics when the mechanisms and the processes of failure do not change in the
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time period being considered. Moreover, this concept has been employed to
estimate the transition temperature shift of the pipeline steel and incorporated
into structural integrity assessment of a gas main pipeline.

2 Damage Evolution in Solids

The evolution approach has been extended to deformation and fracture processes of
a mechanical loaded system, i.e. “solid — damage”. It is assumed that the accumu-
lation of damage (the system state) is determined by the scalar 0< /<1 which is
the single state variable ¢ = . The controlling parameters ¢ for deformation and
failure processes of solids could be stress and strain, the stress intensity factor,
temperature and other parameters, which are essential in the consideration of the
damage accumulation process.

It is postulated that deformation and fracture processes are governed by some
general functional law of damage accumulation [7]. For a simple case the damage
evolution law can be formulated as:

dy {\"
w=(5) ?

Where A>0 and n > Oare material (the “solid — damage” system) constants for the
fracture process under study. The evolution law (2) can be made more precise when
the physical and mechanical aspects of a failure process are more clearly under-
stood by examining the fracture mechanisms of the solid and the type of loading
under study. The value of  decreases with an increase in time 7 during the process
of the accumulation of damage in a solid. The value = 1 corresponds to the non-
damaged state of a solid when 7 = 0, and the value ¥ = 1 corresponds to the
critical state when t = 7., where 7. is the critical time. So, failure occurs in a
solid if the damage reaches the critical value = _ at T = 7.. The following
relationship can be written as follows by integrating Eq. 2 from yy = 1to ¢ =

Y =1 - A(1 +n) j e 3
0

Equation 3 is transformed into the following equation for the determination of
the critical time 7.:

1— \_P(l:+n
© AT @

if the controlling parameter  is constant.
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Taking into account Egs. 2 and 4, the cumulative damage law is expressed in the
integral form:

[ = )

The cumulative damage law given by Eq. 5 may be rewritten using number of
cycles N or other similar parameters, which are dependent on time of loading,
instead of time. This conclusion follows from the following argument, for example,
considering the application of a number of cycles. The left hand-side of Eq. 2 may
be represented by the expression d ¥/dt = (d¥/dN) - (dN/dt). The form of the
damage evolution law, Eq. 2, will be conserved if the constant A contains the value
dN/dt = const. As a result, the cumulative damage law can be given as:

N,
J@:1 (6)
0

Where: N, is the critical number of cycles.

The influence of the controlling parameter ¢ on the critical time may now be
analysed for damage evolution in solids. First of all, it is assumed that the critical
value W, is constant for the deformation and failure process under study, and the
critical state of a damaged solid can be reached for various combinations of the
controlling parameter and time t. Therefore, it has been suggested that the critical
value W, (Eq. 3) is also reached when the controlling parameter ¢ is equal to the
critical value &, at some fixed time (or a unit of time) 7 = 7*< 1, that is

Wi =1—-A(1+n) &1 7

Cc
The evolution equation at W.=const is derived from Eqgs. 3 and 7 namely:

j St — ®)

0

This equation may be rewritten at £ = const as:

.= 1 (fg)“ 9)

The damage evolution equation allows estimating the critical time for a solid to
reach its critical state under the given controlling parameter for deformation and
fracture processes being studied. A monotonic increase of the critical time 1. is
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Fig. 2 The influence of the
controlling parameter on the
critical time to cause failure

NORMALIZED CRITICAL TIME (t,/t¥)

NOR MALIZED CONTROLLING
PARAMETER (£, /%)

observed for an increase of the critical controlling parameter (at ¢ = const) or for a
decrease of the controlling parameter (at &. = const) (Fig. 2). The relationship
1./ ©* is more rapidly increased with larger a value of index n in the damage
evolution law. Examples of the application of the damage evolution equation will
be now discussed for various processes of deformation and failure.

3 Application of the Damage Evolution Approach
for the Crack Growth Analysis

3.1 Fatigue Crack Propagation

Fatigue crack growth may be described by an equation of the type of Eq. 2. In this
case, the stress intensity factor K can be used as the controlling parameter to
describe fatigue failure when linear fracture mechanics is valid. Furthermore, it is
assumed that the mechanism and the process of fatigue failure remain uninter-
rupted. Therefore, the maximum (or the range) of the stress intensity factor K, is
chosen as the controlling parameter & for fatigue crack growth.

Taking into account the functional relation of the value W and the fatigue crack
size a and replacing t with the number of fatigue loading cycles N, Eq. 2 can be

expressed as:
d¥ da Kmax )"
) == A 1
(da) dN ( v ) (10)

Where the value A includes the parameter dN/dr,
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It has been suggested that a crack increment ( Aa; = aj — aj_;) occurs when
damage accumulation reaches a critical value in the vicinity of the fatigue crack tip,
thatis ¥ = .. Dividing variables in Eq. 10 and taking into account the boundary
conditions, the following equation is deduced:

a;

Wi =1 - A(1+n) J ((E/%)da 1)

ajfl

It is understood that the fatigue crack growth rate da/dN is some average value
of the rate during crack incremental growth. Therefore the crack growth rate, as
well as the maximum stress intensity factor, can be accepted as constant values in
the limits of integration from a;_; to a;. From Eq. 11 the useful relation is obtained:

Ko Aa;
1P1+n —1—=A(1 max J
c (1410 N

12)

The critical value W, can also be reached after the application of the number of
cycles N* under the controlling parameter ¢ = & .. From Egs. 12 and 7 at t* — N*
the equation for the fatigue crack growth rate can be given as:

da Kmax !
— =V V* = Aaj/N*. 13
V() v “
Considering the value:
V*
C=— 14)
S

n

The well-know empirical Paris type law da/dN = CK} , follows.

It can be seen that the parameters &, and V* are interdependent for a given
interpretation [Eqs. 13 and 14], namely, various rates V* correspond to various
critical parameters & for the fatigue crack growth diagram (C = const). Using
Eq. 13, there is a possibility of physically modelling the fatigue crack growth
processes when various crack growth mechanisms have been realised. Such para-
meters as Aaj, N* and & will have a defined physical meaning. From this point of
view the middle section of the fatigue crack growth diagram can be analysed. Here,
the failure mechanisms are identified on the basis of the microrelief of the fracture
surface. Fatigue crack growth can be accompanied by striation formation on the
fatigue fracture surface [8, 9]. If the striation spacing coincides with the sub-
structural grain size arising in the plastic zone ahead of the crack tip, the value
V* is approximate equal to 10~"m/cycle. The critical parameter &, corresponds
to the stress intensity factor, i.e. £, = K* = K.x, and the crack increment
length Aaj is equal to the striation spacing and N* = 1. The stress intensity factor
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Fig. 3 Fatigue crack
propagation rates for 300
steel: The experimental
results are denoted by dots
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K* is calculated using Young’s modulus, the Burgers vector, and the size of the
plastic zone ahead of the fatigue crack tip and the grain size of the metal [8].

A theoretical approximation (see Eq. 13) of fatigue crack growth describes
experimental results [10] very well (Fig. 3). Prediction of crack behaviour in a
300 steel was carried out at: n = 2.5, &, = Ky, V¥ = 4.38 - 107% m/cycle. As a
special case for n =4, {.=K,,,V* = /2 and K;;;, = O the unified crack growth
expression given by Eq. 13 can be transformed into the equation given by Cher-
epanov [10]. Here the parameter o (according to Cherepanov) characterises the
increase in fatigue crack length.

Apparently, the evolution approach will be useful for fractographic analysis of
fatigue crack propagation, because the crack growth equation includes the parame-
ter Aaj, which characterises the crack growth by discrete jumps.

3.2 Fatigue Life of Notched Components

There are two basic scientific approaches to analyse fatigue life of notched speci-
mens. Firstly, if the fatigue initiation phase is considered to be negligible, crack
growth is quantified in terms of microstructural fracture mechanics [11, 12]. In this
case the period of time for the macrocrack initiation phase is equated to the period
of time for the microcrack propagation phase. Secondly, an approximate analysis of
fatigue macrocrack initiation life can be based on a phenomenological consider-
ation of deformation and the failure process ahead of the notch tip without reference
to a microstructural crack propagation theory [13—15]. The fatigue crack initiation
life is defined as the number of cycles to initiate a main macrocrack. For example,
experimental values of the crack initiation life, defined as a crack length of 50 pm
on the specimen surface, were well fitted for the two alloys, AC8A-T6 and AC4C-
T6, by the value K,,x, which is dependent on the kind and sizes of initial defect and
applied stress amplitude [16].
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In present section fatigue of notched specimens and macrocrack initiation at
notches has been discussed from the point of view of the damage evolution
approach presented in terms of continuum non-linear fracture mechanics parameter,
namely, the counter J-integral. It should be noted that, strictly, the concept of the
J-integral loses theoretical ground when local unloading in the vicinity of the notch/
crack tip occurs and the monotonic loading conditions assumed by deformation
theory of plasticity are destroyed. However, it is expected that the non-linear
solutions to J-integral give a reasonable approximation as demonstrated in the
literature [17-20]. These results indicate that the crack growth rate and fatigue
life can be characterised by the J-integral under general yielding conditions when
the use of linear elastic fracture mechanics to model fatigue processes becomes
questionable.

If it is assumed that a material ahead of the notch tip is under strain control
loading, fatigue life can be calculated [7] for macrocrack initiation

J k
N}zOQS( °> (15)

max

Where Jax is the maximum value of the J-integral for a solid with a notch and k is
the power index in the fatigue crack growth equation da/dN ~ JX . The critical
value J. is the J-integral calculated for the nominal (applied) stress ¢ = a,, where
oy is the ultimate strength.
If conditions of plastic deformation in the vicinity of the notch tip correspond to
stress control loading, the equation for the prediction of fatigue life to macrocrack

initiation is given by [7]:

J 12.5m(1+m)
: > (16)

"
Nl NS <Jmax

Here N is the number of cycles required to initiate a crack at the stress ¢ = o,
(thatis J = J.) and m is the strain hardening exponent in the relation between stress
and plastic strain as given by the expression ¢ = g, ¢, where o, is the constant
of the material.

In general case, the character of deformation in the vicinity of the stress
concentration corresponds to the loading conditions, which are intermediate
between strain and stress control loading. In this case the fatigue equation may be
written [from Eq. 9 by setting 7 — N]J in a more general form choosing the
J-integral as the controlling parameter:

Mzm(h) (17)

Jmax

To calculate the J-integral in the case of non-linear deformation of notched
solids, approximate formulae can be used [21].
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Although this approach concentrates on the J-integral, the methodology is
equally applicable to other parameters of fracture mechanics, for example, the
stress or strain intensity factor, and the opening displacement at the notch tip.

3.3 Stress Corrosion Cracking

It has been suggested that the process of stress corrosion cracking (SCC) is initiated
at some initial (applied) stress intensity factor K;. Therefore, the value K; is chosen
as the controlling parameter. Then Eq. 9 should be rewritten in the following form:

Kt = (Kio)" 7 = const (18)

Here, 7. is the time required to initiate the SCC process at the stress intensity
factor K; and 7* is some standard time (or a unit of time) required to initiate the SCC
process at some stress intensity factor K = Kj, and n is the constant for a given
“solid — environment” system. The critical time 7. is increased for a reduction of
the initial stress intensity factor. From Eq. 18 the following conclusion can be
drawn, namely, there is no physical threshold K. Apparently, the experimental
value of the threshold stress intensity factor is the value K. at some defined time

Tscc Of testing. A similar situation can be observed in fatigue for the threshold stress
intensity factorKy,, defined as the value of K;,,x below which the crack does not
grow. The fatigue crack growth threshold is determined as the value of K.« that
corresponds to a certain fatigue crack growth rateVy,, which is conventionally
assumed to be equal, for example, to 107'° m/cycle.

Corrosion crack propagation (the kinetic diagram of SCC) can be expressed by
the function [7]:

da K\"
— =Vl — K > K; 19
is O(Ki> , K> (19)

Here,Vo = Aaj/1., where Aa; is the incremental length extension of a corro-
sion crack and K is the current stress intensity factor. Equation 19 describes the
experimental results on stable crack propagation in the steel under the influence of
distilled water (Fig. 4). The following important considerations need to be noted.

The SCC kinetic diagram depends on the initial stress intensity factor, namely,
the fastest corrosion crack growth rates correspond to higher Kj levels [22]. A clear
explanation of this phenomenon is found out in a SCC model based on Eq. 19. If the
value Kj is increased, then the critical SCC time is reduced due to the expression
Ki't. = const that leads to the increase of the valueVy. It is possible that the length
of the crack growth increment is also increased. As a result, corrosion crack growth
occurs at higher rates in terms of da/dr.
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3.4 Crack Tip Hydrogen Distribution Under Fatigue Loading

Until recently only a few papers [7, 23-25] have reported on the hydrogen distribution
ahead of a crack tip. Hydrogen distribution in the vicinity of the fatigue crack tip is
related to the stress-strain fields surrounding the crack tip. Under monotonic mixed
(I/IT) mode loading there are two hydrogen accumulation peaks ahead of the crack
tip, which correspond to the maximum hydrostatic stress and the maximum equiva-
lent plastic strain, respectively.

At a low stress level and hydrogen, a negligible crack tip plastic zone is created
which implies that a linear elastic fracture mechanics methodology can be used to
quantify fatigue crack growth behaviour. It follows that the maximum stress
intensity factor must have an influence on fatigue damage evolution and the
hydrogen distribution in the vicinity of the crack tip and, as a result, the physical
growth of the fatigue crack. Using the maximum stress intensity factor instead of
the controlling parameter ¢ and replacing 7. with the critical hydrogen accumula-
tion peak (maximum local hydrogen concentration) Cynax ahead of the crack tip, an
evolution relationship (see Eq. 9 as an example) can be rewritten as

Chmax K[, = const (20)

Where it is assumed that the shape of the loading cycle is not changed.

Equation 20 gives the physical criterion for local failure in the fracture process
zone, i.e. in the vicinity of the fatigue crack tip, and reflects changes in the hydrogen
peak which resulted from hydrogen redistribution due to the increase of the
maximum stress intensity factor as the crack length increases under fatigue loading.

Experimental analysis of the distribution of hydrogen ahead of the crack tip
under hydrogen induced cracking and fatigue I mode loading conditions has been
studied on a secondary ion mass spectroscope. Details of the experimental
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Fig. 5 Hydrogen distribution
in front of the fatigue
crack tip
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procedure, the tensile properties of the high strength steel and the fatigue crack
growth diagram have been reported in [7].

Experimental results on hydrogen distribution for various periods during fatigue
crack growth (or the maximum stress intensity factor) are plotted in Fig. 5, where
Cy is the local hydrogen concentration and Cy is the concentration of hydrogen far
away from the crack tip. There is a hydrogen accumulation peak ahead of the crack
tip, which is located some distance ahead of the crack tip. Changes in hydrogen
concentration were observed in the vicinity of the propagating crack tip and at a
remote site. The hydrogen peak Cy is reduced and the hydrogen concentration Cy is
increased by increasing the value of K,.x. So, the levels and sites of hydrogen
accumulation under fatigue loading are dependent on the magnitude of the maxi-
mum stress intensity factor. This coincides with the hydrogen redistribution given
by Eq. 20. Thus, Eq. 20 can be employed for the analysis and prediction of
hydrogen redistribution under conditions of fatigue crack propagation.

4 Structural Integrity Assessment of the Pipelines
with a Crack-like Defect

4.1 The Ductile-To-Brittle Transition Temperature Shift

The ductile-to brittle transition temperature T can be considered as a very impor-
tant mechanical characteristic which reflects liability of the pipe steel to brittle
fracture. Corrosion damage of the steel pipeline including hydrogen embrittlement,
surface irregularity and crack nucleation causes in the transition temperature shift to
higher temperature which decreases operation margins in both the temperature and
pressure. The damage evolution approach can be employed to quantify the shift
(AT,) of the ductile-to-brittle transition temperature (Ty) of gas pipelines due to
corrosion damage as follows from Eq. 8:

AT, = ATy( t/t%)'/" (21)
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Where ATy,is the transition temperature shift during time t* = 1 month, 7 is
operating time. The power exponent n is assumed to be two. Moreover, stored
elastic energy of gas ( AT.), oversize of pipe thickness in comparison with thick-
ness of the Charpy specimen ( AT,), degradation and strain aging ( ATy) of steel,
which cause in changes of plasticity during long-term operation of pipelines, shift
the transition temperature to higher temperature. Finally, the ductile-to-brittle
transition temperature of the gas pipeline after long-term operation can be estimated
by the following equation:

Tro = To + ATio( 7/ 7)™+ AT. + AT+ ATy (22)

Thus, the value of Ty, can be considered as the shift-corrected transition
temperature.

4.2 Failure Assessment Diagram and Allowable Surface Defects

The failure assessment diagram in the form reported in Refs. [26, 27] has been
adopted for a pipeline with a crack-like defect. To determine an allowable (safe)
defect, safety factors [28] were introduced in the failure criterion. The following
condition should be fulfilled if detected or assumed crack-like defect of a certain
size should be assessed as acceptable

Kma [ 2
K < —mat 1_<Z_0> (23)

Where SFk is safety factor against fracture, Kj is the applied stress intensity factor,
Kat is the fracture toughness. Thus, the right-hand side of Eq. 23 defines the
allowable region in the failure assessment diagram. If the assessment point falls
within this region, the component with a crack-like defect is acceptable, i.e. it fulfils
the required safety demands.

The local strength (called the cohesive strength in previous papers [26-28])
ahead of the crack tip is determined by von Mises yielding criterion within the
fracture process zone. For the evaluation of critical conditions for the acceptable
stress a., the safety factor SFx in Eq. 23 is set to unity. The acceptable applied
stress is suggested to be not more than oy/SFy, i.e. . < oy/SFy. Here, SFy is
safety factor against plastic collapse. The local strength can be defined for plane
stress as follows [28]:

38\
= [y L 24
oy 2SFY + 4 (SFy> ( )
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Where f is a dimensionless parameter (so-called local biaxiality ratio) which
depends on geometry and loading mode? Values of f can be considered as a
normalized measure of the crack tip constraint and have been tabulated for various
geometries in Refs. [29-31].

The safety factor SFx can be calculated by making an assumption that the
applied acceptable stress should be not less than the yield stress of material for
an engineering component with a crack-like defect of the allowable size [28].
The safety factor against fracture of cracked component can be written as:

1 — <Gy/SFy>2
(o)
SF¢ — SFy 0 (25)

It can be seen from Eq. 25 that the safety factor against fracture is a function of
the yield stress and the local strength as well as the safety factor against plastic
collapse.

Thus, the right-hand side of Eq. 23 defines the acceptable region in the failure
assessment diagram. If the assessment point falls within this region, the component
with a crack-like defect is allowable, i.e. it fulfils the required safety demands.

4.3 The Allowable Surface Longitudinal Crack-like Defects

An assessment of the allowable surface longitudinal crack-like defects in a gas
pipeline is based on the failure assessment diagram according to Eq. 23. The
pipeline/defect geometry is described by the wall thickness, r = 18 mm, outer
diameter, D = 1,420 mm and defect depth, a. The crack-like defect length is
assumed to be an infinite value, i.e. a/t < 0.04. In this case, the applied stress
intensity factor can be written as follows [7]:

KI = 1.16(;\/ ma - fc (26)

Here, o. = 270MPa is the applied circumferential stress corresponding to the
internal pressure 7 MPa, fcis the correction factor given by:

RZ+R? \/5 t
fe= |2 4+1-05,/=| = 27
c [Rg—R + t}R 27

Where Rj and R are outer and inner radius, respectively.

The transition temperature determined on the level of 50% shear fracture for the
Charpy tests has been established. The transition temperature of the low-alloy pipe steel
is equal to —30°C. The mechanical properties of the steel are given in Figs. 6 and 7.
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Fig. 7 The fracture toughness against temperature (a) and effective temperature (b)

It should be noted that the temperature dependence of the fracture toughness was
converted into the Ky, — (T — T,) diagram which takes into account the operation
temperature T as well as the transition temperature Ty. The safety factor against
plastic collapse is assumed to be SFy = 1.5.

For structural integrity assessment of the aging pipeline, the fracture toughness
Kmat of the gas pipeline for the effective temperature (T — Ty,) (see Eq. 22) should
be estimated from Fig. 7b and incorporated into the fracture criterion (23) to define
the allowable crack size for operation conditions. The local biaxiality ratio f is
assumed to be —0.5. Calculation of the safety factor against fracture gives from
Egs. 25 and 24 SFx = 1.6 for the operation temperature T = 0°C. It is can be seen
that the allowable size [a/t] of a crack-like defect decreases with gas pipeline
ageing. Such tendency is caused in changes of the transition temperature due to
physical-mechanical damage of the steel during long-term operation of pipelines
(Fig. 8).
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5 Concluding Remarks

A damage evolution approach has been employed to describe various failure
processes. This approach is based on the concept of damage and synergetic princi-
ples. The damage evolution approach can be seen to be synonymous with the
present day laws to analyse (i) fatigue crack growth; (ii) low cycle fatigue life of
notched structural components; (iii) stress corrosion cracking and (iv) the correla-
tion between hydrogen redistribution in the vicinity of a crack tip and the stress
intensity factor during crack propagation under fatigue loading.

The methodology of the above-mentioned approach and the failure assessment
diagram has been employed for the structural integrity analysis including assess-
ment of the ductile-to-brittle transition temperature shift due to stored elastic energy
of gas, oversize of pipe thickness in comparison with thickness of the Charpy
specimen, degradation and strain aging of steel, which cause in changes of plasticity
during long-term operation of pipelines. Allowable sizes of surface longitudinal
crack-like defects in gas-main pipelines have been estimated for long-term opera-
tion of pipelines up to 30 years.

Acknowledgements This work is part of the project No. 10-08-00393-a supported by the Russian
Foundation of Basic Research.
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Two Parameter Engineering Fracture
Mechanics: Calculation of the Relevant
Parameters and Investigation of Their
Influence on the Surface Notch

Mohamed Hadj Meliani, Zitouni Azari, Guy Pluvinage,
and Yu.G. Matvienko

Abstract In the present research, T-stress solutions are provided for a U-shaped
notch in the case of four specimens: CT, DCB, SENT and Romain Tile (RT). The
U-shaped notch is analyzed using the finite element method to determine the stress
distribution ahead of the notch tip. In contrast to a crack, it was found that the
T-stress is not constant and depends on distance from the notch-tip. To estimate
the T-stress in the case of a notch, a novel method, namely, method of line, inspired
from the volumetric method approach proposed by Pluvinage has been developed.
Thus, the two-parameter approach was adopted for the notch two-parameter frac-
ture mechanics in terms of the notch stress intensity factor Kpc and the effective
(average) T-stress, Tef. Fracture toughness transferability curve (Kpc -Tef) of X52
pipe steels has been established.

1 Introduction

Classical fracture mechanics is based on a one-parameter estimation of the limit
state of a cracked body. Accordingly, constraint effect must be considered when it
is applied to an in service structure. This limitation has motivated the developments
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of theories which extend significantly the range of deformation over which fracture
can be applied accurately to predict the load capability of a given structure. In this
way, recent numerical and experimental studies have attempted to describe fracture
in terms of two or three fracture parameters [1]. One of candidate parameters is
the elastic T-term stress [2]. The T-stress is not singular as r — 0, but is can alter the
elastic crack-tip stress state described by the stress intensity factor Kj. The T-stress
is a function of geometry, loading conditions, and is proportional to the nominal
applied stress [3, 4]. Sufficient information about the stress state is available, if the
Stress Intensity Factor, SIF and the constant stress term, the T-stress, are know.
While SIF solutions are reported in handbooks for many crack geometries and
loading cases, T-stress solutions are available only for a small number of test
specimens and simple loading cases for instance pure tension and bending.

Recent studies [5—10] have shown that fracture toughness can be strongly affected by
specimen size, crack depth and loading configuration. This dependency is often referred
to the effect of crack-tip constraint. However, the fracture toughness estimated from the
standard test specimens may lead to unduly conservative results. It is commonly
accepted that the standard specimens in laboratory testing are typically of high constraint
while non-standard specimen and actual cracked structures may be low constraint
configurations. The ASTM E-399 [11] testing procedure recommends certain types of
specimen geometries and K. can be considered as the plane-strain fracture toughness.
All specimen geometries recommended by ASTM E-399 are high constraint. Using the
recommendation specimen geometry for testing creates an “ASTM Window” since their
corresponding T values are within a certain range. A K¢ value is believed to represent a
lower limiting value of fracture toughness and the ASTM E-399 may not be generally
valid. Increasing the size of a specimen shifts the stress distribution closer to the K-stress.
Consequently, larger specimens tend to possess better K-dominance. This may explain
why a large specimen is better suited for ASTM fracture toughness Kj.. testing in addition
to the reason for the plastic zone size. This phenomenon limiting the recommendation of
ASTM and can be explained using the analytical K-T relation for common the effects of
specimen geometries. Real cracks exist in three dimensions. However, the two-dimen-
sional approximation itself is only valid asymptotically. Three-dimensional analysis is
needed, and almost has yet been performed [12]. We proposed an elastic solution for two
dimensional geometries, including stress intensity factor and constraint parameter under
various loading conditions. It’s very important, in practical structural pipe integrity
assessment with gouges, to estimate these parameters with a longitudinal surface notch
under internal pressure. For the discussion above, it is now well-known in fracture-
mechanics community that single fracture parameter alone may not be adequate to
describe crack-tip condition. To address this problem, there has been a recent surge of
interest in crack-growth behaviour under conditions of low crack-tip stress triaxiality.
This paper exploited the K-T crack approach which was derived from a rigorous
asymptotic solution and has been developed for a two-parameter fracture. With K as
the driving force and T a constraint parameter, this approach has been successfully
used to quantify the constraints of notch-tip fields for various proposed geometry and
loading configurations. Finally, we suggest extending the K-T to the higher terms of
Williams’s equation.
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In engineering practice two completely different approaches are applied for
cracked and notched components. In the first approach, several works have carried
out to estimate the Stress Intensity Factor with the presence of the higher stresses
terms; they have exclusively focused estimate the fracture toughness in different
constraint conditions. In the second, we proposed the notch fracture mechanics and
particularly the Volumetric Method approach in the aim to study stress distribution
at the tip of notch in pipes submitted to internal pressure.

2 Extend of the Single Parameter Fracture Mechanics (SPFM)

2.1 Classical Theoretical Background and Motivation

Many researchers have long advocated more pragmatic, engineering approach to
assess the fracture integrity of cracked structures [13]. This approach requires that
constraint in the test specimen approximate that of the structure to provide an
“effective” toughness for use in a structural integrity assessment. The appropriate
constraint is achieved by matching thickness and crack depth between specimen
and structure. Experimental studies by Sumpter [14] and by Kirk and Dodds [15]
demonstrate the validity of this approach. Many of the research efforts discussed in
the second ASTM/ESIS symposium on constraint [16]. The concept of relating the
stress intensity factor to the crack-extension resistance is based on the assumption
that K-dominance exists at a crack-tip; that is, in a region surrounding the crack-tip;
the stress fields can be characterized by the mathematical solution:

K = g3V 2nr - £;;(0) ast — 0 (1)

Where K is the stress intensity factor f;;(0) defines the angular function. A polar
coordinate system (r, §) with origin at the crack tip is used. Note that Eq. 1 is
derived from a linear elastic assumption and predicts infinite stress at the crack-tip.

2.2 The K-T Approach for Crack

In this discussion, our primary emphasis is Mode I fracture. It is noted above that
there is a region or volume around the crack tip where plastic deformation occur. In
order to correlate the higher term effects to an appropriate physical parameter, some
works [17-20] simplified the higher terms and define the T-stress. T, or simply the
T in the direction xx is defined as constant stress acting parallel to the crack and its
magnitude is proportional to the nominal stress in the vicinity of the crack.

Kzaijv27rr-fij(0) —Tv2nr-51151j as 1T — o0 (2)

The non-singular term 7 represents a tension (or compression) stress. Positive
T-stress strengthens the level of crack tip stress triaxiality and leads to high
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crack-tip constraint; while negative T-stress reduces the level of crack-tip stress
triaxiality and leads to the loss of the crack tip constraint. Various studies have
shown that T-stress has significant influence on crack growth direction, crack
growth stability, crack tip constraint and fracture toughness. In addition, crack
path direction has received attention in two early studies presented by Cotterell
[21, 22]. In the first study, Cotterell [21] shows analytically that the sign of the
T-stress determines crack path stability; for a positive T-stress the crack will
deviate form its original path; whereas if it is negative, the crack will continue
along a straight path. In the second study, Cotterell [22] observes that this criterion
does not correctly predict path stability. However, a counterexample by Melin [23]
showed that the sign of the T-stress is not applicable in a general criterion for
directional stability of cracks. For T > 0, yet experience shows the path to be stable.
Furthermore, Marder [24] made the assumption that the transition from the straight
to the oscillatory crack path occurs at the point where T=0; in order to be
consistent with the experimental results of Yuse and Sano [25], Marder found
that the fracture energy should be a function of the crack growth rate. This,
however, cannot be justified on physical grounds over the range of crack speeds
observed in experiments. Cottell and Rice [26] showed that a curved or kink crack
will continue to diverge from the main crack direction when T > 0, the divergent
angle increases further as (K;/T) increases; for T <0, the kink trends toward the
main crack direction. Selvarathinam and Goree [27] extended the Cotterell and
Rice [26] model and calculated the T-stress at a small branch of the main crack in
various directions in an isotropic material. They define a T,,;, value as material
parameter which they obtain from fracture tests. If T < T, the crack path is stable.
If it is greater than T, it is unstable. Experiments, Ramulu and Kobayashi [28] and
Ravi-Chandar [29] and Knauss [30] have show that the Cotterell criterion is not
valid for a propagating crack. Fleck et al., [31] have developed a criterion for crack
path direction of a crack in a joint accordingly, a stable path can exist only if a pure
mode I crack path exists and if 7 < 0. The crack seeks the direction of K;; = 0. Thus,
it is possible to consider the sign of the derivative of K;; with respect to its position
wither layer to determine crack path [32]. Larsson and Carlsson [3] and Rice [2]
showed that the sign and magnitude of the T-stress substantially change the size and
shape of the plane strain crack tip plastic zone. Kirk et al., [33] and Sorem et al.,
[34] in their experimental studies have also shows that the fracture toughness of a
given material can be considerably dependent on the size and geometry of the crack
body. Analytical and experimental studies have show that T can be used as a
measure of constraint for contained yielding; see for example Handcok at al.,
[35] and Sumpter [36]. Recently, Ganti and Parks [37] and Zhang et al., [38]
investigated the effect of the T-stress on the constraint of elastic- plastic interface
crack. Very recently, Li and Xu [39] extensively discussed the T-stresses across
static crack kinking. Analytical results on the T-stress change across dynamic crack
kinking are still not available. Some researchers also show the sign of the T-stress
was not enough to judge the crack stability and other parameters should be
introduced. Melin [40] showed that when T >0, the crack path was still stable.
Richardson and Goree [41] also observed that in PMMA specimens of different
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dimensions, the crack did not kink immediately if the 7- stress become positive.
Richardson [41], with experimental tests, has also shown that the crack path
direction stability criterion suggested by Cotterell may not be accurate in all
cases. Near the tip of the crack, where the higher order terms of the series expansion
are negligible, stresses for mode I are written as:

K 0 0 . 30

Oxx = i_ COSE <1 — Sil’li Sinz) + T (33)
K 0 0 . 30

oy =L cos (1 +sin sin 7) (3b)
K 0

Cp = \/%20 cos 2+ Ee¢,+ 0T (3¢)
K 0

Oxy = —L Sin- cos~ cos — (3d)

In this paper, the T-stress was evaluated by the difference method proposed by
Yang et al., [42] using directly a single finite element (FE) analysis. This method,
namely the stress difference method (SDM), for computing the elastic T-stress
efficiently and accurately by evaluating (oxx — dyy) at a point ahead of a crack
tip. The underlying idea is that the errors in the numerically obtained values of gy
and gy near a crack tip evolve with distance from the crack tip and their difference
must eliminate the errors effectively. For homogeneous material, they calculated
the T-stress using the difference of the normal stresses along 0 =0, i.e. (0xx — gyy),
which is a method that can lead to significant numerical errors due to the recovery
of stresses very close to the crack tip. In mode I loading, Eq. 3 shows that oy
includes the singular term and 7. This implies that T can be determined along any
direction where the singular term of o vanishes or can be set to zero by superposing
with a fraction of gy,. This corresponds to mode I positions around the crack tip.

T = (0x — Uyy)rzo,():o 4)

3 Volumetric Method Mesofracture to Extend SPFM to Notch

Although many works have carried out estimation for the stress intensity factor with
the presence of T-stress of pipeline, they have exclusively focused on classical
fracture mechanics with crack to estimate the toughness. For a sharp V-notch,
Kuang and Xu [43] derived a series singular solution for the first order of the stress
and strain fields at the tip of a V-notch with different corner angles in a power
hardening material. Yang and Yu [44] presented an asymptotic analysis up to the
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second order at the tip of a V-notch. The asymptotic stress, strain in a displacement
fields at the tip of a U-notch for both plane stress and plane strain conditions in an
elastic—plastic material were studied by Yang and Chao [45]. In this paper, we present
notch fracture mechanics (NFM) principles applied to study stress distribution at the
notch tip of pipes submitted to internal pressure. Volumetric Method, presented by
Pluvinage [46] is a meso-mechanical method belonging to this NFM. The notch root,
plotted in bi-logarithmic axes; the relative stress gradient (see Eq. 5), plotted on the
same graph, allows obtaining an effective distance precise value.

ey L dayy(r)
/{(r) - O-yy(r) ! ar (5)

Where y(r) and oyy (1) are the relative stress gradient and maximum principal stress
or crack opening stress, respectively. The relative stress gradient depicts the
severity of the stress concentration around the notch and crack tips. However,
the stress distribution effect is not solely a major parameter for the fracture process
zone. The minimum point of the relative stress gradient in the bi-logarithmic
diagram is conventionally taken into account as the relevant effective distance
and signifies the virtual crack length. The effective stress is defined as the average
of the weighted stress inside the fracture process zone:

ch
1
Ot = X J Oyy(r) - D(r) dr (6)
0

Where aefr, Xer, 0yy(r) and ®(r) are effective stress, effective distance, maximum
principal stress and weight function, respectively. The unit weight function and
Peterson’s weight function are the simplest definitions of weight function the
effective distance. The unit weight function deals with the average stress and
Peterson’s weight functions gives the stress value at a specific distance and it is
not required to compute numerical integration. Therefore, the, noted, Notch Stress
Intensity Factor, NSIF, is described and defines as a function of effective distance
and effective stress given by relationship:

K, = 0erv/2 nXet @)

The NSIF is considered as a value of facture toughness with units MPa/m, and
the minimum effective distance corresponds to the abscissa of the upper limit of
zone II and its distance from notch rot was suggested to be the effective distance X,

4 Proposed Method

The T-stress is according to the geometry, the loading conditions and it proportional
to the nominal applied stress. The Stress Difference Method (SDM), used to
determine the T parameter, does not produce constant values, except for the short
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notches [47, 48]. What implies, that the application of this method, to determine T
in structures under pressure, remains conservative in the presence of notches. Let us
note that this method was criticized by several authors in the literature [37, 49-51]
regarding the constant values at a certain distance of the crack. Moreover, for a
crack, the Stress Intensity Factor is calculated at the tip by taking into account the
depth. On the other hand when on corrects this factor by the T parameter, we take it
starting from a certain distance, noted stabilization distance *’, which remains to be
discussed. Basing itself on these observations, the sensitivity to the change of the
plastic zone size and the amplitude of the T-stress, we propose a modification of
the Williams formula by taking into account the effects of several parameters
observed on the evolution of the constraint T along the ligament.

4.1 Presentation of the New Method

The volumetric method results are very useful, and the new formula of fields stress
proposed, at the notch-tip, follows the same principles. We point out that the
volumetric method consists in giving a average value of the opening stress, noted
effective stress o, determined by an approach of the stress distribution by a
polynomial of n degrees. The degree of polynomial is given for a strong coefficient
of correlation. A minimum of the opening stress gradient give an effective dis-
tance, X, The projection of the latter on the curve of stress opening distribution
enables us to obtain an effective stress aef, Fig. 1a. In the same Fig. 1b, we trace the
evolution of the T-stress along the ligament. The first remarks show that the error
made, on the stresses difference (Gxx — ayy) , follow the same pattern as the opening
stress in a bilogaritmic diagram.

From these remarks, we committed ourselves calculating an effective stress, or
rather an average T-stress for notches, instead of taking the stabilization value
illustrated in the cracks. We noticed, previously, that this distribution of the T-stress
does not give constant values to a certain distance from the point of the notch [48, 52].
The Stress Difference Method for cracks remains very conservative. We propose
methods of calculating of the T-stress; named ‘point method’.

4.2 Determination of the Effective T-Stress

The proposed method is inspired from the volumetric method, suggested by Plu-
vinage et al., [46]. It consists in using, in a bilogarithmic diagram, the minimal
distance from the gradient of the opening stress on determine the effective T-stress.
The smoothing the curve of the opening stress distribution is described by the
following equation:

oy (x) = > ax! @)

i=0
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Fig. 1 (a) Schematic representation of the opening stress evolution in a bilogaritmic scale and
(b) procedures to determine the effective stress and the effective distance by the volumetric method

The gradient of the opening stress leads to equation:

Z iaixi_'
I doy(®) i

ayy(X) dx Zn: axi
i=0

2(x) = ®)
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The weight function can be written as follows:

n .
x> iaxi—!
$(x) =1 - —F—— (10)
a;x!

The effective distance in the vicinity of the notch tip can be obtained by the
Taylor approach. It corresponds to the minimum point in the opening stress
gradient:

dy(x)
dx

=0 (11)

Substituting Eq. 10 in Eq. 11 gives the following relation to calculate the
effective distance:

Z (all X% — aiixi_z) (i aiixi_l>

- = =0 (12)
Z a;x! (Z aixi>
i=0 i=0

Averaging the T-stress inside the effective distance, the effective T-stress (T,p)
can be defined by the interaction between the effective distance, noted X,; and the
opening stress distribution along the ligament.

Xef

1
To= i J Gyy(x) % D(x)] dx (13)
0

Here, gy, (x) is the opening stress distribution along of the ligament in the xx
direction and ®(r) is the weight function. Figure 2 shows a graphic representation
of the T-stress along the ligament, the gradient of the opening stress distribution and
the technique to calculate the effective distance X, and the effective T-stress, T,

We note that the distribution of the T-stress is determined by the difference
of the principal stresses oxx and oy, and along of the ligament in the principal
direction.

T=Tu=(0u— 0y)p, (14)
The Notch Stress Intensity Factor can be determinate by:

K, = 0erv/2 nXer for x — Xef (15)
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Fig. 2 Schematic bilogarithmic diagram of the determination of the effective T-stress by
averaging the opening stress inside the effective distance

4.3 Finite Element Analysis

The Finite Element method was used to determine the notch-tip parameters for the
API-5 L X52 pipe specimens with a V-notch. The considered surface defects, in this
study, are chosen as notches as the main important pipe defect type. They are of
complex geometries and mostly assumed as semi-elliptical or rectangular shape in
some well-know codes (Fig. 3). According to numerous design codes, this kind of
defects is considered as a semi-elliptical or rectangular notch-like surface defect of
aspect ratio a/c.

The real notches exist in three dimensions, however, and the two-dimensional
approximation used itself is for large radius of curvature of the notch edge, e.g.,
a << c. The specimen was modelled by CASTEM 2000 code in two dimensions
under plane strain conditions using free meshed isoperimetric triangulateral ele-
ments only on half of the specimen. Support and symmetric boundary condition are
used in this model. A detailed stress analysis was carried out in the vicinity of the
notch front to emphasize the characteristics of the two dimensional stress fields.
The coefficients of the higher order stress terms represent one part of a larger
database which will also include information on various constraint parameters. For
more detail see [48, 52] (Fig. 4).

A detailed example on the different steps of the point method is illustrated in
Figs. 5-7. The opening stress is presented, in a bilogarithmic diagram, for a pipe
under a pressure from 20 to 50 bars, for a ratio of R/f=20 and one longitudinal
surface defect of depth a/t=0.5. The Fig. 5a reported the distribution of the
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a

Longitudinal axis of pipe

LM : Measured longitudinal extend
of the corroded area

Measured
maximum depth of corrosion

b Longitudinal axis of corroded gas pipeline

L

T \

Parabolic defect shape assumption for short defects Corroded regions

Longitudinal axis of corroded gas pipeline

L

U
7 / T
\ |

Rectangular defect shape assumption for long defects  Corroded regions

Fig.3 Typical illustration of foreign object scratches defects in longitudinal axe of pipe modelled
by (a) semi-elliptical and (b) rectangular shapes

opening stress and the various zones along the ligament. A detail of the zone (1),
Fig. 5a, is presented in the Fig. Sb. The polynomial approximation distribution of
the T-stress is given in Figs. 6 and 7 illustrated the gradient of this distribution.
Table 1 collect the results obtained by Finite Elements Analysis for the sug-
gested method, compared with those of our results, presented in [53, 54]. We
calculated the various parameters: the effective T-stress, T,z the effective distance,
X.rand the Notch Stress Intensity Factor, K,,. For the determination of the effective
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Fig. 4 Typical 2D finite element mesh and boundary conditions used in the model of the cracked
pipeline
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Fig. 5 The opening stress distribution along ligament of the pipe under pressure (P =20, 30, 40
and 50 bars, R/t =20 et a/t =0.5)
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Fig. 6 Approximation of the T-stress distribution
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Fig. 7 Gradient of the opening stress distribution according to Eq. 13 (P =50 bars, R/t =20 and a/
t=0.5)

T-stress, the Table 1 shows that the results are very close. For the short notches, the
standard deviation is about 3.74% and for the long notches, we assume a standard
deviation of 5.45%.

5 Study of the Relevant Parameters

5.1 Effect of Pressure

Figure 8a—d show, the variations of the effective T-stress and Notch Stress Intensity
Factor, K, value at the deepest points of external surface notches in the cylinders
for different relative crack depths a/t (notch depth/cylinder thickness). It can be
seen that the T and the K, value increases with an increase of the relative crack
size, a/t. For the same a/t; when a/t tends towards 0,1, K, and T values for both
notch types become similar, with both K, and T value reaching their largest
values at a/t=1. In such a crack size range, the deeper the notch, the larger the
dangerous influence of external surface notch on pipes. Note that the numerical
solutions are for a range of a/t=0.1 to 0.75 and for pressure from 20 to 50 bars.
It can be seen that absolute values of both NSIF and effective T-stress solutions are
significantly lower for smaller notches and diameter case than for long notches for a
given pressure, as to be expected. Of significance to note too is that for all cases
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study, the T4 values are negative, suggesting low stress triaxiality conditions at the
notch-tip for this geometry. Physically, the magnitude of high term series solution
of Williams directly determines difference between stress distribution and HRR
field [4] (Hutchinson, 1968; Rice and Rosengren, 1968). Note that the HRR solution
is valid as r— 0. The absolute value of effective T-stress must increase in order
that the higher order terms continue to represent the deviation from the HRR field.
For pipe having T,4_0, the critical stress is uniquely characterized by the HRR
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Fig. 8 Development of notch tip constraint represented by the effective T-stress for various
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situations of pressure and diameters of Pipeline with the presence of K,
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stress. All the case study provides a quantitative measure of the level of constraint.
Noted as, geometries with positive or near zero effective T-stress are found to give
lower bound effective Stress Intensity Factor K,z values; however, geometries with
significantly negative effective T-stress are found to give elevated K, values. From
the Fig. 9a, it can be seen that the effective T-stress and the Notch Stress Intensity
Factor for the four pipe diameter are proportional to the internal pressure; P. They can
be very well expressed as the following linear functions of internal pressure, P:

Teff = OCiP i= 1,4 (168.)
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Fig. 8 (continued)
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Fig. 9 (a) Evolution of the effective T-stress and the Notch Stress Intensity Factor with internal
pressure, P for a/t=0.5 and (b) transition of T.g and NSIF for a/t=0.1 to 0.75 for the diameter
pipe R/t =5 to 40
and:

K, =P i=14 (16b)

Where o; and ; represents the slope for the four different pipe diameter. The
Fig. 9b shows a comparison between a short and along notches according to the
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Fig. 10 Extrapolation of the variation of the effective T-stress and the Notch Stress Intensity
Factor with internal pressure P for R/t =20

pressure for a pipe diameter (R/f) which varies in the range of 5—40. For the
notches, the increase of a diameter of 5—40 facts varies the Notch Stress Intensity
Factor and effective T-stress of 2%. On the other hand, for the long notches, the
NSIF and T.¢ pass from 7% to the 45%.

From the Fig. 10, it can be seen that the effective T-stress and the Notch Stress
Intensity Factor value increases with an increase of the relative notch size, a/t. when
a/t tends toward 0.1, the T, and NSIF values for both notch types become similar,
with both the T, and NSIF value reaching their largest value at a/t = 1. The above
analyses also show that through = wall axial surface notch (a/t — 1) is a special
state, which has a strong dangerous influence on the pipe, compared with those of
other axial surface notches (a/t <1). This special state will end if the state of the
pipe with the through = wall notch (a/t = 1) has an axial surface notch that extends
continuously because the internal pressure, P, increases at the pipe is continuously
being loaded.

Therefore, it is necessary to carry out some research about the gas pipe with
though-wall notches. A example about the influence of the internal pressure, P, on
the effective T-stress and the Notch Stress Intensity Factor value for the deepest
point (a/t =0.1 — 0.75) of the pipe with longitudinal surface notches and pipe with
though-wall notches have been carried out and the results are shown in Fig. 10. The
influence of the internal pressure, P, on the effective T-stress and the Notch Stress
Intensity Factor value of the thought-wall notch is the largest. At the same internal
pressure, the T4 and NSIF value increases with increasing in the ratio (a/f). This
means that the thought-wall notch has a more dangerous effect on the high diameter
pipe than either the small diameter pipe, if the notch length and internal pressure, P,
are the same for all cases. The direction of propagation depends noticeably on the
effective T-stress. A negative T, decreases significantly the tangential stress
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whereas the effect of positive T, on the tangential stress is negligible. A reduction
in the tangential stress increases fracture toughness for specimens failing by brittle
fracture. The results are compatible with, Ozmat et al., [55], through experiences on
various cracks geometries having different constraints. Nguyen et al., [56] showed
through their study that for a value of Ty = —2, lasted life corresponding to an
analysis with fields HRR is increased by 40% in the case of ductile fracture and by
18% for the brittle fracture.

5.2 Evolution of the Effective Biaxiality Factor

The effective notch-tip constraint is given by the biaxiality factor f. related the
effective T-stress to the Notch Stress Intensity Factor and defined as

B — Teff\/K27TXeff 17
p

Figure 11a shows the variation of f 4 with the ratio a/t and pipe diameter under
different internal pressures. For 50 bars pressure, for example, it is approximately in
the range of [—0.21 to 0.29] for the range of a/t from [0.1, 0.75], however, the
biaxiality is note sensitive to the pipe diameter size. It should be mentioned that this
parameter is always negative and for shortly notched specimens the predicted
results is larger compared to deep notch geometries.

0,0 T r——r+ 1 ' T r T T T *r 1T *r T T 1
= Pressure, P = 20,30,40 and 50 bars B
=
EJ -0,2 4
q') -
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g
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Fig. 11 Representation of the Biaxiality parameter versus the ratio a/t for various pressures at the
notch (P=20,30,40 and 50 bars and R/t =20)
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The magnitude for the range of pipe diameter is essentially represents a linear
relationship. The biaxiality parameter along of ligament is given by f. =
Py + D(a/t), were D is the slope. By plotting f as a function of (a/t), we obtain
an extrapolated value of . at a/t =0 as f§,.The illustrated Fig. 11a depicts that the
effective biaxiality parameter is sensitive to changes in loading and notch length.
The values of i with a pressure of 50 bars remain constant at approximately in
range [—0.21 to 0.29] while the effective value T-stress for 20 bars pressure
decreases with crack length in the range [—0.8, —0.5]. The discussions above
presented in detail the mathematical derivation of the biaxiality, and qualitatively
the uses of the biaxiality. The decreasing effective biaxiality values for differed
deep notches and pressures can be explained by the degree of constraint. Increasing
the pressure decrease the effective biaxiality parameter. For R/t =5 specimen, has the
lowest constraint because this loading provides pure tension on the ligament. Pluvi-
nage [46] explain this observation, for small diameter pipes, where bending stresses
are predominant, circumferential failure occurs. For large diameter, hoop stresses are
more important than bending stresses and longitudinal failure appears. When bending
and hoop stresses are of the same importance, fracture path becomes helicoidally.

5.3 Influence of the Constraint in the Plastic Zones

To include the constraint level in the notch tip analytical solutions, the asymptotic
including higher order terms may be used. Using Williams’ series solution and
keeping only two terms, the opening strain in front of a crack tip can be written as:

1+v) K v
Eyylo—o = (—E) \/2]7 - E.T (plane stress) (18)

Where &y |,_, is the opening strain along. Equation 1 show that the opening strain
can be either or lower than the HRR strain, i.e. the first term, depending upon the signs
of the second terms. In order to examine the effect of the second terms of Williams’
solutions, i.e. effective T-stress, on the shape and size of the plastic zone, notch tip
plastic zones for different diameter of pipeline are displayed in Fig. 12a—c. These
figures pertain to a fixed value of pressure, P = 20 bars and the depth of a/t = 0.5. It can
be seen that with increase in diameter, i.e., increase in negative T, the plastic zone
rotates considerably clockwise and increases significantly in size [14]. Figure 13 show
the schematically representation of development size notch-tip plastic zones.

The crack tip plastic zones obtained from the static analyses corresponding to
different values of pressure are displayed in Fig. 14. It is recalled in the Section 1
that the shape and size of the plastic zone are affected by the presence of the
effective T-stress. However, it was found that with increase in negative T the
plastic enhances significantly in size. Comparison of Fig. 14a with b shows that
with increase in depth of crack and the diameter, the maximum extent of the plastic
zone slightly reduces and it is less elongated in shape (Fig. 15).
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Fig. 12 Notch-tip plastic zones obtained for different diameter of P =20 bars and a/t =0.5
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Fig. 13 Schematic representation of development size notch-tip plastic zones
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Fig. 14 The shape of plastic zone for different situation
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Fig. 14 (continued)
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Fig. 15 Schematic represen-
tation of development crack
tip plastic zones

N
e

Shallow Notch Deep Notch

6 The Fracture Driving Force Line for a Pipe
with a Surface Notch

The applied notch stress intensity factor K, .p, of a component with a notch versus
the applied Te app-stress can be used to establish a fracture driving force line of
this component. These two parameters are calculated using loading conditions,
component and notch sizes. The intersection of the failure material curve with the
fracture driving force line provides fracture conditions. Experience shows that the
majority of pipeline failure initiates from defects or cracks which are either inherent
in the material introduced during manufacturing or damage during service. The
surface defects in a pipe under internal pressure are simulated by a very long semi
elliptical notch with parallel sides, a notch radius p = 0.25 mm and the notch depth a.
This notch is oriented along the longitudinal direction. The pipe has an internal radius
R and a wall thickness t = 10 mm. To cover practical and interesting ranges of these
three variables, four different values of R/t=35, 10, 20 and 40 were analyzed. In
addition, four different notch depth a/f ranging from 0.1 to 0.75 and different internal
pressure P =20, 30, 40 and 50 bars were introduced in the consideration. Stress
distributions at the notch tip are computed by finite element method. The applied
notch stress intensity factor was calculated using the volumetric method. The applied
Ter app-stress was determined by numerical line method described in [52, 54]. Evolu-
tion of the T-stress along ligament is presented in Fig. 16.

For any pressure values and pipe diameter, the T-stress values are negative along
the ligament where the crack length ratio is less than a/t <0.5. The ligament is
submitted to compression. On the other hand, when the ratios a/t exceeds 0.5, the
T-stress values become positives (tension case). Eventually, near the notch tip, it
is shown that the effect of R/t, a/t and P on the distribution of the T-stress is
significant. The change of the T-stress sign for negative to positive values may be
due to the fact that the magnitude of local moment closing the crack increases with
increase in crack depth. The negative values for the pipe specimens indicate low
crack front constraint and extended plastic deformation around the crack front.
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Fig. 16 Evolution of the T-stress along ligament in a pipe with a longitudinal surface notch under
different internal pressure

A constraint parameter seems to be immediately plausible and the elastic T-stress
seems to be convenient for constraint analysis. The predicted fracture driving force
lines K, app = f(Ter.app) are constructed for a pipe with a longitudinal surface notch
under increasing pressure and compared with the material failure curve of the X52
pipe steel. The fracture driving force line K, opp = f (Tef"app) is a parabolic function
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Fig. 17 Notch driving force lines and material failure curve for a pipe with a longitudinal surface
notch: a/t=0.1; 0.3; 0.5; 0.75 and R/t =40

for low value of the applied notch stress intensity factor and becomes practically
linear when the value of K,, ., increases. The notch driving force line is shifted to
higher values of (—Tef 4pp) When the constraint decreases, i.e. the notch aspect ratio
a/t increases (Fig. 17). Intersection of the material failure curve with the notch
driving force line leads to fracture and can be written in the form

Kp,app (Tef,app) = Kp,cf(Tef,c) (19)

7 Conclusions

The concept of the T-stress in the case of the crack stress distribution has been
extended to the notch stress distribution. It should be noted that the present results
of the effective T-stress estimation is consistent with the results obtained by the
method proposed by Hadj Meliani et al., [48]. We have adopted the first nonvan-
ishing term from the series solutions of Williams’. Its applicability for every crack
length is studied. The effects of the next nonvanishing term on the stress level are
studied for extreme cases such as very shallow or very deep notches. We found that
the next term may not be negligible for notch length. Using the principle of
superposition, by varying the applied load parallel to the notch line, different
constraint levels can be obtained for single Pipeline geometry. The Biaxiality
parameter concept also has the potential to predict crack branching. Because the
B can account for differences in fracture behaviour, summarized by several authors,
that the T-stress plays a significant role in fracture. The magnitude of compression

www.iran—mavad.com

Slgo wigo ole @2 40



272 M. Hadj Meliani et al.

T-stress (on the average) and the biaxiality are greater than those of large diameters
of Pipelines. The failure mechanisms caused by less constraint in the thickness
direction alleviate the stress intensification near the crack tip and result in elevated
apparent K. The K-T methodology is used and T-stress is identified to quantify the
constraint at the notch tip. Procedures to shift the mechanical properties curve
between Pipelines of different in plane constraint levels are developed which
enables the determination of the transition curve of non-standard flawed structures
from the experimental results of standard specimens.
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Crude-Qil Flow Modelling in Pipeline Conditions

Madjid Meriem Benziane and Abdelkrim Liazid

Abstract This paper deals with the relation between rheological properties and
crude oil structure for describing its flow characteristics during transport by pipe-
line mode. The aim is focused on testing the Phan-Thien and Tanner model
resulting from polymers rheology. Algerian crude-oil is considered for application.
The axisymmetric flow problem with isothermal conditions is considered in this
work. The stresses computation using this model is an important step allowing a
subsequently study of some important phenomena like pipe corrosion or pressure
drop which is controlled by the friction factor under turbulent flow conditions. The
obtained results are presented and discussed. The tested model seems to be an
interesting predictive tool to capture the crude-oil characteristics.

1 Introduction

The Crude oil flow generates normal and tangential stresses when pipeline transport
mode is used. In order to capture the fluid-wall interaction of the technical installa-
tions, it is necessary to determine these stresses. As measurements in vivo are
difficult, it is interesting to use modelling technique with realistic considerations to
evaluate crude oil flow properties. The crude oil flow is very particular and cannot
be represented by the traditional models based on the homogeneous fluid assump-
tion which considers only the viscosity variation according to the shearing rate. The
theory of the diluted suspensions constitutes the first step towards consideration of
the micro-structural characteristic of crude oil which is considered as a solution of
rigid particles. A dynamical model with a non-linear differential structure makes
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possible to consider the flow unstable character. Lastly, a very significant branch of
rheology is interested with polymer solutions. So, there are many analogies in flow
behaviour between these polymer solutions and crude oils. There are two theories,
rising from this branch, allowing a micro-structural analysis: The Dumbbell theory
and the network analysis. The model of Phan-Thien and Tanner [1], resulting from
the network analysis, is considered in this work. This model is proposed to avoid the
deficient of the traditional modelling approach.

2 Crude Oil Description

Crude oil is a complex fluid in perpetual renewal, ensuring multiple functions
essential to the industrial activities. Deformability is, with the capacity of stacking,
a significant characteristic in the dynamics of the crude oil flow. The methodology
for measuring the rheological properties is now well established. To understand the
complex behaviour of crude oils, a more fundamental knowledge of the relationship
between microstructure and rheology is, however, necessary. In addition, the
influence of the molecular composition on the mechanisms of crystallisation should
help to explain the differences between crude oils from various sources. This
investigation was based on the following guide lines:

¢ In static conditions of cooling, an accurate determination of the storage and loss
moduli, measured under small deformations can be undertaken. The storage
moduli of the gelled oils are in general very high, (106 Pa) in the range of
temperatures between 8°C and ambient temperature. One can establish experi-
mentally the relation between the amount of crystals and the shear moduli for
oils with different molecular compositions.

e The morphology of the crystals is an important aspect which is in direct relation
with the rheology of crude oils and which is determined by the crystallisation
process. The rheological behaviour of the studied crude oil is shown in the Fig. 1.

3 Flow Regime

When pipeline transport mode is used for crude oil, flow conditions depend on the
rheological characteristics of the hydrocarbon phase. Laminar or turbulent flow
regime can be found depending on the apparent shear viscosity. Typically, liquid
velocity is between 1 and 5 m/s. At 1 m/s, a viscosity of 100 cP (0.1 Pa-s) leads to a
Reynolds number magnitude of the order of 1,000 [2] and flow can be considered
laminar. But when viscosity is around 10 cP (0.01 Pa-s), Reynolds number increases
to 10,000. So, for light crude oil and condensate, flow regime is mainly turbulent. In
this work, a cylindrical pipe with radius R and cylindrical coordinates (r, 6, z) are
considered, Fig. 2:
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Fig. 1 Rheological behaviour of Algerian crude oil
Fig. 2 Velocity profile
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With considering the flow symmetry, the Navier Stokes equation can be written as:

dP 14 [rndV
dz  rdr| dr

Where 7 represents the apparent viscosity, setting:

dv
—ar:—[rna] witha ) 0
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The equation (2) can be written as:
d
—ar:a[r Trz) 3

After testing various models for describing the apparent viscosity (Cross,
Quemada,. . .), the Krieger and Dougherty law defined by the Eq. 4 seems to be
the more adapted.

n=n.+ L%Om 4)
1+ =]
Tc
We have:
1
i (M) — (5)
N = Mo
After integration, the Eq. 3 becomes:
_ar_ (M)“‘. T (6)
2 R
As 1. is negative we can write:
a -\t
3= <y) e (7)
M= T
= ()" 71 (3)" ®
@+ (e
and:
')} — m — _% [(%) + (Tc)m] (9)
no [Cre)™ o+ s (3)"]
Thus the velocity profile can be obtained from Eq. 10:
r [ (ar\™
W __—$[)"+ (] o)
dr ()™ mp+ 10 (3)"]
For m =1, we get:
d_U: _%[(%) +(TC)} (11)

dr [( ) mp + 7o ()]
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The velocity profile, Fig. 2, is obtained after integrating the Equation 11, setting:

AZZTIO i ‘TC| (12)
Ao
We obtain:
() oy (2 (#)x
L L Te T.|A L
U(r):i(Rz—r2)+ 7—u (r—R)+ L—i (13)
4o 2 Moo Moo 27

e _ 2ol _ r+A
With: A = 4L and B = ln’ A—+R‘
).

This velocity profile can be obtained for a given pressure drop.

4 Pressure Drop and Shear Stress

The shear stress at the wall can be estimated from the pressure drop value. In steady state
flow conditions we can use a simple formula deduced from the force balance law, Fig. 3.

This formula, Eq. 14, traduces the relationship between wall stress and imposed
pressure drop in the system. It can be easily observed that this equation is not
dependent on the fluid rheology.

dpr
W=~ = 14

! 0z 2 (14)

In the laminar regime, pressure drop calculation is related to the determination of

the oil apparent shear viscosity. When the viscosity is known (or non-Newtonian

Axial
Radial

Flow Stream

Tangential

Fig. 3 Force balance on a fluid portion
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fluid rheology is known), the pressure drop calculation can be achieved using
the Eq. 14. The problem is to get the fluid rheological knowledge [3-5]. The
stresses at the wall are different when flow regime is laminar or turbulent [6, 7].
So, the first step consists on getting the apparent viscosity law [8—11]. The pressure
drop (AP/L) in a pipe is given by:

Ap  pU?

S s 15

o=l (1)

U is the average velocity of the flow, R is the pipe radius, p the flowing phase

volume mass and f the friction factor which is only dependent upon the Reynolds
number of the flow. This friction factor in the laminar Poiseuille flow case is given by:

16 UD
f==and R, =22 (16)
R U

e
From the velocity profile, Eq. 13, we can compute the gradient rate tensor of the
global flow L, the macroscopic deformation rate tensor D and the gradient rate
tensor of the local flow ¢.

6ui 1 <8Hi Ou i

Li‘:—, == [ — 4+ =—
/ 8Uj ) 2 auj+8ui

)s=w- o) a7)
These tensors are introduced in the constitutive equation of the Phan-Thien and

Tanner model [1] (see appendix) to obtain a system of partial differential equations.
This system can be solved numerically.

Oty oi
a, — — 5 T — AA (. v
ot j-i,O ’ b
0Tz 0i "
=—— 1, —AA[ ¢ 1, —2). 1] + 2 AA
o= T AALG Tt (E-2) ] b2 as)
07, oi
= —AA(E=-2
5 Tio Taz (&-2) 1,

with:

AA — -5 [(%) + (Tc)]

()0 + e ()] 1

5 Results and Discussions

Figures 4 and 5 represent the variation of the stresses according time and pipe radius
obtained from the resolution of the mathematical system (18). Maximum stresses
levels are at the wall. The tangential stresses are practically fifteen times superior to
the normal ones.
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Fig. 4 Shear stress according to time and pipe radius, Algerian crude oil

Mormal stress (Pa)

Radius r {m)

Fig. 5 Normal stress according to time and pipe radius, Algerian crude oil

The Figs. 6-8 show the comparison between results obtained with the analytic
model (Egs. 14 and 15) and MPTT model concerning the pressure drop variation
according to the mean velocity for the Algerian crude oil at three different temperatures.

On these figures, it can be noticed that the Krieger & Dougherty model is well
adapted. One can conclude the good agreement between these results. The MPTT
model predicts correctly the tendency of parietal constraints. The prediction is
better beyond the flow velocity of 2 m/s.
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Fig. 6 Comparison between MPTT model and analytic model for pressure drop according to
mean velocity of Algerian crude oil, (63°F)
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Fig. 7 Comparison between MPTT model and analytic model for pressure drop according to
mean velocity of Algerian crude oil, (68°F)
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mean velocity of Algerian crude oil, (74°F)

0.60 —

B MPTT model
(Pressure gradient=10 Pa/m and T=10°C)

0.50 —

0.40 —

0.30 —

Friction factor

0.20 —

0.10 —

0.00 T I T I T I T
0.00 0.05 0.10 0.15 0.20 0.25
Raduis (m)

Fig. 9 Friction factor according to pipe radius for Ap/L= 10 Pa/m and T=10°C
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Finally, from shear stress profile obtained with the MPTT model, the friction
factor evolution can be obtained as shown in Fig. 9 for the fluid temperature case
T = 10°C. Near the internal pipe wall the friction factor increases considerably to
reach the value of 0.5.

6 Conclusions

Crude oil is a non-Newtonian fluid presenting a complex behaviour. So, the model-
ling approach of its flow characteristics is not easy because the traditional methods
are not satisfactory. This work has tested the Phan-Thien and Tanner model devel-
oped from polymers rheology. Application has concerned the Algerian crude oil
flow. This model is adapted because it seems in our opinion more realistic, because
based on a micro-structural description of the fluid. The obtained results seem to be
acceptable and realistic. It should be noticed that the model of Phan-Thien and
Tanner offers greatest flexibility on configurations choice and boundary conditions.
Next step is to apply more complex boundary conditions in order to have a better
modelling of the crude oil flow. Finally the rheological characteristics knowledge of
crude oil is also an important step to study some important phenomenon such as
pipelines corrosion. Thermal conditions must be complete the next work.
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Corrosion Risk Assessment of Pipelines
Based on Cathodic Protection Survey

Luciano Lazzari

Abstract This paper deals with a methodological approach for external corrosion
risk assessment of buried and submerged pipelines based on data achieved through
a Cathodic Protection Survey. The main techniques used, for example, CIPP (Close
Interval Potential Profile) and TGM (Transversal Gradient Method) are described.
Interpretations and analyses of data are illustrated using practical case studies. As
well the prioritization of intervention is discussed using a risk matrix approach.

1 Cathodic Protection Principles

1.1 Introduction

Buried pipelines are protected against corrosion by a combination of cathodic
protection (CP) and a coating. This combined protection system represents the
optimum from both technical and cost-effective point of view.

CP is an electrochemical method of corrosion prevention which can be applied
to metals exposed to conductive environments. As shown in Fig. 1, this technique
utilises the circulation of a continuous current between an electrode (anode) placed in
the environment and the metallic structure to be protected (cathode). This cathodic
current lowers the potential of the metal and reduces, or even halts, its corrosion rate.

The circulating current is obtained either by galvanic anodes (also called sacrificial
anodes) or by impressed current, thus defining the two types of CP systems. In the
case of galvanic anodes, CP is achieved through galvanic coupling with a less noble
metal (Fig. 1a). For example, aluminium and zinc are used for the protection of steel
in sea water, magnesium is employed for the protection of steel in soil and fresh water;
pure iron is usually utilised for the protection of stainless steel and copper alloys.
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Fig. 1 Types of cathodic protection: (a) by galvanic anodes; (b) by impressed current system [1]

Impressed current systems make use of a DC generator (Fig. 1b), with the positive
pole connected to an anode, generally made of insoluble metal, (for example silicon
castiron, graphite, activated titanium) and the negative pole connected to the structure.

1.2 Protection Potential

The cathodic current brings the metal potential below the equilibrium potential
(E < E.q) thus inhibiting the corrosion or oxidation process. These conditions are
referred to as thermodynamic immunity. Equilibrium potential, E.q, can be defined as
the protection-potential, below which corrosion stops. The well known protection-
potential value for steel is —0.85 V CSE (copper sulphate reference electrode). Table 1
reports protection-potentials of metals in soil and sea water [1].

1.3 Protection Current Density

To obtain CP, that is to lower the potential below the protection-potential, it is
necessary to supply an adequate current to the structure. This current is determined
by the so-called protection current density. Table 2 reports protection current
density for steel in various environments [1].

2 Cathodic Protection Monitoring

CP conditions are verified by means of potential measurements. Figure 1 reports the
electrical scheme of the measurement which is carried out using a high-impedance
voltmeter connected to the structure (positive) and a reference electrode (negative).
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Table 1 Protection poten-
tials used in soil
and sea water [1]

Table 2 Typical values of
the protection current density
for steel in various
environments [1]

Soil Sea water
Metallic materials V CSE V SCE V ZN
Carbon and low alloy
steels:
- Normal conditions ~ —0.85 —0.80 +0.25
- Anaerobic —-0.95 —0.90 +0.15
conditions
- In concrete -0.75 -0.70 +0.35
Copper and its alloys —0.45t0 0.60 —0.50 +0.55
Lead —0.50t0 0.65 —0.45t00.60 +0.60
Zinc —1.00 —1.05 0
Aluminium —-0.8 -0.9 +0.15
Stainless Steels —0.40 —0.50 +0.55

Environment

Protection current density
(mA/m)?

Bare steel
Soil
Neutral aerated
Water saturated
Hot pipeline
Concrete
Atmospherically exposed
Water saturated

Fresh water
Room temperature
Warm to hot
Sea water
Acid solutions

Coated steel
Soil
Sea water

20-150
2-20
30-60

5-15
0.2-2

30-160
50-160
50-550
50-1.500

0.01-1
0.1-10

Copper/copper sulphate reference electrodes are most commonly used for these

measurements.

Two potential values can be measured:

e the so-called on-potential when the CP system is operating, i.e., protection

current flows in soil,

e the so-called off-potential which the instantaneous reading taken after a T/R
switch off, that is when protection current in soil is interrupted. The off-
potential, also called true potential, does not include the ohmic drop contribution
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Fig. 2 Electrical scheme for potential measurement in soil [1]

caused by the protection current flowing in soil. The on-potential measured
through a reference electrode depends on electrode position with respect to the
structure. The measured value, E, is the sum of three contributions, as schema-
tically shown in Fig. 2.

E=Eq+7+IR (1)

Where Eq is metal equilibrium-potential against the reference electrode used, n
is overpotential measured with respect to the equilibrium-potential and IR is
ohmic drop that depends on the reference electrode position, environment
resistivity and the circulating current.

The sum (E.q + M) is the “true-potential”, also indicated as Eg, which can also
be expressed through the free corrosion-potential:

Eoff =E-IR = (Eeq -+ 7]) = ( lﬂ + Ecorr) (2)

Where Vs is the overpotential with respect to the free corrosion-potential E.,.. The
reference electrode should be placed at the ground level on the vertical of the
structure to minimize IR drop contribution in soil. To eliminate such contribution
the on — off technique can be used.

2.1 Criteria Established by Standards

EN 12954 [2] standard and NACE RP0169-2005 revision [3] specify different criteria
to ascertain CP conditions to be used when particular conditions apply. It has to
be emphasized that each criterion mentioned by the standards is to be considered
equivalent, so that once a criterion fits the protection is deemed established.
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2.1.1 True Potential or Off-Potential Criterion

This is the most used criterion and consists of assessing CP condition by checking
that IR-drop-free-potential (i.e., true-potential) is equal or more negative than
—0.85 V CSE. Different procedures can be used:

¢ on-off technique,
e corrosion coupons with an embedded reference electrode.

2.1.2 300 mV Potential Swing Criterion

This is used in on-condition, i.e., when protection current flows through the soil to
the structure, and has the following meaning:

e on-potential is compared to free-corrosion-potential (measured before applying
CP). A negative shift of 300 mV assures that CP is achieved,

e furthermore, although such a negative shift includes an IR drop contribution, it
has the meaning that a “net cathodic current” enters the structures so that a strong
reduction of corrosion rate applies of approximately one of magnitude for every
100 mV shift.

2.1.3 100 mV Potential Decay Criterion

This can be adopted when on-off technique can be used. CP is established when,
after current interruption, a potential shift of 100 mV toward more positive value is
measured in a time of 4-24 h.

2.2 On-Potential Interpretation

Although the on-potential includes the ohmic drop contribution, its measurement is
useful for a first hand interpretation of CP level. An on-potential, E,,, more
negative than protection potential (E,, < —0.85 V CSE) implies the following:

e a ‘cathodic current’ reaches the structure and reduces the free corrosion rate (that
is, when CP is not applied) of more than one or two order of magnitude,

¢ in high-resistivity environments, where the /R drop is high, reading errors may
be high as well, but highly resistive media are not as aggressive, so corrosion risk
is low,

e if CP is verified taking the on-potential measurement, the corrosion rate can be
considered significantly reduced.

The on-potential, E,,, can be used to estimate the equivalent coating defect size,
assuming that the total ohmic drop is given by Ep,o; — Eo,, When E,,, is measured on

www.iran—mavad.com

Slgo wigo ole @2 40



290 L. Lazzari

the vertical line of the defect. The ohmic drop, caused by a defect of equivalent
diameter, dq, is given by [1]:

2 P Io p deg
“Bnde, 8

3

Eprot —Eon =iomd

The meaning of the equivalent defect diameter, d, is the result of all defect
surface area for each square meter of coated surface. It follows that the coating
efficiency is: § = 1 — ndeq2/4.

Then, taking E;; = —0.85 V CSE and protection current density of bare steel in
soil i, = 0.1 A/m?, the on-potential, E,,, is given by:

Eon 2 —0.85(1 + 0.015 - pdeq) )

This provides the relationship between on-potential, environmental resistivity,
p, and the maximum diameter, d.q, of a coating defect still under full protection
(that is, potential more negative than —0.85 V CSE). Figure 3 plots the relationship
in double-logarithmic scale, where each straight line is an on-potential value. It is
clear that if resistivity is very high, the critical defect size is small and vice versa.
In a case study, this approach was applied assuming an average soil resistivity of
100 Qm, by taking a mean value of the on-potential of —1.2 V CSE, an equivalent
coating defect diameter, d.q, of about 100 mm (equivalent surface area 0.02 m?/m?)
was still under full protection. Similarly, an on-potential of —1.5 V CSE, states
that an equivalent coating defect diameter, d.q, of about 150 mm (equivalent

10,000

1’000 ....:‘.\.-... gesssssssana _-_-_"_\‘ T -
(150 mm; ;;98%)

c.*eq (mm)

100 "
’ 18V

a2y
10 A

10 50 100 1,000
p (€ m)

Fig. 3 Relationship between soil resistivity, equivalent defect coating size and on-potential [1]
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surface area 0.03 m%/m?) is protected. Such equivalent defect sizes correspond to
a coating efficiency, &, of about 99% and 98% respectively. These values of the
coating efficiency can be considered conservative and thus acceptable in practice.
In other words, for coated pipelines and flowlines present in the field an on-potential
between —1.2 V and —1.5 V CSE assures full CP with a high degree of confidence
from a reliability viewpoint.

2.3 “Instant off” Potential Measurements

The on-off technique is based on the experimental evidence that when the protec-
tion current is interrupted, the /R drop disappears in a very short time, on the order
of 107 s. Therefore, by taking the potential reading shortly after current interrup-
tion, the IR drop is no longer included.

Obviously, by interrupting the current, overpotential is also eliminated but over a
much longer period than /R drop, ranging from milliseconds for activation over-
potential to seconds or even days for concentration overpotential. The latter is the
prevailing one in CP. Figure 4 reports a typical potential recording obtained by
means of a high frequency acquisition voltmeter (at least 10 Hz sampling fre-
quency) where the so-called off-potential, E.g, is the potential value recorded
immediately after current interruption.

This technique is applied by locating the reference electrode close to the
structure, typically in the case of a pipeline in the vertical position. The measure-
ments are carried out with the cathodic protection switched alternatively off and
on at intervals for instance of 3 s off and 12 s on (this to prevent any significant
depolarisation of the structure).

This method can be used to detect stationary interference at insulating
joints, provided on-off potential measurements carried out at both sides of the

EA

(V vs CSE)
-0.85

| 1 | -
-100 ms 0 100 ms 10s Time

Fig. 4 Theoretical profile of instant off potential measurement [1]
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insulating joints. At unprotected side, when on- and off-potentials are equal,
no interference occurs. On the contrary a shift in the negative direction of off-
potential means an anodic interference.

2.4 Under Protection Conditions Analysis

When either on or off-potential falls in the range of underprotection condition, that
is, —0.65 V > E > —0.85 V CSE, a residual corrosion rate, i .squal, takes place:

. . E—Ecorr
Iresidual = lcorr 10701 &)

Where i, (mm/year or A/m?) is a free corrosion rate (that is, when CP is not
effective) E (V) is measured potential (in the protection interval), E ., (V) is free
corrosion potential and constant 0.1 instead of 0.06 is conservatively taken as Tafel
slope of iron (V/decade). Equation 5 is derived from Tafel’s law, where free
corrosion rate, i.., replaces the exchanged current density and the free corrosion
potential, E..,, replaces the equilibrium potential.

Assuming a free corrosion potential E.,, = —0.55 V CSE and a free corrosion
rate i.or = 0.1 mm/year, when measured potential is —0.85 V, the corrosion rate is
reduced to a minimum of 1,000 times, when potential is —0.75 V, the corrosion rate
is reduced to a minimum of 100 times for instance, when potential is —0.65 V, the
corrosion rate is reduced to a minimum of ten times.

In conclusion, under protection conditions, where on-off potential practically
coincide because ohmic drop in soil is low due to the low flowing current, the
residual corrosion rate is fairly low and even negligible when approaching the
protection-potential. When potential falls in the range —0.75 V > E > —0.84 V
the residual corrosion rate is below 10 pm/year.

2.4.1 Interpretation Criteria of Potential Measurement

On the basis of standards and norms, interpretation criteria of potential measure-
ments are reported in Table 3.

3 Insulating Joints

Stray-current corrosion occurring internally at insulating joints is a typical corro-
sion attack taking place when electrical interference is present. The corrosion
mechanism is the same as the usual external interference: the non protected
structure, that is not electrically connected to the CP feeding system, is located

www.iran—mavad.com

Slgo wigo ole @2 40



Corrosion Risk Assessment of Pipelines Based on Cathodic Protection Survey

Table 3 Interpretation criteria of potential measurements

293

Protection level Interpretation

Eon potential Eoff potential by standard criteria
Eon > —030V  Eoff > -0.50 V Severe corrosion
—0.50 V > Eoff > Free corrosion conditions
—-0.65V
—0.65 V > Eoff > No Underprotection (residual corrosion
—-0.75V rate higher than 10 pm/year)
—0.75V > Eoff > No Underprotection (corrosion rate
—-0.80 V below 10 um/year). Acceptable
—0.80 V > Eoff > Y Underprotection (corr. rate below
—-0.85V 10 pm/year). Fully acceptable
—1.0V >Eon > —-085V > Eoff > Y Protection range
15V —-1.15V
—095V > Eoff > Y Optimum protection range
—-1.05V

Eoff < —1.15V No
Eoff < —1.30 V No

Overprotection conditions
Severe overprotection conditions
(hydrogen evolution)

nearby the groundbed. The current can enter the structure and leave it toward the
protected pipeline at the crossing point zone. Interference corrosion becomes
stronger the closer the interfered structure is to the groundbed.

3.1 Interference Current

An interference corrosion occurs at insulating joint when an electrolyte is present
inside the pipeline. In this case, the interfering current by-passes the joint internally
causing corrosion. A typical situation in the oil and gas industry is the following:
a flowline from the producing well to the manifold of the oil centre is electrically
separated at both ends from the well casing and from the grounding system by
means of insulating joints and cathodically protected by an impressed current CP
system, as shown in Fig. 5.

The CP current can enter the grounding system or the well casing, which are not
electrically connected to the negative pole of the T/R, and accordingly return to the
T/R, by-passing the joint, through the electrolyte inside the flowline [1].

Interference current, and accordingly the corrosion rate, is high when:

¢ AE across the insulating joint is high,

¢ the ohmic resistance within the electrolyte is low,

e at given geometry (pipeline diameter, internal coated pipe length and electrolyte
content) the electrolyte resistivity is low (Fig. 5).
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Fig. 5 CP system of a flowline in an oil centre [1]

3.2 Potential Measurements

To verify the correct CP conditions, potential measurements are carried out.
To eliminate the IR drop contribution, the so called “on-off technique” is applied.
The normal schematic potential trend occurring in the on-off measurement is reported
in Fig. 3. The vertical line recorded at current interruption (also known as instant-off)
represents the ohmic drop contribution. The correspondent potential value, Eq, is
the true potential, not including the ohmic drop contribution. In the presence of an
insulating joint, the potential trend is different, as schematically shown in Fig. 6
where the depolarisation is so rapid to be mixed with the ohmic drop contribution
[4] For the correct potential interpretation, the use of high frequency acquisition
datalogger voltmeter was required in order to detect the ohmic drop contribution,
although partially masked by the rapid depolarisation. As a consequence, the true-
potential cannot be measured by the on-off technique. For practical applications, we
propose to adopt as true-potential value the reading detected after about 50 ms from
the current interruption. This procedure was confirmed by comparison to the read-
ings taken by means of a fixed reference electrode, located in a position very closed to
the pipeline. In conclusion, when rapid depolarization occurs, as discussed in the
previous paragraph, internal corrosion is very likely to occur. Table 4 shows a proposal
for criteria to interpret insulating joint (1J) interference conditions and efficiency.
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Fig. 6 Example of typical potential recording in presence of internal insulating joint corrosion [1, 2]

4 Coating Defect Localisation

The localisation of coating defects in a pipeline is important for the so-called
coating integrity check-up. To do this, two methods are used: electrochemical
and electromagnetic, both often used in an integrated way [1]. Electromagnetic
methods have the advantage of not requiring an electrical connection with the
structure, but they do not indicate the CP level. On the contrary, electrochemical
methods are more expensive, since they require longer periods of time and a larger
number of operators, however, they do provide more accurate results.

4.1 Electromagnetic Methods

Electromagnetic methods are based on a very simple principle. An alternating
current (AC) signal is injected into the pipeline and then measured along the
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Table 4 Interpretation criteria of 1J efficiency
NON protected AV (Eoff — Eon)

Case Protected side side non protected side Interpretation
1 Eon = Eoff 1J efficient
AV >0 1J efficient
2 0 < [Eoff — Eonl < 50 mV Interference negligible
AV >0 1J efficient
3 Eoff < —0.85 Eoff > —0.85  IEoff — Eonl > 50 mV Interference: light
cathodic
AV <0 1J efficient
4 |[Eoff — Eonl < 50 mV Interference: light
negligible anodic
AV <0 1J efficient
5 |[Eoff — Eonl > 50 mV Anodic Interference
1J efficient
6 Eoff — Eon =0 Probable presence of
galvanized steel
AV > 0; AV <0 1J efficient
7 Eoff < —0.85 —0.7 > Eoff > |Eoff — Eonl < 50 Probable presence of
—0.85 galvanized steel;
negligible interference
AV <0 1J efficient
8 |[Eoff — Eonl > 50 Probable presence of

galvanized steel;
anodic interference

9 Eoff < —0.85 Eoff < —0.85  Eoff — Eon > 0 1J NOT EFFICIENT

10 Eoff > —0.85 Eoff > —0.85  Eoff — Eon =0 1J Efficiency not valuable

pipeline as it escapes from coating defects or poorly coated sections. This allows
their localisation. Moreover, since the signal’s intensity at one point depends on the
presence of previous defects, it is convenient to proceed investigating by successive
steps, first, by measuring a few points along the pipeline, and then by intensifying the
measurements in between, to better identify the exact point of AC signal leakage.

Two methods are used: Pearson’s method, based on the conductivity measure-
ment and inductive method, based on the inductance measurement.

4.1.1 Pearson’s Method

This method consists of sending an alternating current signal along the pipeline by
a feeder connected to the pipeline (for example, at a test point) through a temporary
GB (Fig. 7). The signal frequency is chosen as a function of pipeline coating;
for example, low frequencies of about 200 Hz are used for bituminous coatings,
while greater frequencies, over 1 kHz, are usually used for epoxy resins. If there
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Fig. 7 Pearson method to detect coating defects [1]

is a defect, the alternating current signal leaves the pipeline with an intensity
proportional to the defect size. The signal along the pipeline is taken by two
operators walking in tandem, using two portable electrodes. When the electric
field intensity increases due to the presence of a fault, the signal intercepted by
operators increases. Very often, an acoustic system is used to facilitate signal
detection.

4.1.2 Inductive Method

This method is based on the principle that a high frequency alternating current
(usually 10-20 kHz) injected into the pipeline creates a variable magnetic field
around it, whose intensity is proportional to the circulating current in the pipeline.
Before and after the presence of a fault, a sharp variation on the inducted magnetic
field occurs, which can be detected by moving a magnetic field detector over the
pipeline (Fig. 8). This method is better adapted than the previous one to determining
coating degradation, rather than to detecting fault location. In general, the interpre-
tation is as follows: a pronounced signal attenuation indicates poor quality coating;
a slope change indicates a variation in the coating degradation rate; sharp variations
indicate the presence of defects or metal contacts with other structures. Using this
method, the reading is taken by one operator who measures the field intensity at pre-
defined intervals.
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Fig. 8 Water injection flowlines and trunklines network “General data”

4.2 Electrochemical Methods

4.2.1 On-Off Potential Profile

The localisation of coating defects can be worked out by examining the potential
profile along the pipeline, as schematically illustrated in Fig. 9. To obtain the profile,
an electrical connection with the pipeline is required and the measurement must be
synchronised with the operator’s movement.

The E,, potential, by itself, may provide useful information. However, because
of the IR drop, small defects cannot be detected. In this case, the E.¢ potential
profile has to be used.

Two distinct effects are recorded in correspondence with defects: a peak towards
more positive potential values of both E,, and E ¢ (polarisation is less and there-
fore the potential is more positive) and a decrease in ohmic drop as the difference
|Eon — Eogt|, because, although the current density increases locally, coating contri-
bution to the ohmic drop prevails.

4.2.2 Transversal Gradient Method

At a coating defect, current density increases correspondingly and provokes an
increase in the ohmic drop in the soil. This is the basis of the so-called transversal
gradient method, where the IR drop between a central reference electrode, placed
vertically over a pipeline, and a lateral one located in a “remote” position, usually
1050 m away from the pipeline, is measured. In the absence of coating defects,
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Fig. 9 On-Off potential profile along a pipeline with coating defects [1]
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Fig. 10 Illustration of the lateral on/off IR drop measurement [1]

the lateral ohmic drop is very low, usually less than 10 mV even in very resistive
environments. On the other hand, when a defect is present the ohmic drop is about
one order of magnitude higher, and thus easily detected. Figure 10 reports an
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example of such a measurement. During surveys, the protection current is often
increased to improve sensibility of the technique by increasing the ohmic drop.

Due to inevitable current circulation in the soil from various sources, such as
stray currents, measurement of the ohmic drop is affected by some disturbances that
do not allow correct data interpretation. To overcome this inconvenience, the on-off
technique must be used, exploiting the superimposed effects principle, since during
‘on’ periods all IR drop contributions are measured, while during the ‘off” period
the /R-drop related CP is not, so that, the difference between the two measurements
is the IR drop caused only by cathodic current:

AVon =RL (Inat + Icp) (6)
AVoir = Ry Ingt (7
AVoy — AV
Icp _ 0] = off (8)
L

Where I, is current circulating in soil during the measurement, /., is CP-related
current and Ry _is lateral resistance. The on-off IR drop difference is generally plotted
against pipeline length, as illustrated in Fig. 10, showing /R drop peaks which
indicate location of defects. Where coating is integral, the /R drop is near zero or a
few millivolts, as a function of the type of coating and soil resistivity. This method
has a great advantage of not requiring an electrical connection to the pipeline.

4.2.3 Combination of On-Off Profiles and Gradients

This is the most sophisticated measurement for localising and quantifying coating
defects, while simultaneously providing effective protection conditions. Measure-
ment along the pipe is taken, according to the on-off procedure already illustrated,
simultaneously for both methods: the on-off potential profile and the lateral /R drop.

The equivalent coating defect size can be calculated without knowing either soil
resistivity or circulating current, by using the relationship that links lateral ohmic
drop (AV,, — AVg) to defect size from equation:

pl (1 1 pl
AVey —AVeip = — [ - ——— | = cL=
n off o (H H2 n d2> C o (9)

Where C is a constant which depends only on H, the burial depth, and on d, the
electrode spacing. On the other hand, resistance R located at the defect is given by
the ohmic drop contribution measured by the on-off technique.

Eoff — Eon
R:% (10)
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By eliminating the current /, and introducing the resistance of a coating defect
with size deq:

p
R =
21 deq
We obtain:
AVon - AVoff
degg=C————
d Eoff - Eon

This allows a ranking of the equivalent defect size.

5 Risk Assessment Approach

(1)

12)

A formal engineering risk evaluation of equipment is referred to as a Failure
Mode, Effect and Criticality Analysis (FMECA), that ranks perceived risks in
order of seriousness: Criticality (Risk) = Effect (Consequences) x Mode (Probable
frequency):

1.

loads. Corrosion is not a cause of failure but is a contribution to the mode.

Failure criticality: Potential failures are examined to predict the severity of
each failure effect in terms of safety, decreased performance, total loss of

function and environmental hazards.

ble failure modes, the damage mechanisms and likely locations.

. Failure effect: Potential failures assessed to determine probable effects on
process performance and the effects of components on each other.
. Failure mode: Anticipated operational conditions used to identify most proba-

Failure Modes is the combination of damage on operational (and accidental)

Failure mode:

local leakage
longitudinal/transverse rupture
collapse or buckling

Corrosion damage (corrosion morphology):

uniform corrosion and erosion

isolated pitting

flow induced localised corrosion and erosion (mesa-corrosion)

longitudinal and transverse cracking
longitudinal and transverse grooving (weld corrosion)

Loads:

pressure (internal and external)
forces (tensional/hoop stresses, compressive, bending/torsional)
impacts (collisions, dropped objects)
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Table 5 Crltlcahty index Probability (P) Low chance of occurrence. ........ almost
used for risk assessment certain to occur
Seriousness (S) Not serious, minor nuisance......... total
failure, safety hazard
Detection (D) Easily detected. . ................ unlikely

to be detected
Ranking Value (C) 1 2 3 4 5 6 7 8 9 10

Table 6 Criticality matrix Consequence of failure

Failure probability High Medium Low
High 1 2 3
Medium 2 3 4
Low 3 4 5

The analysis determines the probability of each failure mode occurring (P),
the seriousness (consequences) of the failure (S) and may also include the difficulty
of detecting the failure (D). As shown in Table 5, the criticality index (C) provides a
numerical ranking (C =P x S x D) that enables management to focus on audit
procedures (appropriate maintenance and corrosion control strategies, including
inspection activities) on items of plant, or processes, that are deemed to have either
high/unacceptable risks or low/acceptable risks.

This approach forms the basis of various commercial software based systems
used by the industry to assess criticality and corrosion risks. Similar systems are
available as part of maintenance strategies and risk based inspection [5, 6] (Table 5).

Criticality/risk analyses can be carried out at all project stages:

e at design where the aim is to identify hazards and minimise risk by targeting
corrosion mitigation procedures,

¢ during operation where the aim is to focus inspection and monitoring on
critical areas and to eliminate poor corrosion mitigation procedures.

A standard part of such evaluations is to use a matrix display to highlight or
quantify the risks. Examples of such systems include a 3 x 3 matrix (as per Table 6)
and a 5 X 5 matrix (as per Table 7 [6]).

5.1 Managing the Corrosion

Corrosion processes found in many industries, including oil/gas production, are
widely understood and mitigation procedures are well established. However, unac-
ceptable problems such as leaks and emissions still occur. An often accepted
general conclusion is that: the cause of corrosion related failures is human error/
poor management control.
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Table 7 Criticality matrix [6]

Likelihood/

consequence A B C D E

5 Medium/high  Medium/high  Medium/high  High High

4 Medium Medium Medium/high  Medium/high  High

3 Low Low Medium Medium/high  High

2 Low Low Medium Medium Medium/high
1 Low Low Medium Medium Medium/high

These causes include lack of inspection/monitoring, poor communication,
mal-operation, insufficient design review and inattention to warnings/technical
information. An overall system is therefore required to manage not only technical
corrosion issues but also human response and actions.

Good corrosion control/mitigation to ensure adequate safety procedures requires
good design. The continuing review of safety-critical elements as part of the safety
case should provide a driver for improvement of feedback from the field into new
designs. Most organisations conduct periodic reviews with formal audits at “hold
points” during the design process. These include HAZOP studies and Engineering
Reviews, hence introduction of corrosion related safety checks at these stages of the
design process would be recommended. The means of conducting inspections and
corrosion monitoring, including provision of adequate access for personnel, moni-
toring instrumentation and inspection equipment is often crucial, yet this aspect of
design is frequently neglected until too late in the process. The use of Risk Control
Systems during design would assist in the overall management process. Typical
approaches are currently adopted by industry to manage safety and corrosion and
are based on the legislative requirements and further recommendations are then
made for further improvement of the audit and verification systems.

6 Case Study

This case study here reported deals with a corrosion risk assessment of a water
injection trunklines and flowlines in an Oil and Gas plant. Aim of the study was the
following:

e to assess the performance of the existing cathodic protection systems and to
provide recommendations if needed,

e to assess the actual protection levels of all buried protected structures and the
integrity status of the existing cathodic protection units and all their components,

¢ torecommend remedial actions to guarantee correct protection levels of all plant
facilities, including those ones affected by electrical interference,

¢ to develop proposals for any required interventions to extend the operating life
of the cathodic protection systems for the remaining life of the Field.
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6.1 Cathodic Protection Philosophy

Water injection trunklines and flowlines are protected by a combination of CP and
external coatings. All flowlines, trunklines and export pipeline located outside the
plant area are electrically isolated from foreign structures by isolating joints or
flanges. All buried metallic structures inside the plant area (piping; earth ground
system; steel concrete reinforcement) are assumed to be properly electrically inter-
connected. A simplified layout of the water injection flowlines and trunklines is
reported in Fig. 11. Table 8 reports the general data for the investigated flowlines.
CP system consisted of an impressed current as follows:

e N.1 Transformer Rectifier Unit,
e N.1 deep anode groundbed,
e Magnesium anodes (number and position unknown).

CP operating data for the water injection systems have been gathered in two
steps, before and after the repair intervention of a number of damaged components,
and hereinafter reported as first survey and second survey.

Manifold at

Plant Area
127

MANIFOLD 1 W-14

W-17

= W7

W-10 | | W-07 | F-8 w-02
10”

W-17 MANIFOLD 2 W-05

8 W-04

Fig. 11 Water injection pipeline network
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Table 8 Water injection

: A Item (—) Start up (year) Length (m) Diameter (in.)
flowlines and trunklines 8 w02 2003 3100 3
network “General data” B :

F-8"-W-07 2000 6.000 8
F-8”-W-10 2002 4.800 8
F-8”-W-04 2002 3.400 8
F-8”-W-05 2002 1.800 8
F-W12

F-W14

F-W-13

F-W-17

T-M1-12" 2000 6.400 12
T-M2-10" 2002 11.000 10

After the first survey, the following repair actions were performed:

e MI: installation of cables.

e M2: installation of a surge diverter into the junction box. Cables connected.
e W2: installation of new cables and connections.

e W4: surge diverter reconnected.

e WS5: surge diverter reconnected.

e WI13: new test points on insulating joint with a surge diverter installation.

e WI10: new test points with a surge diverter installation and new connections.
e WT7: box of 1J has been extended of 0.60 m.

All damaged boxes have been replaced. On-potential measurements taken dur-
ing the second survey are reported in Table 9.

6.1.1 CP Criteria Used

Reference has been made to applicable international normative. For pipeline
networks, outside the plant area, when instant-off-potential measurements were
available, the criteria reported in Table 1 were used.

When on-potential measurements only were available, a potential more negative
than —1.20 V vs. CSE was considered indicative of acceptable protection condi-
tions on the basis of on-potential interpretation discussed in previous paragraphs.
Different criteria have been used for buried structures within the plant area; this is
the case of cathodic protection of so called complex structures, where the cathodes
to be protected, buried piping, tank bottom, etc., are inevitably in contact with other
metallic structures like reinforced concrete foundations and copper-earth-ground
system.
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Table 9 Water injection pipe network “CP operating data”

Second
survey Notes
Protected Unprotected  Casing
Area Position  side [mV] side [mV] [mV]
Plant area Injection  —1.987
TP1 —1.878
PC/Gas —1.778 —1.778 Gas crossing
TP2 —1.813 —1.348 Mg anode: —1.353 mV
TP3 —1.782 —985 Casing: —446 mV, Mg
anode: —1.353 mV
TP4 —1.648
TP5 —1.592 -932
TP6 —1.408 -956
TP7 —1.389 -905
M1 all —1.157
M2 M8 arrival —1.125 -929
W5 start —933 —-905
W13 start  —927 -902
W4 start —1.101 —1.070
M1 — M2 Start —1.231 —1.231 Insulating joint box
TP1 —1.231 —982 P.C. by Mg anode
TP2 —1.180
TP3 —1.174 —333
TP4 —1.087
TP5 —1.080
TP6 —1.121
TP7 —1.148
TP8 —1.095
TP9 —-1.179
M9 arrival —1.125 -929
M8 - W2 8" W start —1.053 —1.030 Insulating joint box
TP1 —1.120
TP2 —1.075 —802  Casing: —302 mV, Mg
anode: —983 mV
Wellhead —1.026 —821
arrival
M8 - W12/7 W7&12 —1.095 —1.053 Insulating joint box
start
PT1 —1.065 —1.083
PT2 —1.178 Casing: —302 mV, Mg
anode: —983 mV
PT3 —1.030 —1.242
w12 -978
arrival
WI12 start —978
Wellhead —902
arrival

(continued)
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Table 9 (continued)

Second
survey Notes
Protected Unprotected  Casing
Area Position side [mV] side [mV] [mV]
M8 — W10  WI10start —1.101 —1.094 Insulating joint box
PT1 —1.065 —223
PT2 —1.150 —375
Wellhead —1.060 —598
arrival
M8 — W14  Wl4start —1.102 —236 Natural potential —395 mV
PT1 —980 Sand
Wellhead —1,162 —340
arrival
M9 — W4 W4 start  —1.101 —1.070 Insulating joint box
PT1 —1.160 —285
PC/Gas —1.160 —285 M5 — M10 Crossing
PT2 —1.160 —285
Wellhead —1.142 —691
arrival
M9 — W5 W5 start  —933 —-905 Insulating joint box
PT1 —1.102 —420
Wellhead —1.095 —550 Surge diverter disconnected
arrival
M9 — W13 M9 start  —927 —902 Natural potential —368 mV
PP2 —1.024
PP3 —1.015
Wellhead —1.035 —650
arrival

6.1.2 On-Potential Assessment

On the basis of the theory discussed and the plot of Fig. 3, some important
conclusions on CP protection conditions can be drawn from an analysis of the
measured on-potential. This is of particular importance in this case study, since a
thorough on-off procedure technique could not be followed because not all supplied
current to pipelines could be interrupted at one time. When the on-potential is
known, for instance around —1.5 V vs. CSE by the application of the plot of Fig. 3,
it can be stated that at such on-potential (—1.5 V vs. CSE), assuming a soil
resistivity close to 100 Qm, all possible coating defects smaller than 0.15 m in
equivalent diameter are in protection condition. In other words, it can be stated that,
with an on-potential of —1.5 V vs. CSE, a pipeline is in full protection with a
coating efficiency higher than about 98%. Therefore, it is our opinion that all three
pipelines are in full protection condition because it is certain that the coating
efficiency is higher than 98%. In fact, the average protection current density is
less than 50 pA/m?, which means a calculated coating efficiency of 99.9% or 99.5%
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on the basis of a protection current density of bare steel of 50 mA/m? or 10 mA/m?,
respectively, as follows:

i 0.05 i 0.05
=1———=099and (=1- =1-———=0995 (13
ibare 50 o é ibare 10 ( )

f=1-

In this zone, on-off-potentials were measured against both fixed (FRE) and port-
able (PRE) reference electrodes. Measured potentials were —1.1 to —1.3 V CSE as
on-potential by FRE and —1.1 to —1.5 V CSE as on-potential by PRE. To this zone,
300 mV swing criterion and on-potential assessment apply, thus it can be concluded
that protection condition is achieved, provided to assure the same coating efficiency
in the future, by a periodic check by carrying out a coating integrity survey.

6.1.3 External Corrosion Risk Assessment

The risk of external corrosion on surveyed pipelines was evaluated on the basis of
the on-potential assessment, taking into account the interpretation criteria reported
in Tables 3 and 4. As discussed in the previous paragraph, from the on-potential
readings it was estimated a value of the off-potential and then the criteria applied.
What was reasonably assumed is that there is confidence to have full protection
with an on-potential of —1.5 V vs. CSE, provided a coating efficiency higher than
about 98%. This assumption was deemed reasonable and then acceptable because it
was known that the coating condition was good, as proved by recent excavations in
areas nearby.

The importance of this approach is based on the possibility of carrying out few
measurements of the on-potential and not the off-potential, as required by standards.
Nevertheless, a reliable evaluation of corrosion-related risk is possible, provided a
critical analysis of the on-potential measurements. To rank the criticality of different
zones of crossing pipelines, a matrix can be used where likelihood of consequences
can be stated on the basis of the area crossed (isolated or in a plant area) and the size
which is related to the amount of hydrocarbon releasing amount, and likelihood of
occurrence (leakage by corrosion) should be related to the on-potential measured. In
the case study, the on-potential could be ranked as low for readings more negative
than —1.5 V vs. CSE, and as high for readings more positive than —0.85 V vs. CSE
and medium in between. On the basis of the survey results, the risk of external
corrosion was considered low for almost all investigated zones.
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Above Ground Coating Integrity Assessment:
Experience with SUMED Pipelines

Saher Shawki

Abstract External corrosion protection of the buried pipelines is primarily
achieved by coatings and supported by cathodic protection. The coating damage
occurs during pipeline installation, or due to aggressive soil. Coating integrity
assessment is aimed to improve the safety of pipeline operation regarding personnel
and environment as well as economic security. Inspection practice is intended to
identify coating defect location and estimate corrosion activity of the pipeline. The
inspection program includes the following steps:

e pre-assessment: collect information on pipeline physical characteristics and
operating history,

¢ indirect inspection: field measurements,

e direct examination: evaluation of pipeline coating performance,

e post-assessment: analysis of data collected, coating defect repair, mitigate corrosion
protection faults including cathodic protection system.

The techniques and measuring equipment for above ground coating inspection
are well established as for Close Interval Potential Survey (CIPS) and Direct
Current Voltage Gradient (DCVG) methods. However, analysis of the gathered
inspection data is rather uncertain. The accuracy determining coating defect loca-
tion and assessment depends on the vast experience of the inspection team dealing
with diverse pipelines conditions. The paper describes in details the inspection
technique, the required equipment to perform the measurement, and the means
of data analysis. A comprehensive example is given by the survey works carried
out on SUMED transmission pipelines between Suez (Red Sea) and Alexandria
(Mediterranean Sea).
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312 S. Shawki

1 Pipeline Status

In the last decade hydrocarbon pipelines, existing and planned, showed a dramatic
rise in number and mileage. The expansion is to meet the increasing demand in fuel
oil and natural gas. Pipeline networks covers oil/gas producing and consuming
countries as well as International or Transcontinental Lines. The Mediterranean
area is best representation: Algeria, Libya, and Egypt as producing countries are
linked by land-based and undersea lines with Italy, Spain, and turkey as consumer
countries. Pipelines are routed through land for thousands of miles everywhere in
arid (desert) and in urban areas. It is estimated that 25% of pipeline failures in the past
were due to corrosion. For most buried pipeline, experience has shown that external
corrosion is more dominant than internal corrosion. Pipelines which are more than
15-20 years old, and are coated with traditional barrier coatings (epoxy, P.E., P.U.,
etc.) show marked degradation of the coatings over time. This is mainly due to
aggressive soils or to wrong — handling of the coated pipes during construction.

2  Why Coating Inspection

Construction and operation of pipelines is very expensive. The consequences of
corrosion failure are devastating as for the safety of personnel and environment,
even threatens the social security. For these reasons protection against soil corro-
sivity is given highest levels by barrier coatings supported by cathodic protection
systems.

An important aspect of assuring and maintaining pipeline performance is imple-
mentation of integrity management programs by above ground coating inspection
techniques. In USA, Federal and State laws and regulations necessitate that:
transmission pipelines owners have to implement external corrosion direct assess-
ment surveys at service durations of 3-7 years. The Standard Recommended
Practice NACE RP0502-2007 [1] is approved by the American National Standards
and well recognized in many countries. The expected results of integrity surveys are
to reduce risks for people, property and environment, as well as, reduce economic
losses. Insurance of pipelines against accidents is very common. At least a discount
of 25% of insurance bill is granted if the results of integrity survey are presented to
the Insuring Body.

3 The Survey Techniques

The best accepted method of evaluating the protection level of pipelines is through
the use of potential measurements. Potential values on pipelines have traditionally
been recorded only at test stations (posts) located at distances 1-3 km along the
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pipeline routing. But potential monitoring only at test posts provides limited
information. It is possible that serious corrosion can be occurring on the pipeline
even when recorded potential values at test posts satisfy the criteria for protection
i.e. > —850 mV against copper/copper sulfate reference electrode. The coating
anomalies would not be detected unless a detailed inspection and potential survey
is performed. The data provided by the coating inspection surveys plays a key role
in decision making as to when and where coating defects should be repaired. Above
ground coating inspection program includes the following steps:

e pre-Assessment: To collect information on pipeline physical characteristics,
operating history, and the cathodic protection system in application,

¢ field Measurements: To identify the location and severity of coating faults, and
areas at which corrosion activity might be occurring,

¢ direct Examination and Post Assessment: To analyze the collected data, evaluate
coating performance, repair critical defects and upgrade cathodic protection
system involved.

The details of each step are as follows.

3.1 Pre-Assessment

A comprehensive list of the required information of this step is as follows:

Pipeline installation and protection data

1. General:

Line designation

Fluid Crude oil/gas/products
Location Map

Installation date

Pipe size (inch)

Burial depth (meters)

Total length km

Material X 50, 80

Insulating flanges Number and location
2. Coating Data:

Type Polyethylene H.D./P.U./P.V.C.
Thickness (mm)

Insulating properties Resistivity (2 cm)

3. Tested section:

Location

Total length surveyed (km)

Test points

Number

Locations Map

Connection Other pipeline links
Valves km

(continued)
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Pipeline installation and protection data (continued)

Number

Locations

Soil

Description Sand/clay/rock
pH value

Chloride content

Resistivity (corrosivity range) (Q cm)

4. Cathodic protection:

Power supply units

Number

Type T/R or solar
Location

5. Monitoring data (during survey period):

Normal potential (Cu/CuSOy) (mV)
Protective current (A)

T/R voltage output V)
Pipe/soil potential (range) (mV)
Potential attenuation (mV/km)

Interference and/or stray currents

6. Survey techniques:

Close interval potential survey (CIPS)

Intervals-time 4 s. ON,1s.0OFF

Intervals-distance 2m

Voltage gradient survey (VGS)

Intervals-distance 2 m above line, 1 m perpendicular

3.2 Field Measurement

Above ground coating inspection techniques depending on direct current (D.C.) are
well established. These include the following methods:

3.2.1 Close Interval Potential Survey (CIPS)

Pipe—to-soil potential is measured at very close distance (every 2-5 m). Simple
equipment are required to perform the measurement:

e Cu/CuSO, reference electrode,
e data logger,

e trailing wire,

e current interrupter.

The arrangement is shown in Fig. 1.
The trailing wire is connected to a test-post and the operator moves along the
pipeline route placing the reference electrode in the soil every 2 m. The measured
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Potential Data Logger

TR Test Post  Wire Reel
I::l Tr.':\ilingD ﬂi
— Wire
Reference
Electrode
amk 4
1

)

Distance (m)

Fig. 1 Close interval potential measurements

potential is recorded by the data logger. A computer program is used to transfer and
process the recorded data. The potential data is expressed by a graph against
distance. The recorded potential falls down, than normal value, in allocation of
coating defect. The method is simple and one operator can cover a distance of 3 km
per day. One major defect is that soil variance can show a decrease in potential that
can be mixed-up with indication of a coating defect. To overcome the ambiguity an
improved technique is used.

Interrupted Close Interval Potential Survey

Synchronized timers (current interrupters) are used to switch all cathodic power
sources attached to the line in order to get representative readings of the instant OFF
potential. The ON potential and instant OFF potential are registered by the data
logger at the same time for each reference cell location. This technique is now the
most widely used method. From the gained results, regions of defective coating are
postulated. Typical (schematic) results are shown in Fig. 2.
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Fig. 2 Interrupted close interval overline optional survey

Direct Current Voltage Gradient Method

When c.p. current flows through resistive soil to the bare steel exposed at a coating
defect, a voltage gradient is generated between the bare and coated points. Gener-
ally, the larger the coating defect, the greater the current flow and the greater the
resulting voltage gradient.

In this method, the voltage gradient is traced by measuring the path difference
between 2 reference electrodes using a sensitive millivoltmeter. There is no direct
connection to the pipeline, so there are no trailing wires.

In surveying a pipeline, the operator walks the route placing the 2 reference
electrodes (with 2 m apart) at a regular short interval. As a coating fault is
approached, the voltmeter will signify voltage value higher than the signal in any
intact coating location along the pipeline route. The voltage value progressively
decreases as the reference electrodes get nearer to the coating defect. When the
defect place is passed, the voltage signal will reverse in sign (£) and the value
slowly decreases as the surveyor moves away from the coating defect.

The fault location is accurately determined when there is no or very small
value of voltage signal, that is the fault is sited midway between the 2 reference
electrodes (Fig. 3). The same procedure is repeated perpendicular to the pipe. The
coating epicenter is accurately decided at the point where the 2 midway positions
Cross.
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Current flow to defect

Fig. 3 Direct current voltage gradient measurement: (a) over-the-line, (b) perpendicular to the pipe
3.3 Analysis of Survey Results

3.3.1 Interrupted CIPS

e Instant “OFF” value of potential Egrr is the most important value which
contributes to the level of protection of the pipe and points out to the areas of
active corrosion.

e While “ON” potential Egy is the voltage lost to overcome the soil resistance and
does not really contribute to the cathodic protection of the pipe.

¢ The difference between Eqgn and Eqgr is the IR drop.

e The average value of IR drop is decided from CIPS graphs. The values depend
mainly on the soil resistivity since the applied current is constant and the coating
resistivity is the same.

¢ Suspected location of a coating defect can be seen from CIPS graphs if the IR
drop at a decreased value of potential is smaller than the average IR drop.
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3.3.2 Direct Current Voltage Gradient Method

The exact location of the coating defect is determined according to the scheme
described above. However to determine the severity of the defect additional mea-
surement should be performed as follows:

Sizing Coating Defects

At each defect, the voltage drop OL/RE (over-the-line-to-remote-earth) i.e. perpen-
dicular to the pipe, is measured using two reference electrodes (say 2 m apart) and a
millivoltmeter. The two electrodes are moved till two consecutive readings show no
value i.e. remote earth (Fig. 4).

The total value of the readings (say 4 readings) is the defect OL/RE. The defect
severity is calculated as follows:

% IR = Defect OL/RE (mV) (1)
Eon — Eopr(mV) (2)

The severity of the defect is then categorized as follows:

e <15% can be neglected,

e 15-35% defects should be repaired,

* >35% active corrosion at defect location and the coating should be repaired as
soon as possible.

mV

Reference cell spacing

defect /& - -

Coating \l, 26 \L% 10 \l/ 4 %\L mV1 \l/

OL/RE=26+10+4+1=41mV

Fig. 4 Over-the-line/remote-earth measurements
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Fig. 5 Field measurements: equi-potential lines in coating defect locations

Experience had shown that defect sizing or severity with the above scheme is
very approximate. Attempts to modify methods of voltage gradient measurements
and calculation are in progress [2].

(a) One trial to verify the defect intensity estimation was suggested as follows:

(b) place one measuring cell on the epicenter of the defect and move the other cell
in perpendicular direction to the line until there is no change in the measured
potential measurement. Accordingly, one voltage only is considered (Vrg) and
the corresponding distance from the line is measured (say 10 m),

(c) the potential difference between two cells is then measured over the line (Vor),
for the same distance, in good coating area (not far from the defect to avoid the
effect of the soil variation),

(d) the results of field experiments on two defect locations are shown in Fig. 5.

The defect intensity (D.1.) can be calculated as follows:

_ Vre — VoL
VoL

D.L 100 3)

4 Coating Inspection Project of SUMED Pipelines

SUMED transmission (crude oil) pipelines are two 40" parallel lines (10 m apart)
extending for 315 km between the Port of Suez at the Red Sea and Sedi-Kerir Port
(west of Alexandria) at the Mediterranean Sea. The lines were constructed in 1974
and 1975. The lines are routed in a desert area for 112 km, crossing the River Nile at
Cairo, then extends for 203 km till the Mediterranean in desert and agriculture lands.
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The lines are coated with polyethylene (PE) and cathodically protected by
impressed current. The protection current is supplied by 7 Transformer/Rectifier
(T/R) stations and 2 Solar Energy stations distributed along the route.

A Coating Integrity Assessment Program was conducted in 2003. The following
are examples of the survey results: Figures 5-8 are examples of the produced
potential- distance graphs obtained in one section of the pipeline (35 km). The
applied protective current in this section was constant at 8 A.

The following information can be deduced from the CIPS graphs:

e The IR drop ranges between 400 and 600 mV specifying high resistivity soil.

¢ OFF potential (Eggg) values are over — 850 mV indicating adequate protection of
the pipeline section.

e Defect locations are suspected when there is potential drop in OFF values
corresponding to the ON potential drop.

Voltage gradient measurements were carried out only for areas of defect sus-
pected points indicated by CIPS. The measurements were carried out for a length
over the line of at least 20 m before and 20 m after the suspected points. The exact
location of any ascertained coating defect is given with reference to a nearest
construction mark. The following table is a model of the data obtained on one
surveyed section of the pipeline.

Voltage gradient technique of OL/RE was also conducted for the confirmed
coating defects. The values of% IR (defect severity) are also given in the Coating
Defect Table. The location data given in the table is dispatched to the pipeline
operation section to execute the Post Assessment stages of the program i.e. excavation
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Fig. 6 CIPS graph showing no defect in the measured distance
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SUMED Pipeline Coating Survey (CIPS)
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Fig. 7 CIPS graph showing 2 coating defects
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Fig. 8 CIPS graph showing one coating defect irrespective of spike of deceptive potential spikes
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and repair. The accuracy of the findings was estimated to be over 95% for location.
The defect severity could be decided only in two categories: namely% IR less than or
over 15%.

Coating Defect: SEDI-KERIR — Line 1 (3065 km)

Distance Location % IR

Form To DF n°. Reference Meter form  <15% >15% DF length (m)

TP37 TP73/1 1 TP73 +70 40 Dis.

TP73/1 TP74 No defect

TP74 TP75 1 Km 171191 —-110 30 Dis.

TP75 TP76 1 Km 172956  +40 11 Dis.

TP76 TP76/1 No defect

TP76/1 TP76/2 1 Km 175616 —60 8 Dis.
2 Km 175616  +65 12 Dis.

TP76/2 TP76/3 No defect

TP76/3 TP76/4 1 TP76/4 -20 54 Dis.

TP76/4 TP77 1 TP76/4 +90 32 Dis.

TP77 TP77/1 No defect

TP77/1 TP78 1 Km 182396 —10 15 Dis.
2 Km 183234 +80 14 Dis.

TP78 TP78/2 No defect
TP78/2 TP79 No defect
TP79 TP79/1 1 Km 186128 +60 9 Dis.
TP79/1 TP79/2 No defect
TP79/2 TP80 No defect

5 Conclusions

Potential data loggers coupled with computer programs have made it economical to
perform a detailed coating inspection along transmission hydrocarbon pipelines.
The computerized potential logs resulting from two well established techniques
CIPS and DCVG are used for coating integrity program.

The main advantage of the said technique is resolving the exact location of the
coating defects and their intensity. In addition the measurements provide detailed
information for analyzing the level of cathodic protection, IR drop values of the
earth, interfering current, etc. In total, economic control of pipeline corrosion
protection, against aggressive soil and coating degradation, can be achieved.
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