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NEB STRESS CORROSIONC... PANEL REPORT RELEASED   http://www.newswire.Ca. . .mberl996/19/C3532.html                        C~YJW Canada News Wire `!~1                       Give us your message. We'll give you the world.      Attention Business Editors:      NEB STRESS CORROSION CRACKING INQUIRY PANEL REPORT      RELEASED          CALGARY, Dec. 19 ICNW/ - The National Energy Board Inquiry Panel's report      into Stress Corrosion Cracking SCC on Canada's pipelines has been released.      The Panel's report to the Board contains 27 recommendations to promote public      safety on the country's buried oil and gas pipelines.          The conclusions and recommendations contained in the report are the      result of a three-member panel's public inquiry which began in August 1995.      The far-reaching inquiry went beyond the problem on Canada's pipelines to gain      experience and expertise from other countries.   The Inquiry is the first      comprehensive one in the world on SCC and the results, including valuable      scientific and technical data that relate to the Canadian situation, could be      of interest and use outside Canada.          The Panel's report says that ``... SCC remains a serious concern for the      pipeline industry and for us as regulators.   Since SCC is a time-dependent      process, without proper attention, it will worsen and be the cause of more      pipeline failures.''   The Inquiry Panel recommends a ``comprehensive      approach'' to the SCC~prob1emincliiding the implementation by each pipeline      company of an SCC management program, changes to the design of pipelines,      cdntinued research, establishment of an SCC database, improved emergency      response practices and information sharing.          The Inquiry examined whether a reduction in operating pressure would be      an effective way to deal with SCC on existing pipelines.  The report says that      as there is no clear evidence of a threshold level of pressure below which SCC      will not initiate and grow, a pressure reduction will not prevent failures and      will be very costly.   The report states ``We find that there are other      measures which are more systematic, efficient and effective in mitigating SCC      and thereby promoting public safety.  Therefore, we believe that a general      reduction in pressure would not be a logical or effective response to the SCC      problem.' `  However the report goes on to say that  ~. . . as decreasing pressure      in a pipeline means a larger defect will be required before failure, pressure      reduction should be considered as a temporary measure for sections of a      pipeline system where there is a threat of imminent failure.  Reduced      operating pressure can also be used effectively in combination with other      mitigative measures, as part of an effective SCC management program.''          Stress corrosion cracking has caused 22 failures including 12 ruptures on      Canadian pipelines.   Most of the SCC-related failures occurred since 1985 on      pipelines that were coated with polyethylene tape and were installed between      1968 and 1973.          Concern about SCC on the TransCanada PipeLines Limited TransCanada      system led to the Board conducting an earlier inquiry in 1993.  From that      Inquiry, the Board concluded that the SCC situation was being managed      appropriately by the affected pipeline companies considering the extent of the      problem as seen then.   However, following two more major ruptures and failures      on the TransCanada system in 1995, together with further evidence of the more      widespread nature of SCC and awareness that research was producing new      insights into SCC, the Board initiated this public inquiry.          The Board has accepted the Inquiry Panel's conclusions and      recommendations and will announce in the near future what steps it will take1 of 3                                                                          01/13/97 16:45:11



NEB STRESS CORROSION C... PANEL REPORT RELEASED  http://www.newswire.Ca...mberl996/19/C3532.html       to implement them.           NOTE TO EDITORS: PLEASE SEE ATTACHED BACKGROUNDER FOR FURTHER       INFORMT~TION.           This News Release, Backgrounder and the Summary and Recommendations of       the SCC Report are available on the Internet at: http://www.neb.ge.ca           For a copy of the SCC Panel's              Report MH-2-95:                Regulatory Support Office                                             311 Sixth Avenue S.W.                                             Calgary, Alberta                                             T2J 3H8                                             403 292-4800           For pick-up at the Board's office: Library, Ground Floor                                   BACKGROUNDER           Stress corrosion cracking SCC on Canada's buried oil and gas pipelines       has become an increasingly important safety issue over the past 10 years. Our       awareness of 5CC on the pipelines regulated by the National Energy Board began       in 1985.  TransCanada PipeLines Limited TransCanada had three failures on       the Northern Ontario portion of its pipeline between March 1985 and March       1986.  Although SCC was at the time known to exist in other countries, these       failures were considered to be the first evidence of SCC in Canada.       Subsequently it was determined that SCC had been detected on other pipelines       in the 1970s.           Stress corrosion cracking begins when small cracks develop on the outside       surface of the &ftied~~ipe. ~These cracks are~initially not visible to the eye       and are found in "colonies'' with all of the cracks positioned in the same       direction.  Over a period of years, these individual cracks may lengthen and       deepen and the cracks within a colony may join together to form longer cracks.       Since SCC develops slowly, it can exist on pipelines for many years without       causing problems.  If a crack becomes large enough, the pipeline will       eventually fail and either leak or rupture.           Stress corrosion cracking is not a problem unique to Canada's pipelines.       SCC has been recognized as a cause of pipeline failures in countries around       the world.  These countries include Australia, Iran, Iraq, Italy, Pakistan,       Saudi Arabia, the former Soviet Union and the United States.           The type of SCC which caused the failures in Canada was different from       the ``high pH'' SCC that had been found on other pipelines in the world. At       the time, this new form was called ``low pH'' SCC.  More recently, and more       correctly this form of SCC has been referred to as ``near-neutral pH'' SCC.           In response to the early failures on its system, TransCanada initiated a       program in 1985 called a ``Pipeline Maintenance Program.'' The purpose of the       program was to investigate the SCC problem on its system and find a solution       to it.  It also focused considerable research efforts on near-neutral pH SCC       initiation and growth.           The National Energy Board conducted a public inquiry in early 1993 into       SCC as a result of recommendations from the Transportation Safety Board of       Canada.   These recommendations followed the fourth and fifth SCC-related       pipeline raptures on TransCanada's system. One of these occurred in December       1991 near Cardinal, Ontario and the other occurred in July 1992 near Tunis,       Ontario.  A total of 47 parties participated in the inquiry. As well, the NEB       asked all pipeline companies that it regulated to report any SCC found on       their systems.           The Inquiry's report, issued in August 1993, concluded that restrictions       on operating conditions were not a practical solution to problems caused by       the near-neutral pH form of SCC found in Canadian pipelines. It went on to       say that ``The evidence confirms that it is not currently possible to2 of. 3                                                                         01/13/97 16:45:11



NEB STRESS CORROSION C... PANEL REPORT RELEASED  http://www.newswire.ca. . .mberl996/19/c3532.html      determine the threshold level for either initiation propagation of      near-neutral  SCC.  Imposition of arbitrary operating restrictions would not      result in any quantifiable improvement in safety and would have substantial      negative effects on producers and consumers of natural gas.'' The report      concluded that S   * SCC is not a widespread problem in Canada, and that where      sCC exists on federally-regulated pipelines, the problem is being managed in a      responsible fashion.''   The Board also encouraged all companies under its      jurisdiction S S  . to carefully review the TransCanada experience with respect      to SCC, and to examine their own systems for SCC when opportunities occur      while carrying out other inspection, repair or maintenance activities.''          Following the 1993 inquiry several companies said they had examined      portions of their pipelines using techniques similar to those used by      TransCanada.   They reported that they found some SCC but that it was not      severe.          Meanwhile, research was continuing.  More was, being learned about      near-neutral pH SCC than had been known at the time of the inquiry and more      was being learned from the field, where stress corrosion cracking was being      detected on a growing number of pipelines.          Then, TransCanada experienced its sixth and seventh ruptures due to SCC      within six months of each other.  In February 1995, near Vermilion Bay in      Northern Ontario, SCC caused a pipeline failure and the escaping gas ignited.      This section of pipe had been identified as being susceptible to SCC and had      been hydrostatically retested as part of the company's ongoing pipeline      maintenance program several years earlier.  The pipeline was scheduled for a      retest when it failed.   Following the failure, TransCanada retested other      similar sections which had not been recently retested.          In July 1995, SCC caused a rupture on the TransCanada pipeline near Rapid      City, Manitoba, resulting in a major explosion.  Until that time, TransCanada      had conducted a number of investigative digs in Western Canada and had not      found any evidence of significant SCC on its, system west of Winnipeg.   As a      result, TransCanada had focused its pipeline maintenance program on its systemeast of Winnipeg"         The "Rapid'-City- failure occurred-downst-ream'f-rom-a      compressor station on a short section of pipe that was hand-wrapped with      protective tape.  The remainder of the section was protected with a different      type of coating not considered susceptible to SCC.  However, in light of the      amount of information that had been growing about SCC since the previous      inquiry, the Rapid City incident served to heighten concerns about what now      seemed to be a widespread presence of SCC.          In August 1995, the National Energy Board responded to these heightened      concerns by initiating a wide-ranging public inquiry into SCC.      For further information: Ross Hicks, Public Affairs Officer, 403 299-3930, National Energy      Board      12:25e 19-DEC-96      To view other releases from this company3 of 3                                                                           01/13/97 16:45:11
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National Energy Board                                    Office national de l'ÈnergieNovember 22, 1996Mr. R. PriddleChairmanNational Energy BoardDear Mr. Priddle:We have completed the public inquily into stress corrosion cracking on Canadian oil and gas pipelines inaccordance with the Board's terms of reference of 6 September 1995.We are now pleased to make our report to the Board pursuant to section 15 of the National Energy Board Act. Inaccordance with the terms of reference, this report is also being made available to the public.We trust that the Board will find that we have fulfilled our mandate and we respectfully request that the Boardaccept the report and act on the recommendations contained in it.                                        Yours truly,                                        K.W. Voliman                                        Presiding Member-R. IllingMember



Summary and Recommendations    Twenty-seven recommendations to promote public safety onCanada's buried oil and gas pipelines are presented in this report. Theyresult from a series of findings of an extensive National Energy BoardBoard public inquiiy into the problem of near-neutral pH stresscorrosion cracking SCC. The Inquiry was conducted by three membersof the Board. This is our report.Why this Inquiry?    The occurrence of SCC on Canadian pipelines is a serious matter.Concern about SCC on the TransCanada PipeLines LimitedTransCanada system led to the Board conducting an earlier inquiry in1993. From that Inquiry, the Board concluded that the SCC situation wasbeing managed appropriately by the affected pipeline companiesconsidering the extent of the problem as then seen.    However, there were two more major ruptures and fires on theTransCanada system in February and July 1995, the last one at a locationwhere it was not believed that SCC could occur.    These two pipeline failures, together with further evidence of themore widespread nature of SCC and awareness that research wasproducing new insights into SCC, led the Board to initiate this Inquiry inAugust 1995.    The Inquiry has been far-reaching across Canadian pipelines andhas extended to other countries to take advantage of experience andexpertise there. This Inquiry is the first comprehensive one in the worldon SCC and the results, as well as providing valuable scientific andtechnical data that relate to the Canadian situation, could be of interestand use outside Canada.What is SCC?    Stress corrosion cracking on pipelines begins when small cracksdevelop on the outside surface of the buried pipeline. These cracks areinitially not visible to the eye and are most commonly found in"colonies", with all of the cracks positioned in the same direction. Overa period of years, these individual cracks may lengthen and deepen andthe cracks within a colony may join together to form longer cracks.Since SCC develops slowly, it can exist on pipelines for many yearswithout causing problems. But if a crack becomes large enough,eventually the pipeline will fail and will either leak or rupture.STRESS CORROSiON CRACKING                                                    ix



                          Industry's experience with SCC                              Since 1977, SCC has caused 22 pipeline failures in Canada. These                          failures include 12 ruptures and 10 leaks on both natural gas and liquids                          pipeline systems. Most of the SCC-related failures occurred since 1985                          on pipelines that were coated with polyethylene tape and installed                          between 1968 and 1973.                          Our understanding of SCC                              Although there is much research still to be done to fully                          understand SCC, the evidence indicates that SCC initiates as a result of                          the complex interaction of three conditions:                                * a potent environment at the pipe surface,                                * a susceptible pipe material, and                                * a tensile stress.                          All three conditions must be present for SCC to occur.                              A number of soil and groundwater properties play a role in                          producing a potent environment at the pipe surface. In order for SCC to                          initiate, there must be a breakdown in the pipe coating and the cathodic                          protection.                              Any commonly used pipeline steel was found to be susceptible to                          SCC. However, we found the Youngstown-manufactured pipe on a                          portion of the TransCanada system in southern Ontario to be                          particularly susceptible to SCC.                              The operating pressure of the pipeline is normally the principal                          contributor to tensile stress. Field data and laboratoiy data indicate that                          stress has an effect on initiation and possibly on the growth rate of                          cracks. Fluctuations in stress levels and the rate of change of these                          stresses also play a role. However, we found that, in spite of                          considerable research, the available information on the contribution of                          stress to SCC is limited and sometimes conflicting.                              In fact, research has not determined a threshold stress below                          which cracks will not initiate and grow to failure.                              Finally, we believe that the three conditions necessary for                          "significant" SCC co-exist only on a small portion of the pipeline systems                          in Canada. For example, TransCanada has estimated that less than four                          percent of its system is susceptible to "significant" SCC.                          Can the SCC problem be dealt with?                              The short answer is yes.                              It is important to define the problem as primarily existing on                          pipelines which were constructed in the l960s and 1970s using                          polyethylene tape as a protective coating. This coating has tended to                          separate disband from the pipeline and allow moisture to contact the                          pipeline. Because polyethylene tape is an insulator, it shields the pipe                          steel from cathodic protection current, even if it disbondsx                                                         REPORT OF THE INQUIRY



    Knowing which pipelines are most susceptible to SCC makesattacking the problem, if not simple, at least definable. The problem isbeing systematically addressed on the most affected pipelines, andmajor programs to find and eliminate it are underway, but more remainsto be done.    For newer pipelines, the use of different coatings primarily fusionbonded epoxy continues to demonstrate great effectiveness inpreventing the initiation of SCC as long as both the pipe sections and thefield welds connecting those sections employ similarly effective coatings.    The SCC problem can be expected to be significantly reduced andeven eliminated as polyethylene tape-coated pipe is systematicallyinvestigated and SCC is found and removed. It will, though, take timeand money.What has been done?    This Inquiry has found that Canadian pipeline companies aretaking SCC very seriously and are collaborating in research efforts andin the exchange of information on the management of the problem.    In total, the 13 members of the Canadian Energy PipelineAssociation CEPA planned to spend $4.8 million on SCC research andover $30 million on pipeline maintenance related to SCC in 1996.TransCanada alone has spent $202 million on its SCC managementprogram since 1985. These efforts have resulted in considerableprogress in the search for the answers to SCC. Effective tools have beendeveloped which, when used in a systematic manner, will reduce the -~possibility of a failure due to SCC.    Pipeline companies are making progress in checking theirpipeline systems for SCC. However, given the extent of the pipelinenetwork in Canada and the different rates at which individualcompanies are able to check their systems, we cannot say that all theSCC that exists on Canadian pipelines has been found.What needs to be done?    We know that SCC remains a serious concern for the pipelineindustry and for us as regulators. Since SCC is a time-dependentprocess, without proper attention, it will worsen and be the cause ofmore pipeline failures. We believe that a comprehensive approach tothe SCC problem includes:       * implementation of an SCC management program by each         pipeline company;       * changes to the design of pipelines;       * continued research;       * establishment of an SCC database;       * improved emergency response practices; and       * continued information sharing.STRESS CORROSION CRACKING                                                                   xi



                           Appropriate operating pressures                               In looking at the elements of an effective SCC management                           program, we also considered whether a reduction in operating pressure                           would be an effective way to deal with SCC on existing pipelines. As                           there is no clear evidence of a threshold level of pressure below which                           SCC will not initiate and grow, a pressure reduction will not prevent                           failures and will be very costly. We find that there are other measures                           which are more systematic, efficient and effective in mitigating SCC and                           thereby promoting public safety. Therefore, we believe that a general                           reduction in pressure would not be a logical or effective response to the                           SCC problem.                               However, as decreasing the pressure in a pipeline means a larger                           defect will be required before failure, pressure reduction should be                           considered as a temporary measure for sections of a pipeline system                           where there is a threat of imminent failure. Reduced operating pressure                           can also be used effectively in combination with other mitigative                           measures, as part of an effective SCC management program.                           SCC management program                               The most effective method of addressing the issue of 5CC would                           be through company-specific SCC management programs which require                           the systematic application to specific pipelines of the knowledge and                           best practices already developed across the industry.                               The objective of the programs would be to identify areas where                           5CC may be found, to find it and then deal with it. Detection can be                           done through investigative excavations based on predictive models or                           by hydrostatic retesting. Emerging technology such as advanced in-line                           inspection tools will also assist in detecting 5CC.                           Design changes                               When a reliable crack detection tool becomes available, it can be                           used to provide a company with more complete and accurate                           information on the condition of its pipeline. The ability of a pipeline to                           accommodate the passage of in-line inspection devices significantly                           facilitates the maintenance of the integrity of that pipeline, not only with                           respect to SCC, but with most integrity issues. We therefore recommend                           that new pipelines be designed to allow the passage of in-line                           inspection tools.                               Effective protective coatings play a fundamental role in the                           prevention of SCC. Several pipeline coatings have demonstrated                           effective protection against 5CC in the long-term. However, some                           newer coatings have not yet demonstrated their long-term performance.                           We therefore recommend that standard tests be developed and field and                           laboratory studies be done to verify whether these coatings will                           continue to perform over the life of the pipeline.xii                                                        REPORT OF THE iNQUIRY



Research    It is essential to continue research into SCC. Many of the basicquestions on initiation and growth of SCC have not yet been answered.As well, there is a need to continue to develop effective mitigativemeasures to deal with SCC. Most notably, the refinement of SCC in-lineinspection tools would significantly improve the industry's ability todetect and manage SCC.A database on SCC    We are of the view that the careful collection and analysis of fieldexperience is very important in understanding SCC. An industry-widedatabase on SCC is essential, primarily because it will help to identifythose combinations of environmental and operating conditions thatmost influence the initiation and growth of SCC.Emergency response practices    We believe that people living and working near pipelines shouldhave a better understanding of what to do in the event of a pipelinefailure. Clearly, the primary responsibility for communication onpipeline safety rests with the pipeline companies that operate thesystems. In consultations with communities, NEB representatives heardresidents and first responder organizations express a need for more andbetter information about emergency procedures and - particularly forfirst responders - for training. In addition, they heard suggestions forchanges to the NEB's own field practices.Information sharing    We discovered that, although the Inquiry did not set out to serveas a forum for information-sharing, participants had the opportunity tolearn about the work others were doing. It is important that thisinformation-sharing process continues.Recommendations    While the scope of the Inquiry is necessarily limited to thosefacilities which the National Energy Board regulates, much relevantinformation was provided by non-jurisdictional companies, mainly viaCEPA, some of whose members are subject to provincial jurisdiction.We have taken careful account of this information and have displayedelements of it in our report, particularly in tabular form. We feel thatthis has enabled us to report comprehensively on the SCC problem as aCanada-wide phenomenon and has of course contributed valuably tothe development of our recommendations which, however, relate solelyto those companies which are subject to the Board's jurisdiction.STRESS CORROSION CRACKING                                                    xiii



                                           As a result of having considered all of the information presented                                     to us over the course of the Inquiry, we recommend the following:                                     SCC management program                                           While a number of 5CC management programs for                                           example, TransCanada's are well underway, we                                           recommend:                                           * that the Board require each pipeline company to                                             develop and implement an SCC management                                             program by 30 June 1997 Recommendation 6-1,                                             p. 172;                                           * that the Board require 5CC management programs                                             to identify the accountability for the implementation                                             of the program Recommendation 6-2, p. 172,;                                           * that the Board require 5CC management programs                                             to provide for the review of the company's entire                                             system and for regular updating Recommendation                                             6-3, p. 112;                                           * that the Board require 5CC management programs to                                             consider the consequences and the probabilities of a                                             failure when establishing priorities for investigative,                                             mitigative and preventive activities Recommendation                                             6-4,p. 112;                                           * that the Board require that 5CC management                                             programs contain three principal components:                                           a determination of pipeline susceptibility to 5CC                                              and active monitoring of pipelines believed to be                                              susceptible to 5CC;                                           b required mitigation, if "significant"SCC is found,                                              and clear identification of the criteria a company                                              must consider in deciding among mitigative                                              options; and                                           c recording and sharing of information on                                              susceptible pipelines Recommendation 6-5,                                              p. 112;                                           * that the Board require companies to report                                             immediately to the Board any finding of "significant"                                             5CC and any immediate mitigative actions taken and                                             to develop and submit a plan detailing the specific                                             mitigative measures to be implemented and a                                             schedule of implementation Recommendation 6-6,                                             p. 712;                                           * that, as part of its ongoing monitoring activities, the                                             Board audit the documentation of 5CC management                                             programs Recommendation 6-7, p. 173;                                           * that the Board request that CEPA continuexiv                                                                             REPORT OF THE INQUIRY



        development of its Recommended Practices Manual        and file it with the Board by 31 March 1997        Recommendation 6-8, p. 113;        that the Board request that CEPA develop procedures        for the detection and mitigation of circumferential        5CC and include them in future versions of the        Recommended Practices Manual Recommendation        6-9, p. 113;        that, if there is reason to believe that sections of a        pipeline may be susceptible to 5CC, the Board        require the pipeline company to develop a predictive        model to identify and prioritize sites for an        investigative excavation program Recommendation        4-2, p. 64;      * that the Board request that CEPA develop sampling        criteria for verifying the accuracy of predictive models        Recommendation 4-3, p. 65;      * that the Board require that, where a hydrostatic        retest program forms part of an 5CC management        program, it be properly designed for the particular        pipeline under consideration.  The design should        take into account factors such as the material and        geometric properties of the pipe, the operating        history of the pipeline, its future operating        conditions, and field and laboratory data on crack        sizes and crack growth. Where reliable data are not        available, conservative assumptions should be made        Recommendation 4-6, p. 88;      * that the Board request that the CSA Technical        Committee on Oil and Gas Industry Pipeline        Systems:      a  incorporate, in the next edition of CSA Z662 Oil          and Gas Pipeline Systems standard, requirements          for hydrostatic retesting as an option for          maintaining pipeline integrity; and      b  amend the current pressure testing requirements          of the standard in light of the findings from the          recent studies on hydrostatic testing          Recommendation 4-Z p. 88;      * that the Board request that CEPA:      a  continue the development and verification of          models that predict the hazards and          consequences associated with pipeline failures for          different service fluids; and      b  develop criteria for determining safe distances          from the effects of pipeline failures          Recommendation 4-8, p. 92;STRESS CORROSION CRACKING                                                                           xv



                                          *  that the Board require that pressure reduction be                                             included as part of all 5CC management programs                                             and considered for use:                                          a  in combination with investigative excavations and                                              other mitigative measures such as hydrostatic                                              retesting and in-line inspection; and                                          b  as a temporary measure where there is a threat of                                              imminent failure, in which case it should be                                              maintained until the integrity of the pipeline is re-                                              established Recommendation 4-5, p. 80; and                                          *  that the Board require pipeline companies to                                             examine ERW pipe manufactured by Youngstown                                             Sheet and Tube located in 5CC susceptible soils for                                             evidence of 5CC Recommendation 3-1, p. 54.                                    Design changes                                          We recommend:                                          *  that the Board require that new large diameter                                             transmission pipelines be designed and constructed                                             to accommodate the passage of in-line inspection                                             tools Recommendation 4-4, p. 76; and                                          *  that the Board request that the CSA Technical                                             Committee on Oil and Gas Industry Pipeline Systems,                                             the pipeline industry and coating manufacturers                                             coordinate efforts to:                                          a  develop standard tests, where none currently                                              exist, that determine whether a coating will meet                                              the performance criteria set out in the CSA Z662-                                              94 standard over the anticipated service life of a                                              pipeline;                                          b  incorporate those tests in the appropriate CSA                                              standards; and                                          c  conduct objective studies based on those tests to                                              demonstrate the long-term performance of the                                              different types of coatings currently available for                                              pipelines Recommendation 4-1, p. 60.                                    Research                                          We recommend:                                          *  that the Board request that CEPA continue its 5CC                                             research program and expand the program to include                                             5CC experts from other industries and a wider range                                             of disciplines Recommendation 6-13, p. 119;                                          *  that the Board request an annual status report from                                             CEPA on SCC research activities highlightingxvi                                                                             REPORT OF THE INQUIRY



         accomplishments for the year and plans for future         research, indicating priorities, time lines and funding         levels. Recommendation 6-14, p. 119; and         that the Board request that CEPA provide, by 30 June         1997, an analysis of the extent to which the areas of         incomplete research identified in this report are         addressed in the current 5CC research program and         the merits and implications of expanding this         program to cover these areas Recommendation 3-2,         p. 54.SCC database       We recommend:       * that the Board request that CEPA continue to         develop and maintain a database on SCC that is         compatible with other international initiatives and         that CEPA encourage the participation of non-         member pipeline companies Recommendation         6-lO,p. 114;       * that the Board require pipeline companies to provide         5CC-related data to the CEPA SCC database as they         acquire it Recommendation 6-11, p. 115; and       * that the Board request that CEPA provide the results         of the first data trend analyses to the Board as         proposed including any additional trends analyses         requested by the Board. As well, we recommend         that other interested parties for example,         researchers and the public be given the opportunity         to identify the particular trends analyses that they         require Recommendation 6-12, p. 115.Emergency response practices       We recommend:       * that, as part of its ongoing monitoring activities, the         Board review companies' emergency response         practices to ensure that adequate training is provided         to first responder organizations and that appropriate         information is provided to the communities on the         proper procedures to follow in the event of pipeline         emergencies Recommendation 5-1, p. 99; and       * that the Board expand the scope of its accident         investigation program to include community         relations and emergency response related issues         Recommendation 5-2, p. 100.STRESS CORROSION CRACKING                                                                        xvii



                                     Information sharing                                           We recommend:                                             that the Board request that CEPA and other industry                                             organizations create opportunities, through                                             conferences and workshops, for the continued                                             sharing of information among industry, researchers,                                             regulatory agencies and the public about 5CC field                                             experience and research developments                                             Recommendation 6-15, p. 120.xviii                                                                           REPORT OF THE INQUIRY
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Chapter OnePipelines in Canada1.0  Introduction     The purpose of this Chapter is to provide general backgroundinformation on oil and gas pipelines in Canada and to describe thosenational organizations which have a role in promoting pipeline safety.In subsequent chapters, we describe the considerations which led to thisInquiry, what we learned about stress corrosion cracking SCC and ourconclusions about what needs to be done to address the SCC problem.     There are more than 540 000 kilometres 340,000 miles of buriedoil and gas pipelines throughout the country. They vary in size from25 mm 1 inch diameter plastic gas distribution lines to 1 219 mm48 inch diameter oil and gas transmission pipelines. These pipelinescarry hydrocarbons in either gas or liquid form including natural gas,crude oil, high vapour pressure products such as propane and refinedproducts such as gasoline or jet fuel.Figure 1.1Major natural gas pipelines in CanadaFederally regulatedProvincially regulatedSTRESS CORROSION CRACKING1



Figure 1.2Major oil and products pipelines in CanadaSource: Endnote [1]    Pipelines are an efficient way to transport these products. Naturalgas is moved through a continuous network of connected pipelines fromgas fields located mainly in Western Canada to markets throughoutCanada and the U.S. In its journey across the countiy, natural gas iscompressed to as high as 8 700 kPa 1,260 psi and moved in high-pressure steel transmission pipelines. When the gas reaches thecommunity where it is to be used, it is distributed directly to customersthrough low-pressure pipelines. Crude oil is also produced mainly inWestern Canada and shipped by pipeline to refineries across thecontinent Figure 1.4.    Energy production and transportation are very important to theCanadian economy. Nearly two-thirds of Canada's energy supply movesthrough pipelines and virtually all oil and gas exports - worth $15 billionin 1995 - are carried by pipeline.    The routes for most of Canada's high-pressure pipelines weredetermined in the 1 950s when the major pipeline systems wereestablished. Most of this original pipe remains in service today.However, the pipeline companies have steadily increased the capacity oftheir systems by adding compressor stations, pumping stations andnewer lines, many of which run parallel to the original pipelines.       Federally regulatedProvincially regulatedFigure 1.3Age of transmissionpipelines in Canada~2500 20Pre 65  65-74  75-84 85-94      Year of installation   Natural Gas Pipelines~  Oil Pipelines2REPORT OF THE iNQUIRY



I .1  Pipeline safety in Canada      Pipeline safety is an important issue because the products transported through pipelines are hazardous substances. There is always the chance that a pipeline could leak or rupture and a pipeline failure can have serious consequences for people living or working close by and for the environment. When a high-pressure natural gas pipeline breaks, an enormous amount of energy is released as the compressed gas expands. The escaping gas can ignite and cause extensive damage. When a pipeline carrying liquid hydrocarbons fails, the leaking contents can cause extensive environmental damage. Some of these liquids, like gasoline or jet fuel, can ignite and bum. The failure of a pipeline carrying propane or other high vapour pressure HVP products can produce a vapour cloud that can explode.      Despite the potential for serious accidents, the safety record of Canada's high-pressure pipelines has been good over their 40-year plus history. There are typically 30 to 40 failures each year on pipelines regulated by the NEB, most of them leaks, rather than ruptures. Since 1959, when the NEB was established, there has been only one death to a member of the general public resulting from the failure of a pipeline under NEB jurisdiction. That death occurred in 1985 when a drainage tile plow ruptured a gas pipeline.      A number of safety issues arise from pipeline construction and operation. These include everything from how pipelines are installed and operated, to the safety practices of people who work around pipelines, to issues like the one that concerns us here: stress corrosion cracking. The safety of pipelines is the result of continuous attention paid to these issues by several organizations. The pipeline industry has primary responsibility for pipeline safety and has in many ways taken Figure 1.4                                                                Edmonton is the commencement of two of                                                                Canada's major oil pipelines: IPL going east                                                                and TMPL going west.Edmonton tank farmSTRESS CORROSION CRACKING3



 THE NEB'S SAFETY ROLE                         the lead in dealing with safety issues. In addition, three national                                               organizations play different but complementary roles in pipeline safety.     Section 48 of the NEB Act states, in part:                                         1.2 The safety role of the National Energy Board     481 To promote safety of operation          The NEB regulates any pipeline in Canada that crosses either of a pipeline, the Board may order the        provincial or international borders. The Board regulates about 40 000 company to repair, reconstruct or alter part  kilometres 25,000 miles of pipelines. The remaining pipelines are of the pipeline and may dfrect that until     regulated by the province or territory within which the pipeline operates. the work is done, that part of the pipeline       Generally, the pipelines regulated by the NEB are the large-                                               diameter high-pressure transmission pipelines. For example, the NEB not be used or be used in accordance with                                               regulates two of the country's largest natural gas transmission pipeline such terms and conditions as the Board                        .                                               systems: TransCanada PipeLines Limited TransCanada and Westcoast may specify.                                  Energy Inc. Westcoast. It also regulates the two largest liquids pipeline     2 The Board may, with the approval      systems: Interprovincial Pipe Line Inc. IPL and Trans Mountain Pipe of the Governor in Council, make              Line Company Ltd. TMPL. In addition, it regulates over 60 smaller regulations governing the design,             pipeline systems. construction, operation and abandonment           The NEB regulates many aspects of pipelines. It approves new                                               pipeline construction approves tolls paid to transport the oil or natural of a pipeline and providing for the                                               gas through the pipeline ensures that all shippers have fair access and protection of property and the environment        .                                               establishes the rules or regulations for the design, construction, and the safety of the public and of the       operation and abandonment of pipelines. company's employees in the construction,          The Board has set minimum technical requirements through the operation and abandonment of a pipeline.      Onshore Pipeline Regulations. Occasionally, the NEB has used its                                               authority to order pipeline companies to temporarily reduce operating                                               pressure or to take other steps to ensure safe operation.                                                   The NEB also has the authority to investigate or inquire into any                                               accident involving a pipeline that it regulates. If, as a result of an                                               investigation, the Board determines that there are safety concerns, it                                               may order pipeline companies to take remedial action or it may make                                               recommendations about how similar accidents might be prevented in                                               the future. In some cases, the NEB may also make findings as to the                                               cause of the accident and the factors that may have contributed to it.                                               1.3 The investigative role of the Transportation Safety                                                   Board of Canada                                                   The Transportation Safety Board of Canada TSB has a mandate                                               to advance safety for transportation modes under federal jurisdiction,                                               including pipelines. It does this by, among other things, conducting                                               independent investigations and, if necessary, public inquiries into                                               transportation accidents in order to make findings as to their cause and                                               contributing factors. When the TSB investigates a pipeline accident, the                                               NEB is not permitted to investigate any matter related to the accident                                               that is being investigated by the TSB. 4                                                                             REPORT OF THE INQUIRY



1.4  The role of the Canadian Standards Association     The Canadian Standards Association CSA is a non-profit,independent, private-sector organization. It serves the public,governments and business as a forum for national consensus in thedevelopment of standards for many activities and products. Many CSAstandards have been incorporated into provincial and federal laws. Forexample, the NEB's Onshore Pipeline Regulations require pipelinecompanies to comply with CSA standard Z662-94 Oil and Gas PipelineSystems CSA Z662. This standard was developed by committeesrepresenting the pipeline industry, product manufacturers andregulatory authorities, including the NEB and provincial regulators.     CSA Z662 describes in detail the technical requirements forpipeline systems, including how they must be designed, what materialsmay be used, how they may be installed and joined, how pressure testsare to be done, what methods are acceptable to control corrosion, andhow the pipeline system is to be operated and maintained.     Many companies treat the CSA standards as minimum require-ments and develop their own corporate standards that go beyond theserequirements.STRESS CORROSION CRACKING                                                    5



Chapter TwoAn Inquiry into Stress Corrosion Cracking2.0  Introduction     The previous chapter described the basic structure of the pipelineindustry and the roles of the different organizations involved in pipelinesafety. This chapter describes how stress corrosion cracking became anissue for the Board and a subject for an inquiry.     Stress corrosion cracking on pipelines begins when small cracksdevelop on the outside surface of the buried pipe. These cracks areinitially not visible to the eye and are most commonly found in"colonies", with all of the cracks positioned in the same direction. Overa'period of years, these individual cracks may lengthen and deepen andthe cracks within a colony may join together to form longer cracks.Since SCC develops slowly, it can exist on pipelines for many yearswithout causing problems. If a crack becomes large enough, thepipeline will eventually fail and either leak or rupture.     Stress corrosion cracking is not a problem unique to Canadianpipelines. SCC has been recognized as a cause of pipeline failures incountries around the world. Pipelines in Australia, Iran, Iraq, Italy,Pakistan, Saudi Arabia, the former Soviet Union and the United Stateshave also been affected by SCC.     SCC is not the only problem that causes pipeline failures andthreatens public safety. Pipelines have suffered the effects of generalcorrosion and have been damaged or ruptured when people have hitthem accidentally while digging. Earth movements such as slides havealso damaged buried pipelines. However, the pipeline industry has beendealing with these causes for a long time and has a good understandingof how to manage them. By contrast, the industry and the researchcommunity are still learning about SCC, particularly about the type ofSCC which occurs on Canadian pipelines.     Our awareness of SCC on the Canadian pipelines we regulatebegan in 1985. TransCanada had three failures on the Northern Ontarioportion of its pipeline between March 1985 and March 1986 e.g.,Figure 2.1. These failures were attributed to stress corrosion crackingand were considered at the time to be the first evidence of SCC inCanada although subsequently it was determined that SCC had beendetected on other pipelines in the l970s. The type of SCC which causedthese failures was different from the "high pH" SCC that had been foundon other pipelines in the world. At the time, this new form was called"low pH" SCC. More recently, and more correctly, this form of SCC hasSTRESS CORROSION ~RA~K!NG                                                     7



                       Figure 2.1                       SCC pipeline failure site: Lowther, Ontario, August 1985                         been referred to as "near-neutral pH" SCC. The differences between                         high pH and near-neutral pH SCC are explained in Chapter 3.                              In response to these early failures, TransCanada initiated a                         program in 1985 entitled the "Pipeline Maintenance Program". The                         purpose of the program was to investigate the SCC problem on the                         TransCanada system and find a solution to it. The program included                         several detection methods which are now used by several companies                         and which are discussed in Chapter 4. The TransCanada program also                         focused considerable research efforts on near-neutral pH SCC initiation                         and growth.                         2.1  The NEB's 1993 Inquiry                             TransCanada experienced its fourth and fifth SCC-related pipeline                         ruptures in December 1991 near Cardinal, Ontario, and in July 1992 near                         Tunis, Ontario. Following its investigation of these failures, the TSB                         issued three interim recommendations in November 1992 to the NEB                         through the Minister of Energy, Mines and Resources [11.                              In response to these recommendations, the NEB decided in                         December 1992 that holding an inquiry would be the best way to                         develop a response to the TSB as well as examining TransCanada's                         Pipeline Maintenance Program. The Inquiry was initiated under Board                         Order MHW- 1-92 [2] and took place in early 1993, through a written                         process. A total of 47 parties participated in the Inquiry, commenting on                         the TSB recommendations and responding to a list of questions about                         SCC, As well, the NEB asked all pipeline companies that it regulated to                         report any SCC found on their systems.TSB 1992 RECOMMENDATIONS:   The National Energy Board ensurethat the internal pressure in all federallyregulated natural gas pipelines, wherestress corrosion cracks have been found orare likely to exis4 is below the thresholdlevel for the origin or propagation of stresscorrosion cracking; P92-01   The National Energy Board, incollaboration with industry, developimproved methods for detecting andspecific directions for repairing stresscorrosion cracks; and P92-02   The National Energy Board, incollaboration with provincial authoritiesand in consultation with industry, developa set of operating restrictions to be appliedindustry-wide where stress corrosioncracking is suspected to exist in naturalgas pipelines. P92-03Source: Endnote [118REPORT OF THE INQUIRY



     In August 1993, the NEB issued its report on the MHW- 1-92Inquiry. In the report, the NEB responded to the TSB recommendations.The NEB concluded that [3]:      restrictions on operating conditions are not a practical     solution to problems caused by the [near-neutral pH] form of     SCC found to date in Canadian pipelines. The evidence     confirms that it is not currently possible to determine the     threshold level for either initiation or propagation of [near-     neutral pH] SCC. Imposition of arbitrary operating     restrictions would not result in any quantifiable improvement     in safety and would have substantial negative effects on     producers and consumers of natural gas.     The NEB concluded that ".. .SCC is not a widespread problem inCanada, and that where SCC exists onfederal~v-regulated pijelines, theproblem is being managed in a responsible fashion." [4] The NEB went onto say, however, that ".. due to the site-spec~flc nature of the problem andthe d~fflculties in detecting the many small cracks Áypical of SCC, it is possiblethat 5CC exists and remains undetected on some of these pipelinesystems." [5] consequently, the NEB encouraged all companies under itsjurisdiction `~ . . to careful'y review the TransCanada experience with respectto 5CC, and to examine their own systems for 5CC when opportunities occurwhile carrying out other inspection, repair or maintenance activities." [6]     The Board also found that Transcanada had expended `~ . . anappropriate level of effort and resources in the con tin uing development andimplementation of its Pipeline Maintenance Program to address the safetyrisk posed by SCC." [7] The NEB supported Transcanada's proposal toperform hydrostatic retests more frequently and to replace any pipelinesections which were susceptible to 5CC and which were near homesand populated areas. The Board also said it would ". . . continue to followfuture developments with respect to 5CC research and detection and rep afrtechniques and will be prepared to institute such measures as necessary toensure public safety." [8]2.2  Events following 1993 Inquiry     Following the MHW- 1-92 Inquiry, the NEB asked all pipelinecompanies it regulated to report on whether they had found any 5CC inthe investigations they had since carried out. Several companies saidthey had examined portions of their systems using techniques similar tothose used by TransCanada. They reported that they found some SCCbut that it was not severe.     Meanwhile, research into SCC was progressing. More was beinglearned about near-neutral pH SCC than had been known at the time ofthe MHW-l-92 Inquiry and more was being learned from the field,where stress corrosion cracking was being detected on a growingnumber of pipelines.STRESS CORROSION CRACKING                                                            9



                              Then, TransCanada experienced its sixth and seventh ruptures                         due to SCC within six months of each other. In February 1995, not far                         from Vermilion Bay in Northern Ontario, SCC caused a pipeline failure                         and the escaping gas ignited. This section of pipe had been identified as                         being susceptible to SCC and had been hydrostatically retested as part of                         the company's ongoing Pipeline Maintenance Program several years                         earlier. In fact, the pipeline was scheduled for a retest when it failed.                         Following the failure, TransCanada tested other similar sections which                         had not been recently retested.                              In July 1995, SCC caused a rupture on TransCanada's pipeline                         near Rapid City, Manitoba, resulting in a major explosion Figure 2.2.                         Until that time, TransCanada had conducted a number of investigative                         digs in Western Canada and had not found any evidence of significant                         SCC on its system west of Winnipeg. As a result, TransCanada had                         focused its Pipeline Maintenance Program on its system east of                         Winnipeg. The Rapid City failure occurred downstream from a                         compressor station on a short section of pipe that was hand-wrapped                         with protective tape. The remainder of the section was protected with                         a different type of coating considered effective against SCC. However,                         in light of the amount of information that had been accumulating about                         SCC since the previous Inquiry, the Rapid City incident served to                         heighten concerns about what now seemed to be a widespread                         presence of SCC.                         2.3  The NEB's 1995 Inquiry                              In August 1995, the Board responded to these heightened                         concerns by initiating a wide-ranging public inquiry into SCC. The                         Terms of Reference of the Inquiry can be found in Appendix I.Figure 2.25CC pipeline failure site: Rapid City, Manitoba, July 199510REPORT OF THE INQUIRY



Figure 2.3Chronology of 5CC events in Canada    Pipeline failures        First recorded 5CC failure        NOVA        Transverse 5CC    Investigative programs1976    1978    1980      Three Board members, Kenneth W. Voliman, Anita CÙtÈ-Verhaafand Roy hung, were authorized to form a panel, cany out the Inquiryand report their findings to the Board.      On September 20, 1995, the Inquily Panel invited publicparticipation in the Inquiry and issued "Directions on Procedure" and apreliminary list of issues to be addressed by the Inquiry.      One of the first tasks was to seek as much information about SCCas was available in order to gain a full understanding of thecomplexities of SCC. We wanted to use this Inquiry to create ascomplete a record as we could: one that would be balanced and thatwould include a broad range of experiences, research and views. Wewanted to hear from people living near pipelines, research scientists andother experts, pipeline companies, industry associations and otherregulatory agencies. The Preliminary List of Issues was used to guidediscussions with these groups in a series of consultations and technicalinformation meetings held between September 1995 and February 1996.   2 1tPL rupturesIgnace, Lowther, ONTCPL ruptureCardinal, ONNOVA rupture Longview, ABResearch activities                                                   2 TCPL ruptures   *     1tPL rupture Tunis, ON~              * Wrmilion Bay, ON,                                                   Rapid City,MB               2 Rainbow ruptures~                 Pacific Northern rupture                                                   Summit Lake, BC                                                       IPL rupture                                                       Glenavon, SK* 1tPL enters into agreement             * BG ILl tool detects for development of SCC ILl tool           5CC in US pipeline   * First 1tPL sponsored                    * NOVAPr0beÆ developed      5CC research program       S First predictive model developed1982      1984      1986      1988      1990      1992      1994      1996STRESS CORROSiON CRACKING11



                       2.3.1 Consultations with the public                              Clearly those people who live closest to pipelines face the most                         immediate effects of a pipeline failure. We were very sensitive to the                         effects of SCC failures on those people and specifically sought to obtain                         their views. As one of the first steps, NEB representatives and                         consultants met with residents and municipaL officials in Rapid City,                         Manitoba, and Vermilion Bay, Williamstown and Cardinal, Ontario                         Figure 2.4. These were locations where pipeline failures had occurred.                         NEB staff also met with representatives of the Ontario Pipeline                         Landowners Association OPLA, a group of landowners based in                         southern Ontario, which had expressed an interest in the Inquiry. These                         meetings were recorded and summarized in reports. The concerns of                         landowners, nearby residents, local emergency response officials and                         local public officials were incorporated into the revised List of Issues,                         where our mandate permitted. We also committed to provide feedback                         to these communities following the Inquiry, as the communities had                         requested.                         2.3.2 Technical information meetings                              In late 1995 and early 1996, we held technical meetings to gather                         firsthand information about SCC and the issues surrounding it. We met                         with the following:Figure 2.4Location of community surveys12REPORT OF THE INQUIRY



Pipeline operators and industry associations:      * TransCanada, NOVA Gas Transmission Ltd. NGTL and        Mobil Oil Canada Ltd., the operator of Rainbow Pipe Lines        Co. Ltd. Rainbow, discussed their SCC experiences.      * The Canadian Energy Pipeline Association CEPA provided        information on the experience of their member companies.      * The Interstate Natural Gas Association of America INGAA        discussed the experience of their member pipeline        companies.Consulting and man ufacturingflnns:      * Camrose Pipe Company, a pipe manufacturer and Shaw        Pipe Protection, a division of Shaw Industries Ltd., a        pipeline coating manufacturer.      * British Gas plc British Gas and Pipetronix Ltd. Pipetronix,        leading developers of internal inspection tools for detecting        cracks on pipelines.      * J.E. Man Associates Canada Ltd., a company specializing        in developing models to predict where SCC might occur and        in cariying out field investigations for SCC.Government agencies:      * The TSB and the Alberta Energy and Utilities Board AEUB,        the latter being responsible for regulating oil and gas        pipelines under the jurisdiction of the province of Alberta.Researchers:      * Battelle Memorial Institute Battelle, Cortest Columbus        Technologies, Inc. Cortest, The Canadian Centre for        Mineral and Energy Technology CANMET and Novacor        Research Technology Corporation NRTC.      * Pre-eminent SCC expert Dr. R.N. Parkins Parkins,        University of Newcastle-Upon-1yne, England.2.3.3 Public hearing    The next phase of the Inquiry was the public hearing. OnDecember 6, 1995, we issued "Supplementary Directions on Procedure'~and a revised List of Issues for the public hearing.    This revised List of Issues comprised six general topics:      * the extent and severity of SCC on oil and gas pipelines in        Canada;      * the status of research into SCC on buried pipelines;STRESS CORROSION CRACKING                                                   13



                               *  the detection of SCC on buried pipelines;                               *  the mitigative measures for SCC on buried pipelines;                               *  prevention of initiation of SCC on buried pipelines; and                               *  the safety of the public and of company employees and the                                  protection of the environment and property.                              The complete List of Issues is included in Appendix II.                              The public hearing portion of the Inquiry was held from April 15th                          to 23rd, 1996 in Calgaiy, Alberta, to examine `witnesses and hear                          evidence of parties. All participants were invited to prepare written                          submissions based on the List of Issues. Parties submitted final                          argument in writing.                              The following groups were active in the public hearing: British                          Gas, the Canadian Association of Petroleum Producers CAPP, the                          Canadian Gas Association CGA, CEPA, TransCanada and OPLA. A                          number of individual pipeline companies participated through the                          industry associations. As well, other participants including landowners,                          various individuals and organizations submitted letters of comment.                              CEPA, which is made up of thirteen of the larger pipeline                          operators in Canada, played a major role in the Inquiry on behalf of its                          members. CEPA presented a large amount of technical data and called                          upon key witnesses, some from outside Canada, to respond to questions                          in the Inquiry. CEPA indicated its intention to play a key role in the                          follow-up to the Inquiry. Consequently, we have directed a number of                          our recommendations to CEPA.                              The following chapters describe what we learned about SCC and                          how we used that knowledge to develop our irecommendations.14                                                       REPORT OF THE INQUIRY



Chapter ThreeUnderstanding Stress Corrosion Cracking3.0  Introdudion     In this chapter, we discuss what we have learned about how SCCinitiates and grows. We set out our understanding of environmentally           Close relations: other types ofassisted cracking and the differences between near-neutral pH SCC              environmentally assistedwhich is found in Canada and high pH SCC. We also explain what is              cracking EACknown about the three conditions which are necessary for SCC to                   Some other examples of different typesinitiate and grow.                                                                               of EAC indude corrosion fatigue, hydrogen-3.1  Environmentally assisted cracking                                         induced cracking HIC and hydrogen                                                                               embrittlement. The following are examples     SCC is a form of "environmentally assisted cracking" or EAC. Thisis the generic term that describes all types of cracking in pipelines          of the effects of environment and loadingwhere the surrounding environment, the pipe material and stress act            which produce these types of cracking.together to reduce the strength or load-carrying capacity of a pipe.              A pipe in seawater with slowly applied     In a sense, the different types of EAC are the result of a chemistry         cycles of loading will not crack due toproblem and a physics problem working together. The specific                      stress corrosion cracking but it willcircumstances under which each type will occur are unique. When steel                                                                                  develop corrosion fatigue cracks ifcomes into contact with water, the minerals and gases in the water atthe pipe surface create cells that attack the steel. This chemical or             enough cycles of loading are applied.electrochemical reaction is corrosion and, in other situations, would            * A pipe in a carbonic acid environmenttypically create general pipe wall thinning or pits in the steel. But stress      near-neutral pH, in the absence ofis part of the EAC equation and, in some types of EAC, stress and                 an applied cathodic potential, willcorrosion work together to weaken the pipe.                                       crack due to stress corrosion cracking     Other types of EAC have also been found in other industries,                 when subjected to slowly appliedBoilers have developed caustic cracking, nuclear reactor carbon steel                                                                                  cycles of loading, e.g., less than onecoolant piping systems have developed stress corrosion cracking and                                                                                  cycle per day. If the loading frequencystainless steel piping in ammonia units in chemical plants have cracked,as have down-hole pipes in sour oil wells.                                        is increased to hundreds of load cycles                                                                                  per day, corrosion fatigue cracks can3.2  Near-neutral pH and high pH 5CC in pipelines                                 develop. If the loading frequency is     We know of two types of SCC that cause failures on pipelines,                increased further, fatigue cracks canThey are referred to as near-neutral pH and high pH SCC and the names             develop since the time in contact withrefer to the degree to which the environment in contact with the pipe             the environment is too short for thesurface is acidic or alkaline.                                                                                  environment to have an effect. The     The SCC on Canadian pipelines has all been of the near-neutral                                                                                  difference is in the amount of time thepH type, so our focus is on how that form of SCC develops. However,the conditions that produce near-neutral pH SCC are better understood             environment is in contact with theif they can be compared with the conditions which produce high pH                 steel during the tensile loadingSCC. The following description of how high pH SCC starts and then                 portion of the cycle.STRESS CORROSION CRACKING                                                                             15



                          grows will provide a context for the discussion of near-neutral pH SCC                          which follows.                          3.2.1 High pH SCC                              Although pipelines are coated for protection against corrosion                          when they are put into the ground, there is always the risk that the steel                          pipe could become exposed to the surrounding environment. The pipe                          would then be vulnerable to corrosion, Since corrosion is an                          electrochemical reaction, an electric current is passed through the soil                          to the pipe to effectively prevent corrosion. This process of applying a                          voltage to the pipe through the soil gives the pipeline a cathodic                          potential and is referred to as cathodic protection.                              High pH SCC occurs only in a relatively narrow cathodic potential                          range in the presence of a carbonate! bicarbonate environment and at a                          pH greater than 9. In the cathodic potential range and environment                          required for high pH SCC, a protective film forms on the steel surface [1].                          This film is a thin oxide layer that forms from the electrochemical                          reaction that takes place.                              If the protective film on the pipe surface is not broken, SCC                          cannot start because the film acts as a barrier between the pipe surface                          and the environment. But if the steel is subjected to a strain that                          stretches the metal until it is permanently deformed, the film, being                          brittle, will crack and bare metal will be exposed to the environment.Table 3.1Characteristics of high pH and near-neutral pH SCC in pipelinesFactor           Near-neutral pH 5CC Non-classical                 * 65 per cent occurred between the compressor station                  and the 1st downstream block valve distances between                  valves are typically 16 to 30 kni                 * 12 per cent occurred between the 1st and 2nd valves                 * S per cent occurred between the 2nd and 3rd valves                  18 per cent occurred downstream of the third valve                 * 5CC associated with specific terrain conditions, alternate wet-dry                  soils, and soils that tend to disbond or damage coatingsTemperature      * No apparent correlation with temperature of pipe                 * Appear to occur in the colder climates where CO2                  concentration in groundwater is higherAssociated       * Dilute bicarbonate solution with a neutral pH inElectrolyte       the range of 5.5 to 7.5Electrochemical  * At free corrosion potential: -760 to -790 mV Cu/CuSO4Potential        * Cathodic protection does not reach pipe surface at 5CC sitesCrack Path and   . Primarily transgranular across the steel grainsMorphology       * Wide cracks with evidence of substantial corrosion                  of crack side wallSource: Adapted from endnote [2]High pH SCC Classical* Typically within 20 km downstream of compressor station* Number of failures falls markedly with increased distance from compressor and lower pipe temperature* SCC associated with specific terrain conditions, alternate wet- dry soils, and soils that tend to disbond or damage coatings* Concentrated carbonate-bicarbonate solution with an alkaline pH greater than 9.3* -600 to -750 mV Cu/CuSO4* Cathodic protection is effective to achieve these potentials* Primarily intergranular between the steel grains Narro~ tight cracks with no evidence of secondary corrosion of the crack wallpH facts...   Soil and water can be acidic, neutralor alkaline, and the degree of acidity oralkalinity is measured on a pH scale thatranges from 0 most acidic to 14 mostalkaline. Tap water is typically pH 7,which is neutral.Location* Growth rate decreases exponentially with temperature decrease16REPORT OF THE INQUIRY



This process of rupturing the film to expose the metal is what createsthe opportunity for SCC to initiate.    The deforming type of strain described is called a "plastic" strain.Once the plastic strain decreases to an "elastic" level, a strain that doesnot permanently deform the pipe, the protective film forms over the newlyexposed steel, re-establishing the protective barrier. Then crack growthstops. For a crack to start growing again, the film must be cracked byplastic strain deformation at the crack tip. This cyclical process showsthat cracks can start and stop growing depending on the level of stress orstrain on the steel, Since it takes time for the film to form, the cracks cangrow only if the rate of plastic deformation occurs more quickly than therate at which the film forms. Consequently, the strain rate, which isrelated to the rate at which the pressure in the pipe changes, is acondition that determines crack growth in high pH SCC. It is important tonote that the level of stress or strain at a particular location on a pipe maydiffer from the level of stress or strain on the pipeline as a whole.3.2.2 Near-neutral pH SCC    Research into high pH SCC has been in progress for more than 30years; however, there are only about ten years of research into near-neutral pH SCC. Because of the differences between the two types ofcracking, the research is generally not transferable. Consequently,additional knowledge must be developed about near-neutral pH SCC.The characteristics of near-neutral pH and high pH SCC are compared inTable 3.1.    Several researchers have established leadership in SCC researchand some of these scientists made presentations to the Inquiry. Parkinscautioned that the way in which near-neutral pH SCC initiates and thendevelops is not yet completely understood, and so what we report hereshould be taken in that light [31. In his submission, Parkins discussedhow dissolution and hydrogen are believed to be factors in the growthof near-neutral pH SCC [4]:    We are farfrom having a reliable, quantifiable theory or    model for near-neutral pH SCC. I have suggested that the    mechanism of crack growth involves dissolution and the    ingress of hydrogen into the steel, the hydrogen facilitating    crack growth by promoting reduced ducWi~y. While it is dear    from evidence of corrosion on the sides of cracks, developed    in service or laboratory tests, that dissolution occurs within    crack endaves, it is doubtful that growth can be acco unted for    entirely in terms of a dissolution process. That is because at    high stresses or strains observed growth rates are markedly    greater than can be acco unted for by rates of dissolution in    [near-neutral] pH environments. However, the evidence in    support of hydrogen playing a role in the overall growth    process is circumstantial rather than direct.STRESS CORROSION CRACKING                                                   17



                              Parkins [5] indicated that the factors contributing to the                          development of near-neutral pH cracking would appear to include the                          following:                              1. Cracks are probably initiated at pit1; on the steel surface                                wherein a localized environment is generated that has a pH                                low enough to produce atomic hydrogen in the pit.                              2. The presence of carbon dioxide in the groundwater assists in                                creating near-neutral pH levels.                              3. Some of the discharged atomic hydrogen enters the steel,                                degrading the mechanical properties locally so that cracks are                                initiated or grown bya combination of dissolution and                                hydrogen-embrittlement.                              4. Continuing anodic dissolution in the crack is necessary for                                crack growth, assisted by hydrogen entry into the steel.                              5. The plastic stress level necessary to produce cracking may not                                be related solely to fracturing the embrittled steel. It may also                                contribute by rupturing the protective film, allowing hydrogen                                to reach and then penetrate the steel.                              Thus, Parkins [6] is of the view that near-neutral pH SCC crack                          growth involves dissolution and hydrogen; and he is supported in that                          view by Leis [7], Wilmott and Jack [8], Lambert and Plumtree [91 and                          Beavers [10].                          3.2.3 High pH versus near-neutral pH SCC crack characteristics                              One difference between high pH and near-neutral pH SCC is the                          way in which the cracks grow. Figures 3.1 and 3.2 show metallographic                          sections through high and near-neutral pH SCC cracks respectively. High                          pH SCC generally produces intergranular cracking, where the cracks grow                          around or between the grains in the steel. These cracks are very tight,                          narrow cracks. The cracks generally produced by near-neutral pH SCC                          are different, They are generally transgranular, where the cracks follow a                          path across or through the grains. The side walls of the cracks corrode                          and the cracks appear much wider than high pH SCC cracks. However,                          the crack generally becomes narrower as the crack deepens.                              The difference in the crack path intergranular versus trans-                          granular is the result of the different effects of the environments and                          the susceptibility of the steel. In high pH SCC, the grain boundaries are                          more susceptible to dissolution than the grai:ns themselves and so that                          is where the cracks form. Parkins showed that transgranular cracking                          can also occur in high pH SCC when the cracks become relatively deep                          or are subjected to relatively high stress levelEs or high fluctuating                          stresses [11]. The significance of this is that the presence of a                          transgranular crack by itself is not enough to be certain that a crack is                          near-neutral pH SCC.78                                                       REPORT OF THE INQUIRY



Figure 3.1Metallographic section high pH SCCMagnified 250 times                                                                    19SCourtesy of RJ. ElberFigure 3.2Metallographic section near-neutral pH SCCMagnified 250 timesSTRESS CORROSION CRACKINGCourtesy of RJ Elber



                      3.3  The conditions for SCC                              As we have noted, each type of EAC, including SCC, develops                         under its own unique and individual set of conditions. This Inquiry                         studied in detail the specific conditions in which near-neutral pH 5CC                         developed in a specific type of pipeline related environment. We know                         that three conditions are necessary for stress corrosion cracking to                         occur:                                * a potent environment at the pipe surface,                                * a susceptible pipe material, and                                * a tensile stress.                         This concept is shown graphically in Figure 3.3.                              The key point is that all three conditions must be present in order                         for cracking to occur. If any one of these three conditions can be                         eliminated or reduced to a point where cracking will not occur, then                         SCC can be prevented. For example, in many cases, if the environment                         is only mildly corrosive but there is no source of stress or susceptible                         pipe material, the corrosion will not be significant enough to affect the                         integrity of a pipeline. Similarly, if the environmental conditions are                         more corrosive and if there is a source of stress, but the metal pipe is                         well enough protected, SCC cannot initiate.Figure 3.3Three conditions necessary for SCCPotentenvironment* coating disbondment* moisture and CO2* cathodic protection levels* soil conditions* temperatureTensile stress* fabrication stress* service stress - operating pressure - cyclic loading - strain rate - secondary loadingSusceptible pipematerial* surface condition* steel microstructure20REPORT OF THE INQUIRY



     We will now take a detailed look at the unique aspects of thesethree conditions that lead to the development of SCC.3.4  Potent environment     The conditions at the pipe surface are referred to as theenvironment. This environment may be isolated from the surroundingsoil by the pipe coating and the conditions at the pipe surface may bedifferent from those in the surrounding soil. Laboratory research andfield experience have given us considerable insights into theenvironment which gives rise to near-neutral pH SCC. Researchershave learned that the environment covers a range of chemical speciesthat allow near-neutral pH SCC to develop. SCC has been found inenvironments with low concentrations of carbonic acid and bicarbonateions with the presence of other species, including chloride, sulphate andnitrate ions. Since this range of environments all produce SCC, it can beexpected that the environment found at SCC sites will vary [12].     The carbonic acid results from carbon dioxide C02 in the soilcombining with groundwater: the lower the groundwater temperature,the higher the solubility of C02 the higher the CO2 level, the lower thepH, with the range being near-neutral, 5.5 to 7.5. The carbonic-acidenvironments measured in the field where SCC has been found havebeen relatively dilute and, therefore, not strongly corrosive [13].     The environment for near-neutral pH SCC can only develop afterdamage to or disbondment of the pipe coating and in the absence of thecathodic current which is used to control corrosion. If the cathodiccurrent reaches the pipe surface in the presence of groundwater withlow levels of C02, a carbonate/bicarbonate environment will form witha pH in the range of 9 to 13 and near-neutral pH SCC will not occur.However, some types of pipe coating, when disbonded, act as a barrierto cathodic protection. Also, the high resistivity of the soil may preventthe cathodic current from reaching the pipe surface. In these instances,if groundwater and CO2 are present at the pipe surface, a carbonic acidenvironment forms, with a pH in the range of 5.5 to 7.5, the rangeassociated with near-neutral pH SCC.     In summary, the four factors controlling the formation of thepotent environment for the initiation of near-neutral pH SCC are typeand condition of coating, soil, temperature and cathodic current level.3.4.1 Pipeline coating types     Over the years, pipelines have been protectively coated withseveral different materials and we have learned that the type of coatingon the pipe has an effect on the formation of a near-neutral pH SCCenvironment. The reason is that the characteristics of the coatingmaterials are different and one may be more prone than another todisbonding where the coating comes away from the pipe but does notSTRESS CORROSION CRACKING                                                    21



                          break or to forming "holidays" where there are breaks or gaps in the                          coating. While polyethylene tape was predominately used from the                          early 1960s to the early 1980s, a high percentage of the failures have                          occurred on pipelines coated with polyethylene tape and installed from                          1968 to 1973 Figures 3.4, 3.5. It is important to note that, to date, there                          have been no reported instances of 5CC on pipe coated with either                          extruded polyethylene or fusion bonded epoxy FBE[l4J. Some of these                          coatings have been in place for over 20 years.                              The types of coatings used in the industry have evolved over the                          years. Figure 3.7 provides an overview of the predominant pipe coating                          types used in Canada over the past 60 years. Some of these coatings                          continue to be applied to pipelines today.                                * In the 1950s and 1960s, coal tar or asphalt coatings were                                  commonly applied in the field. Occasionally, they were                                  applied at the pipe mill in the 1970s and 1980s.                                * In the mid- 1950s, extruded polyethylene coatings applied at                                  the mill were introduced. They have been used since that                                  time, primarily on small diameter pipes.                                * From the early I 960s to the early 1980s, polyethylene PE                                  tape coatings, either single or double wrap, were field-                                  applied Figure 3.6. Since the mid- 1980s, the tape-wrap                                  system has been improved. Better bonding compounds                                  mastics mean that the newer tapes are less likely to disbond                                  at the pipe surface. Now, if there is any disbondment, the                                  tape separates from the mastic. Since the mastic remains on                                  the pipe surface, the pipe remains protected.Polyethylene Tape 73%Figure 3.4Distribution of SCC failures withtype of coating          Other 9%    Asphalt 9%~~/1 Coal Tar 9%Source: Endnote [14]Figure 3.5Distribution of 5CC failures withyear of pipe installation          After 1973 4%Prior to 1968 14%Source: Endnote [14]1968 to 73 82°IoFigure 3.6Tape wrapping machine22REPORT OF THE INQUIRY



                                             COMPOSITE COATING                     3 LAYER POlYETHYLENE/FUSION BONDED EPOXYFigure 3.7Overview of predominant pipe coatings in Canada                                               FUSION BONDED EPOXY                              POLYETHYLENE TAPE                           YELLOW ACKET EXTRUDED POLYETHYLENE          WAX/VINYL TAPEU ASPHALT              COAL TAR  *                         I      I     I       I1940    1950     1960      1970   1980  1990     2000Source: Endnote [15]        In the early 1 970s, mill-applied fusion bonded epoxy        coatings were introduced and have been increasingly used        on large diameter lines since that time. They are now the        most commonly used type of coating [15].     lypically, coal tar, asphalt, extruded polyethylene coatings andpolyethylene tape coatings were applied to pipe that had been wirebrushed or scraped to remove loose dirt and rust. The FBE coated pipeswere grit-blasted or sand-blasted before being coated. This removedmost of the mill scale present on the pipe surface and improved bonding.For mill-applied coatings, the pipe ends were left bare and the girth weldswhich join the pipes together were coated in the field using a differentmaterial, typically, polyethylene tape, heat shrink sleeves or liquid epoxy.Characteristics of each of the main coating types are now discussed.     Asphalt and coal tar coating. These coatings are relativelythick at 2 to 4 mm and can be relatively brittle. Unless the pipe surfacewas adequately prepared, these coatings may have bonded poorly to thesteel. Soil stresses tend to make these coatings prone to disbondmentand holidays while a pipeline is in operation. When they disbond, thesecoatings tend to become saturated with moisture and conduct cathodiccurrent in the disbonded area, thus protecting the pipe. Near-neutral pHSCC has occurred on pipes coated with asphalt or coal tar coatings onlywhen the soil has been so highly resistive that the cathodic current hasnot been able to reach the pipe surface. On asphalt coated pipe, theSCC cracks have no preferential locations but -may occur wherever thecoating is disbonded or a holiday exists. SCC on asphalt coated pipeshas a similar surface appearance to the colony of cracks in Figure 3.8.     Over-the-ditch polyethylene tape coating. These tapes arespirally wrapped around the pipe with an 18 to 50 mm overlap. Thesecoatings are prone to disbondment because of tenting that occursbetween the pipe surface and the tape along the ridge created by thelongitudinal weld reinforcement Figure 3.9. A second area of potentialdisbondment occurs where the tape is overlapped to achieve a bondSTRESS CORROSION CRACKING                                                    23



                             Figure 3.8                             Colony of SCC cracks                         between successive wraps of tape. When polyethylene tapes disbond,                         they allow moisture to penetrate under the coating. Because of the high                         electrical insulating properties of the polyethylene tape and the long                         path under the disbonded tape, the cathodic current being applied                         through the soil cannot reach the pipe surface to prevent corrosion.                         Consequently, a potent environment may exist which will contribute to                         the formation of near-neutral pH SCC.                              This coating type is a significant factor in the occurrence of SCC,                         as 73 per cent of failures caused by near-neutral pH SCC have occurred                         on polyethylene tape coated pipe Figure 3.4 CEPA indicates that 5CC                         has been found approximately four times as often on pipe coated with                         polyethylene tape as on asphalt and coal tar enamel coated pipe. The                         problems with polyethylene tapes are even more evident when coating                         types are compared for the average number of SCC colonies found per                         metre of pipe. Single-wrapped polyethylene tape coated pipe had five                         times as many 5CC colonies per metre as asphalt/coal tar coated pipe.                         Double-wrapped polyethylene tape coated pipe had nine times as many                         colonies per metre as asphalt/coal tar coated pipe [16].                              Figure 3.9 illustrates the regions where near-neutral pH SCC                         typically occurs on the exterior surface of a pipe coated with                         polyethylene tape and the types of crack patterns longitudinal and                         circumferential that occur. Figure 3.11 shows a photograph of cracks                         that formed on a polyethylene tape coated pipe in the tenting region of                         the double submerged arc weld DSAW and adjacent to it. The cracks                         tend to occur at or near the toe of the seam weld because stress is                         concentrated at this location and this is an area where groundwater has                         ease of access. Cracks also form in the body of the pipe in areas whereCourtesy of RJ. Eiber24REPORT OF THE INQUIRY



Figure 3.9Areas of near-neutral pH SCC formation the coating has been damaged e.g., Figure 3.10 or where a disbond has formed along the spiral tape overlap, as shown in Figure 3.12. Since the cracks form only in areas where the coating is damaged or disbonded, they typically form in isolated "colonies" which contain a number of cracks. Figure 3.8 shows an isolated colony of cracks that formed in an area of polyethylene tape disbondment.Longitudinal axia~ cracks along seam beneath    tenting areatapecoating  Colony of longitudinal axial cracksbeneath disbanded tape - density of cracks          can varyCircumferential transverse     crackingFigure 3.10Polyethylene tape coating in poor condition due to wrinklingSTRESS CORROSION CRACKING25



                            Figure 3.11                            5CC cracks along and at the toe of longitudinal seam weld                             Fusion bonded epoxy coating. These coatings are generally                         resistant to disbonding. When they do disbond, they act like the asphalt                         coatings in that they become saturated with moisture and allow the                         cathodic protection current to reach the pipe, preventing the formation                         of the near-neutral pH SCC environment. No SCC has been found under                         these coatings to date.                             Extruded polyethylene coating. These coatings have been                         used primarily on smaller diameter pipes, those less than 508                         millimetres 20 inches in diameter. The coatings are relatively thickFigure 3.125CC cracks under spiral polyethylene tape overlapCourtesy of RI ElberCourtesy of Ri. Elber26REPORT OF THE INQUIRY



and tough, making it difficult for holidays to develop. Even puncturesfrom mechanical damage or handling are unlikely. No SCC has beenfound under these coatings.3.4.2 Soils    There are several factors relating to soils that influence theformation of the near-neutral ~H SCC environment. These are soil type,drainage, topography, CD2, temperature, electrical conductivity and theuse of inhibitors.    Soil type. The soil type affects the performance of a coating,particularly polyethylene tape. Bluish-coloured clays hold moisture andcreate soil stresses which contribute to the disbondment of polyethylenetape coatings, setting up one of the conditions necessary for near-neutral pH SCC. Rocks can create holidays in coatings, allowinggroundwater to come in contact with the pipe surface.    Soil drainage. The amount of moisture in the soil also affectsthe formation of a near-neutral pH SCC environment. Poorly drained orimperfectly drained soils provide a supply of moisture. Areas that havea constantly-high moisture level do not seem to be as likely to producenear-neutral pH SCC environments as those where the moisture levelvaries. These drainage types also determine whether the soils arereducing anaerobic or oxidizing aerobic. An anaerobic soil isbelieved to be necessary to create the near-neutral pH SCCenvironment [17]. In anaerobic soil conditions, sulphate reducingbacteria SRB may form and reduce sulphate in the soil to sulphide.When water reaches the pipe surface and the corrosion reaction begins,atomic hydrogen is created. It needs oxygen to become molecular orgaseous hydrogen, but the sulphide is a poison that prevents the atomichydrogen from forming molecular hydrogen. In molecular form, thehydrogen would not be able to penetrate the pipe and would leave thepipe surface. Instead, the sulphide allows the atomic hydrogen topenetrate the pipe. As Parkins pointed out, the effect of the hydrogen isto embrittle the steel at the tip of a crack, making it easier for a crack togrow. The contribution of anaerobic bacteria to near-neutral pH SCChas been evaluated but no conclusion about their role has beenreached [18].    The soil's oxidizing-reducing ability can be measured and isreferred to as its redox potential. The redox potential indicates whethera soil is aerobic positive potential or anaerobic negative potential.The question this raises is whether the redox potential could be anothersoil characteristic that identifies SCC-susceptible soil areas. Wilmottpublished a paper [191 in 1996 in which negative measurements of thesoil's redox potential anaerobic soil generally appeared to correlatewith the occurrence of near-neutral pH SCC on the pipeline segment.Figure 3.13 plots the redox potential against distance and shows asimilar outcome: that the in-service and test failures occurred whereSTRESS CORROSION CRACKING                                   .                27



                            Figure 3.13                            Virginia Hills, Alberta 1.1 km pipe replacement section:                            variation of soil redox potential with distance                                  Source: Endnote 119]                         the potential is negative anaerobic. However, the correlation is not                         precise since at distances of 741 and 751 metres the redox potential is                         positive, indicating aerobic soil conditions. Yet failures due to near-                         neutral pH SCC still occurred at those distances under hydrostatic                         retesting. These results are interesting and this is an area where                         additional research could provide more answers.                              Soil topography. Closely allied with soil drainage is the                         topography of the land. Near-neutral pH SCC appears to be associated                         with depressions in the landscape, at the base of hills or near streams,                         where the groundwater either flows along the pipeline or across it.                         Flowing water may help to maintain the near-neutral pH environment                         by supplying additional CO2 to the electrolytic solution in the disbonded                         area at the pipe surface.                              CO2 level and soil/pipe temperature. While high pH SCC                         growth depends very much on soil or pipe temperature they are                         generally the same along a pipeline, laboratory and field data have not                         shown a similar correlation for near-neutral pH SCC. Parkins carried                         out slow strain rate tests but the results showed no significant                         differences for crack growth rates at temperatures of 5°C and 45°C [20].0~#1LIU>E`V~ -20000.0  -30028REPORT OF THE INQUIRY



On natural gas transmission pipelines, the temperature of the gas andthe pipe is as high as 40°C on leaving a compressor station and it coolsas the gas moves downstream. On TransCanada's system, only one-third of its service and hydrostatic retest failures have occurred within16 km downstream of a compressor station, where the temperature ofthe gas is high, In field excavations carried out on the TransCanada andNGTL systems, near-neutral SCC has been found more than 30 kmdownstream of compressor stations where the temperature of the gaswould be lower. Near-neutral pH SCC has also been found on the NGTLsystem at a location where the soil temperature surrounding the pipewas in the region of 10°C or lower [21].    Beavers suggests that the absence of a correlation betweenhigher soil temperatures and near-neutral pH SCC may result from theincreasing solubility of CO2 in water at lower temperatures [22]. Asmore CO. dissolves in groundwater, the ability of the cathodic protectionsystem to raise the pH at the pipe surface is greatly reduced. If this ideais correct, it could mean that the environment for near-neutral pH SCC ismore likely to develop at lower temperatures because of the higherpotential concentration of CO2. Beavers suggests a higher concentrationof CO2 may be one reason why the near-neutral pH environmentsappear to form in the colder climates, such as those in Canada and theformer Soviet Union. This is a possibility that has not been completelyexplored and additional research may provide us with a betterunderstanding of the factors controlling the formation of the near-neutral pH SCC environment.    Cathodic protection current. Near-neutral pH SCC developswhere cathodic protection current cannot penetrate under or throughthe coating to reach the steel pipe. For polyethylene tape coated pipe,the cathodic protection cannot reach further than a few centimetresfrom the tenting or holiday in the coating because of the shieldingeffects of the disbonded tape. It might seem reasonable to try increasingthe cathodic protection current with the hope that it might reach furtherinto the disbonded area. However, that is impractical since these areascan be a metre long or more. In these circumstances, a significantportion of the exposed pipe is susceptible to SCC. As a result, it doesnot appear that higher cathodic protection potentials will help preventthe growth of SCC on tape coated pipelines. In fact, CEPA and NRTChave suggested that a higher cathodic protection current could lead tomore disbondment on tape coated systems. However, NRTC hasconsidered another alternative. Preliminary studies by NRTC on pulsedcathodic protection indicate that pulsing can penetrate more deeply intoa disbonded area than can conventional cathodic protectionsystems [23]. Depending on the size of the disbonded area, pulsedcathodic protection may help to control near-neutral pH SCC. This isalso an area that should be researched further.STRESS CORROSION CRACKING                                                   29



  Steel properties...                                 On asphalt coated pipelines, near-neutral pH SCC occurs in sandy                                                 well-drained soils where adequate levels of cathodic protection are     Within a certain range of loads, steel                                                 difficult to achieve because there is little moisture to help conduct the  has an "elastic" property which allows it to   current through the soil. This is an area where research may provide  deform extend under load and then            alternative ways to drive the cathodic current though high-resistivity soil.  return to its original shape when the load          Inhibitors. Researchers studying high pH SCC are considering  is removed. The limit of load which keeps      whether inhibitors could be added to soils or coatings to prevent high  steel in its elastic range is termed the       pH SCC. However, no studies have been conducted to consider a similar                                                 possibility for preventing near-neutral pH SCC from initiating. Parkins  "elastic limit" proportional limit.                                                 stated [24]:     Beyond the elastic limit, steel begins                                                      1 am not aware of any work relating to the incorporation of  to deform permanently or "plastically" at           inhibitors into organic coatings to control [near-neutral] pH  increasing rates under load to a point              scc, although such studies have been conducted in relation  called the "yield strength" which is the            to the high pHform. That work showed that sodium  maximum limit of useable stress.                    chromate or phosphate were capable of inhibiting                                                      intergranular cracking when present in sufficient amounts  Pipelines are designed to maintain loads                                                      and it would be surprising ~f similar inhibitive substances  below a "specified minimum yield                                                      could not befoundfor [near-neutral] pH SCC.  strength" SMYS.                                                      What the field studies relating to high pH SCC showed was that     If loading continues beyond the yield                                                 the inhibitors - chromates, phosphates and silicates - leached out of the  point, steel will continue to deform and                                                 soil within a few years and so the declining levels of the inhibitors  eventually break apart or fracture. The                                                 limited their effectiveness to a relatively shorl; time [25] [26].  fracture is termed "ductile" if the steel  tears apart slowly and stretches plastic      3.5  Susceptible pipe  deformation. In contrast, a failure is             In addition to a potent environment, a susceptible pipe material is  termed "brittle~ if the steel breaks apart     another necessary condition in the development of near-neutral pH SCC.  quickly with little sign of deformation. In    In this regard, the data from pipeline failures caused by SCC showed that  pipeline terms, brittle fracture in a natural  near-neutral pH SCC had developed on a wide variety of pipe. Pipe                                                 failures occurred on pipe in which diameters ranged from 114 to  gas pipeline can result in a pipe rupture                                                 1067 mm, wall thicknesses ranged from 3.2 to 9.4 mm and grades  which extends over a considerable                                                 varied from 241 MPa 35 ksi to 448 MPa 65 ksi, Both electric  distance hundreds of metres whereas a                                                 resistance welded ERW and DSAW pipe were involved in SCC-related  ductile failure is usually contained within    failures.  two pipe joints 25 metres. Modern                 Researchers and scientists have considered a number of pipe  pipeline steels have the ductile properties    characteristics and qualities to determine if they are possibly related to  to prevent a brittle type of failure,          the susceptibility of pipe to near-neutral pH SCC. These factors include_______________________________                  the pipe manufacturing process, type of steel, grade of steel, cleanliness                                                 of the steel presence or absence of impurities or inclusions, steel                                                 composition, plastic deformation characteristics of the steel cyclic-                                                 softening characteristics, steel temperature and pipe surface condition.                                                 3.5.1 Pipe manufacture                                                      With one exception, near-neutral pH SCC does not appear to be                                                 associated with a particular pipe manufacturing method or manufacturer.                                                 The exception is the ERW longitudinal seam pipe manufactured in the30                                                                              REPORT OF THE INQUiRY



I 950s by Youngstown Sheet and Tube Youngstown which was used onthe T~ansCanada system in southern Ontario [27]. The weld seam of thispipe seems to have a lower resistance to near-neutral pH SCC than thebase metal. The reason for this lower resistance of the weld area isunknown at this time but may be related to the low fracture toughness ofthis region, pits and arc bums associated with this manufacturer's ERWweld or a higher-than-normal residual stress [28]. It should be noted thatTransCanada has implemented a special mitigative program to replaceYoungstown pipe in close proximity to dwellings and to hydrostaticallyretest the Youngstown pipe every four years.    Beavers [29], in examining grade 448 MPa 65 ksi samples takenfrom the TransCanada system, noted that the coarse-grained heat-affected zone CGHAZ adjacent to the DSAW is significantly moresusceptible to cracking than the base material in the near-neutral pHenvironment. The average crack velocities are about 30 per cent higherin the CGHAZ than in the base metal. Whether this is an isolatedcondition on the TransCanada pipe or whether all CGHAZ5 will exhibitgreater susceptibility is unknown and is an area for furtherinvestigation.3.5.2 Pipe yield strength    No one has conducted a detailed assessment of the susceptibilityof different steels to the initiation and growth of near-neutral pH SCC.Steel is often referred to by its grade which is linked to its yield strength.Pipe grades from 241 MPa 35 ksi to 483 MPa 70 ksi from a range ofmanufacturers have been found to be susceptible to near-neutral pHSCC. Researchers studying high pH SCC have found no correlationbetween the range of mechanical strengths observed in failed pipes andSCC susceptibility [30]. It is likely that, as research into near-neutral pHscc is carried out, the same conclusion will be drawn since plasticity onthe pipe surface or at a crack tip is the primary factor that causes SCCinitiation. Higher strength steels may be more susceptible to SCCand/or hydrogen embrittlement which might make the SCC problemworse. It is known that if a higher strength pipe is substituted for alower strength pipe with the same diameter and operating pressure, thecritical flaw tolerance of the pipe will decrease due to the reduced wallthickness.3.5.3 Plastic deformation characteristics    Localized microplastic deformation permanent elongation isnecessary for the initiation and growth of near-neutral pH SCC cracks.Consequently, the conditions that produce localized microplasticity lowplastic strain or deformation levels in local areas either on the pipesurface or at a crack tip are necessary for SCC crack initiation or growth.Normally, the strains that would produce this localized microplasticSTRESS CORROSION CRACKING                                                   31



                          deformation do not occur at stress levels below the proportional limit of                          the steel. In most line pipes, the proportional limit is in the range of 85                          to 95 per cent of the yield stress of the steel. However, the proportional                          limit may increase almost to the yield stress on pipelines that have been                          subjected to high-pressure hydrostatic retests. Consequently, high-                          pressure hydrostatic retests may be beneficial in making a pipe more                          resistant to SCC.                               Two situations cause localized microplastic deformation at stress                          levels below the proportional limit of the steel. In one situation, the                          surface layer of the pipe wall thickness can deform before the bulk of                          the wall thickness [311 and, secondly, cyclic-loading can cause steels to                          exhibit microplastic strains at nominal stress levels where plastic strains                          would not be expected [32]. Leis has shown that the surface layer of a                          pipe can plastically deform more easily than the bulk of the material                          beneath it. Since the outside surface of the wall thickness is a free                          surface a surface with one side not constrairLed by metal, just air, it                          can plastically deform at lower stress levels than the mid-portion of the                          wall thickness. This suggests that it is possible to initiate a crack                          because of pipe surface plasticity. At lower stress levels, the crack may                          grow until it reaches a depth where microplasticity can no longer occur                          because of the change in the stress state in the interior of the pipe wall                          thickness compared to the surface layer and the crack growth stops. At                          higher stress levels, the crack may continue to grow to the point where                          the pipe fails.                               Cyclic-softening is a phenomenon in which the application of                          stress cycles or pressure cycles at maximum stress levels below the yield                          stress causes the steel to exhibit local microplastic deformation strains                          after a period of load cycles. The steel may then behave elastically for a                          number of cycles and then again exhibit plastic deformation for a                          number of load cycles. It is not known how many of these regions of                          plastic strains will be exhibited by a steel. However, the phenomenon                          has been exhibited by pipe steels of the type involved in the near-neutral                          pH SCC failures [33]. This partially explains why it takes a number of                          years of service before an SCC crack initiates. Basically, the steel has to                          be subjected to enough pressure cycles that it softens to the point where                          microplastic strains are created on the pipe surface.                               Leis is of the view that the propensity for cyclic-softening is a                          function of the steel's microstructure. Limited research suggests that                          bainitic microstructures generally have less tendency to soften than the                          ferrite-pearlite microstructures~ of pipe that is currently in service.                               The procedure for changing the cyclic-softening characteristics of                          an existing pipeline steel is unknown. It has leen suggested that it                          might be possible to modify the softening characteristics through high                          pressure hydrostatic retests but currently no information is available to                          indicate whether this is feasible. Research is incomplete with regard to                          the cyclic softening behaviour of pipe steels.32                                                        REPORT OF THE INQUIRY



3.5.4 Steel cleanliness    Surkov reports that a relationship has been observed betweensusceptibility to SCC and the length of non-metallic inclusions in thesteel particles of foreign material such as manganese sulfides [34].A threshold for crack initiation was found which indicated that if thelength of surface defects which are governed by the length of non-metallic inclusions were smaller than 200-250 pm, longitudinal crackswould not form.    CANMET conducted limited research into inclusion length [351.It took samples from five pipes with significant cracking and fivesamples with non-significant cracking and examined inclusion lengths.It concluded that a difference may exist between the average length of"light or thin" inclusions found in "cracked" and "uncracked" samples,with the uncracked pipes having longer inclusions than the crackedsamples. The effect of material properties, including the role of non-metallic inclusions on the initiation of SCC, will be studied in a researchprogram initiated by CEPA at the University of Alberta in the summer of1996.    The British Gas in-line inspection tool results have indicated that,in TransCanada pipe that has experienced SCC, there is a higher numberof non-metallic inclusions at the longitudinal weld seam the originaledge of the plate than in the body of the pipe. This may partiallyexplain why cracks tend to be found near the seam weld.3.5.5 Steel composition    No studies have been conducted to look for a relationshipbetween steel composition and near-neutral pH SCC susceptibility.However, studies have been conducted on steel alloys to evaluate itsresistance to high pH SCC. The results showed that adding chromium,nickel and molybdenum to steel in amounts of between two to six percent improved the resistance to high pH SCC. However, additions atsuch high levels made the steel prohibitively expensive to produce [361.This could be another area for further research.3.5.6 Pipe surface conditions    Parkins performed a number of cyclic load crack initiationexperiments and found that the surface condition of the pipe wasimportant in contributing to the initiation [37]:    In all of my work involving cyclic loading one of the test    surfaces corresponded to the outer surface of the pipe from    which the specimens were cut, that surface having been water    blasted after removal of the pipe from the ground. The    opposite side of the specimen was carefuL~y polished and that    surface very rarely produced any indications of crack    initiation, and certainly not of growth beyond 20 pm, whileSTRESS CORROSION CRACKING                                                   33



                               when deeper cracks were produced they invariably were from                               the surface corresponding to the outer surface of the pipe.                               That outer surface was covered with very shallow, overlapping                               pits, although the water blasting had removed most of any                               corrosion products that probably were present when the pipe                               was excavated. Those pits would give some small degree of                               stress concentration, although I doubt that provides aflill                               explanation for the d~ferent cracking propensities of the outer                               pipe and polished surfaces. More probable is it that pits                               provide a means of localizing composition andpH changes                               from the bulk solution, a phenomenon well known to occur                               with pits and other geom etrical discontinuities in the presence                               of some environments.                               Parkins' laboratory data suggest that at stress levels above the                          yield stress, the threshold stress the point at which cracks would                          initiate and grow to failure on a smooth, clean surface is different than                          on a surface similar to that of a pipe after years of service. Only in the                          presence of pits could he initiate cracks that would continue to grow                          Figure 3.14.                               The presence of mill scale on the pipe surface has been found to                          contribute to the formation of high pH 5CC and would be expected to be                          a factor in near-neutral pH 5CC as well. This is another area where the                          research is not complete.                          3.5.7 Pipe temperature                               Because soil temperature and pipe temperature are considered to                          be the same, pipe temperature was included in an earlier discussion.                          See Section 3,4.2, CO2 level and soil/pipe temperature.                          3.6  Stress                               As noted in Section 2.1, the issue of a pipeline's internal pressure                          and its effect on SCC was raised by the TSB after the 1991 and 1992                          incidents on the TransCanada system. Considerable research has been                          conducted since that time and in ongoing. A summary of the evidence                          and our conclusions follow.                          3.6.1 Stresses in pipelines                               Stress is the "load" per unit area within the pipe wall. A buried                          pipeline is subjected to stress of different types and from different                          sources. The pipeline's contents are under pressure and that is normally                          the greatest source of stress on the pipe wall. The soil that surrounds                          the pipe can move and is another source of stress. Pipe manufacturing                          processes, such as welding, can create stresses which are termed                          "residual" stresses. These are just a few examples. We will be                          discussing these and other sources of stress.34                                                        REPORT OF THE INQUIRY



Figure 3.14SCC crack formation at base of corrosion pitMagnified 150 times    The stresses in a pipe exist in two directions: around the pipe'scircumference referred to as circumferential stress and lengthwisealong the axis of the pipe referred to as longitudinal or axial stress.Cracks occur perpendicular to the direction of the stress. Longitudinalaxial cracks are found in areas of high circumferential stress andcircumferential transverse cracks are found in areas of high axialstress Figure 3.15.      *  Circumferential stress in the pipe has several sources:         1 circumferential stress due to internal operating pressure            hoop stress, usually the highest stress component in            the pipe;        2  residual stress in the pipe created during pipe            manufacture;        3 bending stresses that result when an oval or out-of-            round pipe is subjected to internal pressure;        4  local stresses at the edge of double-submerged arc            welds or associated with mechanical gouges, corrosion            pits and other areas where stress is concentrated;        5  secondary stresses that may cause the pipe to go out-            of-round, such as soil settlement or land slides; and        6  stresses due to temperature differences through the            thickness of the pipe wall.  ,i1~.Courtesy of R.J. EiberSTRESS CORROSION CRACKING35



                          Figure 3.15                          Stresses in pipelines                                *  Longitudinal axial stress in the pipe also has several                                   sources:                                   I internal operating pressure the operating pressure                                      causes a longitudinal stress which is one-third to one-                                      half the circumferential stress;                                   2 secondaiy stresses that can bend the pipe and introduce                                      high longitudinal stresses, such as soil settlement or                                      landslides; and                                   3 stresses due to temperature changes along the axis of                                      the pipeline.                          3.6.2 Stress in pipe during operation                               The stress at any point in the pipe steel is the combined effect of                          all forms of circumferential and longitudinal stresses. In this section,                          each of these components will be defined and their influence discussed.                               Internal operating pressure. PipelirLes operate at various                          pressures. 1~pical large-diameter transmission pipelines operate at                          maximum pressures up to 8 700 kPa 1,260 psi. The circumferential                          stress caused by the operating pressure P, also termed hoop stress a,                          is affected by the diameter of the pipe D and the wall thickness t and                          can be calculated by the following mathematical expression referred to                          as Barlow's formula:                                               ~PD                                                  2t                               Since the internal operating pressure is usually the largest                          contributor to stress, it is common in the industry to express the stress                          in the pipe wall in terms of the hoop stress as calculated by Barlow'sWallthicknessP = PressureCircumferentialtransversecracks36REPORT OF THE INQUIRY



formula as a percentage of the specified minimum yield strength SMYSof the pipe steel. However, manufacturers generally produce pipe whichhas an actual yield strength which is higher than the SMYS. The actualyield strength can be 10 to 30 per cent higher than the SMYS. Thereforea pipeline that is operating at 72 per cent SMYS may only reach 60 percent of the actual yield strength of the pipe.      The CSA Z662 standard sets the maximum allowable hoop stressdepending on where the pipeline is located and the surroundingdwelling density. The standard sets out four class locations based onthe dwelling density. The Class 1 location is generally a sparselyinhabited region or rural area. To be classified as a Class I location,there must be ten or fewer dwellings within an area extending 200 m oneach side of the pipeline and running any continuous 1.6 km distancealong the pipeline. On natural gas pipelines, the maximum allowablehoop or operating stress ranges from 80 to 44 per cent SMYS dependingon the density of dwellings Table 3.2. For example, 80 per cent SMYSis the maximum hoop stress allowed in a Class 1 location. Themaximum allowable hoop stress governs the wall thickness of the pipefor a given grade SMYS. For gas pipelines and pipelines which carryhigh vapour pressure HVP products such as propane, the maximumallowable hoop stress as a percentage of material strength decreases inpopulated areas and near roads.      Currently, regulations in many other countries limit the maximumhoop stress to 72 per cent SMYS [38]. There are a few pipelines in theU.S. that operated at higher stress levels before the U.S. Department ofTransportation issued Part 192 of the Code of Federal Regulations in1968. These pipelines continue to operate at stress levels up to 85 percent SMYS under a grandfather clause to the existing regulations. In theAustralian Code, AS 2885, there is a provision for stress levels over 72per cent SMYS, but the complete line must be tested at a pressuregreater than 100 per cent SMYS before it can operate above 72 per centTable 3.2Maximum allowable operating stress in various class location&" Class                                         Maximum Operating Stress~Location°~  Description0'                         % of SMYS                                          Natural Gas Sour Gas HVP IMP   1        <10 dwellings                    80   72    80    80   2        10-46 dwellings or designated areas 72 60   64    80   3        >46 dwellings                    56   50    64    80   4        buildings 4 storeys or more   .  44   40    64    801 excerpt from CSA Z662-94 Oil & Gas Pipeline Systems2 based upon a class location area which extends 200 m on both sides of the centre line of any continuous 1.6 km length of pipeline3 Z662-94 clause 4.32 contains full description4 maximum operating stress may be lower due to the hydrostatic testing pressure and other factors such as proximity to roads, railways, etc.STRESS CORROSION CRACKING                                                                37



                          SMYS. However, to our knowledge, there are no lines in Australia                          operating in excess of 72 per cent SMYS.                               The internal pressure in a pipeline continually changes or                          fluctuates. In a gas line it is affected by the rate at which the gas is                          injected into the system and withdrawn by downstream deliveries.                          Often these rates are not controllable by the pipeline operator. In liquid                          pipelines the pressure fluctuates more widely since it is affected by the                          turning on and off of pumps and any changes in the density of the fluid                          being pumped.                               Figure 3.16 presents a 20-day pressure profile for a liquids                          pipeline. The pressure profile for a gas pipeline would not fluctuate as                          much and the fluctuation would occur over longer periods of time. As                          Figure 3.16 shows, the maximum pressures vary throughout the period,                          depending on the flow rate. In order to fully characterize the operating                          pressure of a pipeline and, therefore, stress, three factors have to be                          considered:                                * the pressure level or maximum operating pressure applied;                                * the range in which the pressure fluctuates which in Figure                                  3.16 is from 1 250 kPa 181 psi to about 5 750 kPa 833 psi                                  and the minimum pressure is 22 per cent of the maximum                                  operating pressure; and                          Figure 3.16                          A 20-day pressure profile for a liquids pipeline                          a                          U,                          U,                          a                          0~                          Source: Adapted from endnote [39]7000600050004000200010000.00Days2038REPORT OF THE INQUiRY



      * the rate of the pressure changes almost instant change in        some cases, or change over several days, in others.    Typically, on gas pipelines, the minimum pressure is in the rangeof 85 per cent of the maximum operating pressure. Stress levels inpipelines therefore fluctuate daily, weekly, monthly and yearly. Thestress fluctuation is commonly referred to in terms of an R-ratio, whichis the ratio of the minimum to the maximum stress in a circumferentialdirection.    Residual stress. When flat steel plate is formed into pipe,"residual stresses" are introduced into the pipe. The level of residualstress depends on the manufacturing process used to produce the pipe.For example, DSAW pipe is rolled into a tube, welded lengthwise andthen pressurized with water to expand the pipe and make it round, Thisexpansion process reduces the residual stress in the pipe. By contrast,ERW pipes and small diameter flash-welded pipes typically less than508 mm in diameter are generally not expanded and so they can havehigher residual stress levels. Seamless pipe normally small diameterpipe, because it is hot-formed, receives the equivalent of a thermalstress relief and the residual stress tends to be relatively low. Theresidual stress in a pipe can also be reduced by the application of ahigh-pressure hydrostatic test before being placed in service. Thehigher the test pressure, 105 to 110 per cent SMYS, for example, thelower the residual stress.    Parkins stated that [40]:    It is known that operating pipelines can contain residual    stresses that may be at least as high as about 25 per cent of    the yield stress of the material and those may influence    cracking behaviour, not least in view of the fact that the vast    majority ofSCCfailures in a wide variety of materials and    environments involved with various engineering structures    [other than pipelines] are due to residual rather than    operating stresses.    There have been no systematic studies of residual stress levels inrelation to SCC in line pipe or on the distribution of the residual stressesin the axial or circumferential direction. Based on the statement byParkins, however, and the information obtained from the Camrose PipeCompany [41], the production process may introduce maximum residualstresses up to 25 per cent of the yield stress in the finished pipe.    Researchers are still uncertain about the influence of residualstresses on the initiation and growth of near-neutral pH SCC. But it isknown that in other industries, residual stress can elevate stress levels inlocalized areas to the point where SCC is initiated, Consequently, it seemsreasonable to think that residual stress should be minimized. It may bepossible to thermally stress-relieve the pipe when it is being manu-factured to reduce the residual stress level. This approach would haveSTRESS CORROSION CRACKING                                                   39



                          to be examined to make sure the fracture toughness or yield strength                          properties of the steel pipe would not be adversely affected. Alternatively,                          increased expansion during pipe manufacture might be used to                          mechanically reduce the residual stress. High--pressure hydrostatic tests                          will reduce residual stress on existing pipelines but the residual stresses                          cannot be completely eliminated.                              Bending or out-of-roundness stress. Another factor that                          affects the circumferential stress level in a pipe is the roundness of the                          pipe. If a pipe is out-of-round, local bending stresses result when                          internal pressure forces the pipe to become round. This creates a                          bending stress through the pipe wall thickness and raises the hoop                          pressure stress on the outer pipe surface. In forming DSAW pipe, the                          longitudinal edges of the pipe are formed or crimped before they are                          welded together. If the pipe edges are not accurately formed or are                          offset radially from each other after welding, localized bending stresses                          are created, which add to the hoop pressure stresses.                              Local stress intensifiers on the pipe surface. Any                          irregularity in the surface of the pipe can be a source of stress                          concentration. Where surface damage, dents or corrosion pits are                          found, stress levels in the circumferential andi axial directions on the                          surface of the pipe are higher than on the rest of the pipe. Surface                          damage such as gouges, grooves or dents can be caused by                          construction equipment or improper backfill material. Pits can be                          produced by carbonic acid, a weak acid that is the near-neutral pH SCC                          electrolyte. Once a pit is initiated, it will tend to further acidify the                          environment and increase the local stress. The pipe wall thickness may                          also be reduced by corrosion or a gouge which will locally elevate the                          stress in the pipe wall and contribute to the conditions that allow SCC to                          initiate.                              Secondary stresses. These stresses can occur in either the                          circumferential or longitudinal direction. They are most commonly                          caused by soil movement such as land slides and settlement or by the                          physical weight of the soil above the pipe overburden. The level of                          these stresses is generally unknown and difficult to predict; however,                          depending on soil movement, they can be quite low or they can be high                          enough to cause the pipe to fail.                              Temperature stresses. Temperature differences through the                          pipe wall thickness can cause localized circumferential bending                          stresses. These stresses are generally not a problem on pipelines, as the                          pipe wall is thin enough that there is no difference in temperature                          between the outer surface and the bulk, or thickness, of the pipe.                              Longitudinal axial stresses. In addition to circumferential                          stress, pipelines in operation experience stress which acts in the axial                          direction.                              The pressure of the contents in the pipe also causes a stress in                          the axial direction of a pipeline which is a percentage of the hoop stress.40                                                        REPORT `OF THE INQUIRY



For example, when a pipeline is completely buried and restrained fromlongitudinal movement by the soil, the axial stress is 28 per cent of thehoop stress. When the pipeline is not completely restrained againstlongitudinal movement, the axial stress can be as high as 50 per cent ofthe hoop stress.     Temperature changes along the length of a line can cause axialtemperature stresses, but again, these tend to be minor.3.6.3 Field experience: the effect of stress     The effects of these types of pipeline stresses became clear whenreviewing the field data gathered at the time of each pipeline failure. Ofthe 22 service failures that have occurred on pipelines in Canada, 16 ofthese failures 73 per cent involved axial cracks, indicating that thecircumferential stresses controlled the failure. At the time of thefailures, the hoop stresses varied between 46 and 77 per cent of thepipe's SMYS. The remaining six failures involved circumferentialtransverse cracks indicating that the axial stress controlled thosefailures.     In all but one of the 16 failures, external factors increased the stresslevels in the localized areas where the SCC was found. Corrosion, gougesor stress concentrations from the toe of the weld seam raised the localstress above the hoop stress levels derived from Barlow's formula [42].Consequently, the level of stress that was actually experienced by the pipeand caused the failure is not known.     The six circumferential transverse crack failures occurred athoop stress levels of 53 to 67 per cent SMYS but these values do nothelp to explain the failures, since as discussed above, the hoop stress isparallel to the crack direction. The longitudinal stress, which isperpendicular to a circumferential crack, was responsible for thesefailures. At the time of failure, the longitudinal stress caused by soilmovement or secondary stresses was unknown but it was likely thepredominant stress.     While none of CEPA's member companies have found"significant" SCC in Class 2 and 3 pipeline locations, they didacknowledge that the potential may exist for it to be found there [43].CEPA suggested that the standard wall pipe used in Class I locations ismore susceptible to sCC because it operates at higher stress levels thanpipe in other class locations [44].3.6.4 Stress level effects on crack initiation and growth     In this section we summarize the information collected on howthe stress in the pipeline the level of stress, fluctuations in the stresslevel and pressure fluctuation rate affects the initiation and growth ofSCC cracks.STRESS CORROSION CRACKING                                                   41



                                 Most research into near-neutral pH SC:C has focused on how SCC                            grows than on how it initiates. However, field data are providing                            evidence of trends in both initiation and growth [45].                                 SCC crack initiation. One of the goals of conducting research                            on crack initiation is to find a threshold stress level below which cracks                            will not develop. However, the research community has not agreed to a                            single definition of threshold stress. Parkins [46] defines the threshold                            stress as being the stress above which cracks initiate and grow to                            failure. Other researchers have proposed that a given crack growth rate                            be used to define a threshold stress, while still others have proposed                            that the stress level that will grow a crack to a specific depth should                            define threshold stress.                                 At this time, Parkins' work provides the only laboratoty data on                            threshold stress levels for near-neutral pH SCC initiation [47]. He found                            that on a sample of grade 448 MPa 65 ksi steel taken from the                            TransCanada system, he could grow cracks at a stress level of 69 per                            cent SMYS with an R value of 0.5, but not at lower stress levels.                            Similarly, he could grow cracks at a stress level of 72 per cent SMYS                            with an R value of 0.85, but not below that level. He cautioned that                            these data are limited and need to be replicated to have validity. Parkins                            further cautioned that applying a single threshold stress value over the                            entire length of a pipeline may be unwise [48].                                 CEPA and several researchers also commented on the effect of                            stress on crack initiation:                                  * CEPA indicated that ". . . at lower stress levels associated with                                    heayy wall pipe locations, the probabii~y of SCC initiation is                                    reduced and those colonies that do initiate contain fewer                                    cracks and are more widely spaced than those observed on                                    standard wall pipe at higher stress levels." [49]                                  * CEPA stated "It is likely that such a value [threshold stress]                                    exists, however, it is likely to [be] so low as not to be of                                    practical engineering value." [50] 0.020 -                          * Leis indicated ". . . lower stresses can be expected to reduce the                                    nucleation of SCC." [51]~ 0.015-                          * Beavers stated "...I do not believe that there isa `threshold                                    stress' below which SCC cannot initiate. Stress corrosionP                                   cracks will initiate in the pipe ~f the environmental conditions 0.010 -                            are conducive to cracking because of the presence of residual                                    stresses and pre-existing defects that act as stress raisers." [52] 0.005 -                         Field data also indicated that initiation is affected by stress caused                            by internal operating pressure:                                  * TransCanada has not detected "significant" SCC in Class 2                                    or 3 locations through investigative excavations, hydrostatic                                    retesting or SCC in-line inspection [53]. Pipe in Class 2 andFigure 3.17Number of "significant" coloniesdetected per metre of pipeinspected for line 100-2TransCanadaLI          I I   I I I I I I I I       64   66  68  70  72  74          Typical stress level °Io SMYSSource: Adapted from endnote [55]42REPORT OF THE INQUIRY



         3 locations in the gas transmission industry is typically         designed to operate below 60 per cent SMYS [54].         Evidence presented by TransCanada suggests that the         extent and severity of SCC increases where stress levels due         to the internal operating pressures are higher. Figure 3.17         shows the relationship between the number of "significant"         SCC colonies found per metre of pipe inspected and the         stress level in per cent SMYS for TransCanada line 100-2         914 x 9.1 mm, grade 448 MPa pipe. The figure shows a         drop in the number of colonies from 0.014 to 0.0005 per         metre inspected as the stress drops from 75 to 67 per cent         SMYS. However, there is a second peak at 66 per cent         SMYS that is not understood. TransCanada notes, on the         basis of Figure 3.17, that the incidence of SCC drops         significantly at stress levels below 70 per cent SMYS [56].         This same trend appears in Figure 3.18, which shows the         relationship between crack depth and stress level for the         same data presented in Figure 3.17. Figure 3.19 shows the         relationship between the number of "insignificant" colonies         found by TransCanada and stress level. It should be noted         that the numbers are significantly higher - approximately 40         times higher - than in Figure 3.17, as indicated by the         vertical scale. Also, the number of "insignificant" colonies         does not appear to be related to the hoop stress level.       * The seven in-service ruptures that TransCanada has         experienced have all occurred where normal operatingFigure 3.18Maximum crack depths of "significant" 5CC detected on line 100-2TransCanada  ILJ~  8-                                       *   *EE 6-                                   *                                    *  Sw-v                *                .     S                S                                 S     *                                       *   S  2-            *                      *                                       *                           *  *  I  *  5   S   I         *  ~   *  *       S  *  S  *  *   *   I  I  `-I-          I          I  I  I  I  I   I   I  I      63 64 65  66 67      68 69 70 71 72  73  74 75 76                    Typical stress level % SMYSSource: Endnote [57]STRESS CORROSION CRACKING                                                      43



                                 hoop stress levels based on the internal operating pressure                                 were more than 70 per cent SMYS [59].                              SCC crack number. The maximum stress determines the                         number of cracks that initiate. The higher the stress level, the more                         cracks there will be and the closer they will be spaced. Leis presents                         data supporting the relationship between crack spacing and maximum                         operating pressure. His model predicts that at higher stress levels, more                         cracks will be present and they will be closer together Figure 3.20.                              SCC crack growth. The effect of stress on crack growth is                         important for three reasons. It determines whether there is a threshold                         stress level below which cracks will not grow, whether increasing the                         stress in a pipeline causes cracks to grow faster and how often                         hydrostatic retests should be scheduled.                         Figure 3.20                                 Source: Endnote [60]Figure 3.19Number of "insignificant" SCCcolonies detected per metre ofpipe inspected for line 100-2TransCanada u.oa,E 0.7a, 0.60U 0.5.~ 0.4CU,C 0.2 0.1Z                                Simulated cracking patterns versus maximum pressure I   11111111111 64  66  68  70  72  74   Typical stress `evel °Io SMYSSource: Adapted from endnote [581A. 70°Io of  maximum  operating  pressureB. 80%of  maximum  operating  pressureC. 90°Io of  maximum  operating  pressure44REPORT OF THE iNQUIRY



    Cracks grow in two ways. They increase in length and depth dueto dissolution and hydrogen embrittlement. They also grow whenseveral cracks join together and create a significantly longer crack.    The effect of stress level by itself has not been evaluated in theresearch conducted to date. The research conducted has involved stresslevel and stress fluctuations together.    Beavers indicated that [61]:    In constant displacement rate testing and ongoing cyclic load    testing for TCPL, we have only obseived cracking where    dynamic loading conditions are present. No evidence of crack    growth has been found under constant load or constant    displacement conditions.    His comment points out the importance of the question of pressurefluctuations. While Parkins [62] agrees with this statement, Wilmott [63]suggests that further research is needed to define the role of pressurefluctuations on crack growth. For example, in laboratoiy bending tests,he was able to make existing field SCC cracks grow longer at stressesfrom 40 to 100 per cent SMYS where load was essentially constant, thatis, where R-ratios stress fluctuations were 0.98. But preliminaryresearch at CANMET and The University of Waterloo shows that pressurefluctuations are necessary for cracks to occur with near-neutral pH SCC.When CANMET carried out a full-scale test, no crack growth was foundunder static load conditions when load was held constant, even at stresslevels as high as 80 per cent of actual yield strength [641.    While looking at the effects of stress levels and stress fluctuationsseparately would be helpful, the available research data do not permitthis. The most complete set of laboratory data is available from Parkinsand is shown in Figure 3.21. Parkins conducted laboratory tests onsmooth-sided specimens in an NS4 environment a weak carbonic acidenvironment found in the field and used for a broad range of laboratorytesting. Parkins tested X65 grade 448 MPa steel in a stress range from52 ksi 80 per cent SMYS to 70 ksi 108 per cent SMYS with R-ratios of0.5, 0.70 and 0.85. He found a direct relationship between maximumstress and an increased crack growth rate for the lower R-ratios, 0.5 and0.7. At an R-value of 0.85, which is typical of gas pipeline operations, hefound no effect of stress level on the measured crack growth rates.Conversely, at lower R-values such as 0.5, which is more typical of oilpipelines, there is a definite relationship between stress level and anincreased growth rate.    Parkins commented that at each stress level and R-ratio thehighest curve in Figure 3.21, the highest crack velocity values forindividual specimens are more representative of actual service failuretimes than those represented by the average data for R of 0.85 whichshould be typical of a gas transmission pipeline. One problem with thisdata set is that it starts at 80 per cent SMYS and examines higher stressSTRESS CORROSION CR~4CKING                                                   45



                           Figure 3.21                           Near-neutral pH SCC growth rates as a function of stress amplitude                           and maximum stress for an X65 steel in TransCanada's 36 inch                           pipeline                              -5-                                                                Max. abs.                              -6      8~l5YS                            U           i~~Chara~vaIues                            ~    .__._._I-                      Charac. values                              -8-                         __-~--~-~------                                          ~Chara~vaIues                                        I                       R=0.85                                   I  I      I I  I  I    I  I    I  I  I  I                                46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80                                               Maximum stress ksi                           Source: Endnote [65J                           levels but does not explore the trend at lower stress levels. Parkins was                           unable to initiate cracks which grow to failure at stresses below about                           70 per cent SMYS.                                Laboratory research conducted by Wilrnott at NRTC shows that                            for small shallow SCC cracks the rate of elongation is independent of the                           applied load from 40 per cent to looper cent SMYS." Figure 3.22 presents                           the Wilmott data for 40, 70 and 100 per Cent SMYS stress levels with a                           0.98 R-ratio. This research measured crack growth rates based on                           increases in the surface length of a pre-existing SCC service crack                           stress corrosion cracked pipe was used for the samples in a bending                           test. The crack growth measurements are twice the increase in length                           for a single crack tip. The relationship between the changes in crack                           length reported by Wilmott and the changes in crack depth reported by                           Parkins is unknown. These results indicate that the crack growth rates                           appear to be similar at 40, 70 and 100 per cent SMYS. However, the                           results are widely scattered: the crack growth rates range from 0.2 to                           2.8 x l0~ mm/s at all three stress levels.                                CEPA's position is that "Crack growth can occur by a combination of                           continued initiation of new cracks, extension of existing ones, and                           coalescence with nearby cracks. At normal operating stress levels, growth                           rates appear to be essentially independent of maxim urn stress and R-value46                                                           REPORT OF THE iNQUIRY



Figure 3.22Crack growth rate distribution from crack growth studies at variousload levels NRTCa0*aaNE02100% SMYS     ~    70% SMYS    ~    40% SMYSSource: Endnote [66]and is instead, controlled by environment." [67] However, severalresearchers indicated that they expect to find crack growth rates relatedto stress level, as indicated by the following comments:        Parkins referred to his laboratory research work on the        effects of stress fluctuations R-value and maximum stress        on crack growth rates Figure 3.21. He prefaced his work        by stating [68]:        It is to be expected that increase in the maximum        stress and /or decrease in R value will be more        like'y to promote the formation of deeper cracks.        It should be noted, however, that Parkins' work was carried        out at stress levels significantly above those found in        operating pipelines, so it is difficult to define a trend for        typical operating stress levels.        Parkins further indicated [69]:        So far as attempting to control the incidence of        5CC by control of the stressing conditions on        pipelines is concerned, since I believe there are        threshold conditions, at stresses that pro bably        depend on the environmental conditions, the steel0.2  0.4 0.6 0.8  1 1.2  1.4 1.6 1.8 2  2.2  2.4 2.6 2.8                  Growth rate mm/s x 10-aSTRESS CORROSION CRACKiNG47



                                 involved and the stressing conditions, it follows                                 that, in principle, SCC growth can be avoided by                                 such approaches. The d~fflcul~y in applying that                                 approach to control at present is that there are                                 virtually no laboratory data upon which to base                                 the choice of conditions to be applied in the field.                                 Leis notes that reducing pressure or pressure fluctuations in                                 order to reduce stress in a pipeline with SCC will not stop                                 cracking. However, it may marginally reduce the rate of                                 crack growth. Leis states that [70]:                                 D~fflculties remain in assessing the extent of this                                 rate reduction in that laboratory data do not                                 refiectfield conditions.                                 The role of stress on crack growth is also discussed by                                 Beavers [71]:                                 I believe that it would be safe to assume that the                                 probabill~y of crack initiation and subsequent                                 cracking velocity both would decrease with                                 decreasing applied stress.                                 Analysis of the data from TransCanada's investigative                                 excavations indicates that crack `depth increases at higher                                 stress levels Figure 3,18. TransCanada attributes this                                 finding to higher loading rates at locations near compressor                                 stations rather than higher stress levels [72].                                 The analysis of the seven SCC ruptures on the TransCanada                                 system indicates the maximum crack growth rate for gas                                 Source: Endnote [74]Figure 3.235CC `life' model for a crack that would grow to failureFailureStage 3Stage 4CracksinitiateGrowth by continuous initiation,        Large cracksextension, and coa'escence              coalescenceTime48REPORT OF THE INQUIRY



        pipelines is in the vicinity of 2 x i0~ mm/s        0.63 mmlyr [731. This growth rate represents a time-        averaged value, i.e., from Stage ito stage 4 Figure 3.23,        not an absolute value, since crack growth is essentially        governed by chance, where there are periods of rapid crack        growth interspersed with periods of dormancy [75]. Growth        rates vary with the steel microstructure: thus, growth rates        are some 30 per cent higher in the heat affected zone HAZ        next to pipe welds [76] and growth can stop when cracks        encounter pearlitic bands in the steel microstructure [771.        Krishnamurthy presented in Figure 3.24 the means        comparison between crack depth and the ranges in the        pipeline operating pressure. He noted that [79]:        The pressure ranges 600 and 800 [psi] exhibit significantly 80        percent confidence larger crack depths as compared to 200        and 400 [psi]. This may imply an increased propensity for        cracking at higher pressures. However, when pressure varies        from 400 to 600 [psi], the crack depths are significantly 80 per        cent confidence larger than when the pressure is between 600        and 800 [psi]. Additionally, parameters such as crack length,        and colony size were also evaluated as a function of pressure,        and no such trends were evident. The implication of such        data, is that despite a limited relationship to operating        pressure, there are perhaps other factois influencing the        cracking.Figure 3.24Means analysis of estimated depth per cent wallversus pressure range Mobil 20-             .               .                                 .                                 S          .      S         S                           S0..                         _______ *        C~ 10-----------~-------------------------------80%     0    200    400       600   800     AU pairs                                       Tukey-Kramer                 Pressure range           0.2Source: Endnote [78]STRESS CORROSiON CRACKING                                                    49



                              Effect of crack coalescence on crack growth. Crack                          coalescence is another factor affecting crack growth rates. Crack                          coalescence is the result of individual cracks joining together at the                          crack tips to form longer cracks Figures 3.25, 3.26. CEPA states                          that [80]:                          Figure 3.25                          Coalescence of several cracksSource: Endnote [1]Figure 3.26Cracks approaching coalescenceSource: Endnote[11]50REPORT OF THE iNQUIRY



    If cracks nucleate in close proximi~y to one-another, as [is]    suggested could occur at higher operating stresses, then crack    growth could be dominated by the coalescence of coiinear    cracks.    Coalescence can occur throughout the SCC life cycle Figure 3.23.Depending on the size of the crack, either environmental or mechanicalforces will cause the cracks to grow during Stage 3~ In Stage 4 ofgrowth, coalescence occurs by tearing [811, where mechanical loadinghas a stronger effect in producing crack growth [821. The presence ofcoalescence throughout the life cycle was disputed by Beavers in that hehas found no evidence of coalescence late in the life of a pipeline, fromthe analysis of ruptured specimens [83].    Research at NRTC has shown that the geometry of the SCC colonyis important in determining whether cracks will coalesce and grow tofailure. Colonies of cracks which are long in the longitudinal directionbut narrow in the circumferential direction present more of a threat topipeline integrity than colonies of cracks that are about as long as theyare wide. In long, narrow colonies, individual cracks that are alignedhead to tail can link up and can lead to rupture. But in colonies ofcracks which are equally long and wide, growth occurs primarily on theedge of the colony [84]. Cracks located deep within these coloniesshield each other from stress and become dormant [85].    The cracks in colonies will be closer together or further apart andso the crack spacing may be described as being either "sparse" or"dense". Leis uses a circumferential spacing equal to 20 per cent of thewall thickness between cracks as the distinguishing criterion betweensparse and dense. Cracks circumferentially spaced closer than 20 percent of the wall thickness tend to go dormant, whereas cracks spacedfurther apart at distances greater than 20 per cent of the wall thicknesscan continue to grow [86]. This information shows that crackcoalescence is a possible influence on crack growth but, as the variousresearchers have stated, there is no predictive model which has beendeveloped that allows us to define the influence of coalescence on crackgrowth. Here again, the research in this area is incomplete.    Effect of rate of pressure change rate on crack initiationand crack growth. Very little research has been conducted on theeffect of the rate of pressure change or strain rate which is how thepressure rate affects the pipe steel on crack initiation and growth. In itswork to develop a model of crack growth rate, the University ofWaterloo conducted a series of experiments using a bending test fixturein which the loading rate was varied from 40 to 400 to 5 000 cycles perday with three R-ratios, 0.50, 0.82 and 0.90. In each set of data, themaximum stress intensity was held in the range of 34 to 38 MPa~m.This is analogous to keeping the crack driving force at the crack tip atthe same level. The results indicate that the slower frequencies gaveSTRESS CORROSION CRACKING                                                    51



                          faster per-cycle growth rates. This was because, at low frequencies,                          crack growth per cycle was higher since there was more time for the                          environment to interact with the crack, increasing the growth rate [87].                              A further indication of the significance of the rate of loading was                          provided by Beavers [88]. He indicated that he thought the appropriate                          crack driving force parameter was the J integral since this factor                          considers crack tip plasticity and plasticity appears to be related to the                          cracking process. The J integral or stress intensity factor K, as defined                          in fracture mechanics, is a function of crack size, the stress acting on                          the crack and the structural geometry of the crack. Recent results have                          modified Beavers' thinking because the constant displacement rate                          testing has shown that the rate of change of J with time must also be                          incorporated in a crack driving force parameter. This is an area where                          the research is incomplete.                          3.7 Conclusions                              Although there is much research to be done to better understand                          near-neutral pH SCC, we know that three conditions are required to act                          together for SCC to form:                                * a potent environment at the pipe surface,                                * a susceptible pipe material, and                                * a tensile stress.                          The findings with regard to these three factors are discussed below.                          3.7.1 Environment                              The environment at the pipe surface is affected by four factors:                          the type and condition of coating, soil, temperature and cathodic current                          level. All occurrences of SCC involve both failure of the coating                          disbandment or holiday formation and the lack of cathodic protection                          of the pipe surface. Without cathodic protection, the environment at the                          pipe surface, which is influenced by soil conditions and chemistry as                          well as temperature, can cause the initiation of near-neutral pH SCC.                              We found that research into the environment conducive to SCC is                          incomplete in the following areas:                                * the relationship between anaerobic soil conditions and the                                  occurrence of near-neutral pH SCC;                                * a means to drive cathodic current under disbonded tape                                  coating to prevent formation of the near-neutral pH                                  environment;                                * alternative ways to drive the cathodic current through high                                  resistivity soil to the pipe surface; and                                * the role of sulfides produced from sulfate-reducing bacteria,                                  which act as a poison for the atomic hydrogen created by                                  the environment.52                                                        REPORT OF THE INQUIRY



3.7.2 Material    There does not appear to be a correlation between near-neutral~H SCC and pipe composition, grade, manufacturer or manufacturingprocess. With one exception, all of the steels examined have indicated acomparable susceptibility to near-neutral pH SCC. The exception wasthe ERW pipe manufactured by Youngstown. The ERW seam area ofYoungstown pipe has been found to exhibit a lower resistance to near-neutral pH SCC formation than the base metal.    We found that research into pipe materials is incomplete in thefollowing areas:      * the susceptibility of high strength steels to SCC and/or        hydrogen embrittlement and the tolerance of high strength        steels to SCC and other defects;      * the susceptibility of the coarse-grained heat-affected zone        to cracking, relative to the base material in the near-neutral        pH environment;      * the role of cyclic-softening in controlling the formation of        plasticity on the surface of a pipe and the feasibility of        altering the cyclic-softening characteristics of steel through        hydrostatic retesting procedures;      * the relationship between the incidence of SCC and the        number and size of non-metallic inclusions; and      * the relationship between the condition of the pipe surface        and the threshold stress level for the initiation of SCC.3.7.3 Stress    Field data and laboratory data indicate that stress has an effect oninitiation and possibly on the growth rate of near-neutral pH SCC. Wealso found that pressure fluctuations and strain-rates have an effect oncrack growth as identified by laboratory data. However, we found thatthe available information is limited and conflicting.    While field data show a significant reduction in the incidence ofSCC below a hoop stress caused by pressure of 70 per cent SMYS,research has not found a threshold stress below which cracks will notgrow to failure. Some evidence suggests that the threshold stress leveland the level of pressure fluctuations are interrelated and that thethreshold may vary along the length of the pipeline. The evidenceindicates that the total stress on a pipeline should be considered. Thehoop stress caused by the internal pressure is only one component oftotal stress. In almost all pipeline failures associated with SCC, localstress intensifiers such as corrosion, gouges or stress concentrations atthe toe of the weld seam have been present.STRESS CORROSiON CRACKING                                                   53



                                   We found that research into stress is incomplete in the following                              areas:                                    * the role of stress level, stress fluctuations and strain rate,                                      individually and in combination, at realistic operating stress                                      levels, on the initiation and growth of SCC;                                    * the R-ratio daily, weekly, monthly or yearly which controls                                      the SCC behaviour of gas and liquid pipelines;.                                    * the role of crack coalescence in crack growth; and                                    * understanding of residual stress tn the initiation and growth                                      of SCC and possible ways of reducing or minimizing the                                      level of residual stress in pipelines.                              Recommendation                                3-1   We recommend that the Board require pipeline                                      companies to examine ERW pipe manufactured                                      by Youngstown Sheet and Tube located in 5CC                                      susceptible soils for evidence of 5CC.                                3-2   We recommend that the Board request that                                      CEPA provide, by 30 June 1997, an analysis of                                      the extent to which the areas of incomplete                                      research identified in this report are addressed                                      in the current 5CC research program and the                                      merits and implications of expanding this                                      program to cover these areas.54                                                              REPORT OF THE INQUIRY



Chapter FourPrevention, Detection and Mitigation40   Introduction     Our understanding of how near-neutral pH 5CC initiates andgrows was set out in Chapter 3. Pipeline companies, industry groupsand researchers have looked for ways to prevent, detect or remove SCCbefore it grows to the point where an in-service pipeline failure results.In the previous Inquiry, the Board evaluated the effectiveness of differentways to prevent service failures caused by near-neutral pH SCC. Themitigative measures evaluated included hydrostatic retesting, reductionof operating pressure, selective pipe replacement and investigativeexcavations and repairs.     Since that Inquiry, these and other techniques have been usedand there is now more experience with them and more informationabout their effectiveness, In addition, research has improved theunderstanding of the principles underlying these techniques. Takinginto account this experience and improved understanding, we evaluatedthese and other measures for the prevention, detection and mitigationof the effects of near-neutral pH SCC.     The measures discussed in this chapter are:      *  coatings,      *  predictive models,      *  investigative excavations and repairs,      *  in-line inspection,      *  pressure reduction,      *  hydrostatic retesting, and      *  selective pipe replacement.     Each was evaluated on the basis of its effectiveness in preventingservice failures or in minimizing the consequences of service failures.4.1  Coatings     The corrosion control system for a buried pipeline consists of twoparts: the external coating on the pipeline and the cathodic protectionsystem. The primary purpose of the coating is to protect the pipesurface from its external environment. In the event that the coatingdisbonds from the pipe, the cathodic protection system is designed toprotect the pipe from corrosion.STRESS CORROSiON CRACKING                                                   55



                               As discussed in Chapter 3, the occurrence of near-neutral pH SCC                          on Canadian pipelines has been largely due to the failure of                          polyethylene tape coatings which were applied to pipelines installed                          between 1968 and 1973. Clearly, these coatings did not have the                          properties needed to provide long-term protection against SCC.                               In the Inquiry, different types of coating systems were evaluated                          in terms of their ability to protect the pipe surface over the life of the                          pipeline. The use of coating systems for new pipelines and the                          recoating of existing pipelines are discussed in this section.                          4.1.1 Coatings for new pipelines                               CEPA stated that "~. [the] most viable way of reducing 5CC initiation                          on new pipelines is through the use of high-pei form an ce coatings in                          conjunction with effective cathodic protection." [1] CEPA considers that                          fusion bonded epoxy, urethanes, liquid epoxies, extruded polyethylene                          and multi-layer coatings are high-performance coatings.                               CEPA identified three criteria for assessing the effectiveness of a                          coating in preventing SCC [2]. They relate to the ability of the coating                          to:                                *    prevent the environment/electrolyte which causes SCC                                     from contacting the pipeline steel surface i.e., remain                                     bonded to the pipe;                                *    allow the passage of CP current which prevents the                                     initiation of SCC should the coating fail; and                                *    alter the pipe surface during the coating application so that                                     it is less susceptible to SCC initiation.                               In respect of the first criterion, if the coating does not disbond                          from the pipe, the environment necessary for SCC initiation or growth                          cannot develop at the pipe surface and SCC is effectively prevented.                          Good, long-term bonding strength in a coating is therefore important for                          SCC-susceptible pipe.                               However, over the service life of most coatings, some                          disbondment will likely occur. When it does, the pipeline's cathodic                          protection system acts as a back-up against near-neutral pH SCC. As                          noted by Beavers and Thompson [3], in order for the CP system to be                          able to protect the pipeline, the coating matenal must conduct CP                          current when disbondment occurs.                               The first two criteria are recognized in CSA Z662, which requires                          that coatings have the following properties [4]:                               9.2.8.1  Properties                               Coatings shall                               a electrically isolate the external surfaces of the piping                                from the environment;56                                                           REPORT OF THE INQUIRY



    b have sufficient adhesion to effectively resist underfllm      migration of moisture;    c be sufficiently ductile to resist cracking;    d have sufficient strength or otherwise be protected to      resist damage due to soil stress and normal handling;    e be compatible with cathodic protection;    J resist deterioration due to the environment and service      temperature; and    g where plant applied, comply with the requirements of      the appropriate CSA Z245 standard, where one exists.    Coatings that meet the performance criteria set out in the CSAstandard would therefore meet the first two criteria identified by CEPAfor preventing SCC. However, although Clause 9.2.8.1 1 of the standardsuggests that these properties should be maintained over the service lifeof the pipeline, there is no specific requirement to demonstrate the long-term performance of the coating.    With respect to the third criterion, laboratory and field testsconducted by the PRCI indicate that grit blasting a pipe surface renders itmore resistant to SCC initiation [5]. When grit blasting is used to cleanthe pipe surface prior to coating application, it removes the majority ofthe mill scale and changes the residual stress condition of the steelsurface, thereby minimizing initiation sites for SCC.    Coating systems that meet all three criteria are effective inpreventing SCC. Fusion bonded epoxy, urethanes and liquid epoxycoatings meet all three criteria. The long-term performance of thesecoatings attests to this effectiveness. CEPA states that FBE coatingshave been in use for over 25 years and there have been no reportedincidents of SCC, even on pipelines in locations known to cause SCC;and liquid epoxies and urethanes have been in use for over 13 years,with similar success [61.    However, a coating system does not have to meet all threecriteria to be effective in preventing SCC. Extruded polyethylenecoatings applied according to CSA Z245.21-M92 meet only the first andthird criteria. CEPA notes, however, that in over 20 years of experiencewith this type of coating, there have been no reported cases of SCC [71.Thus, there is evidence of proven long-term performance in preventingSCC.    Multi-layer and composite coatings are relatively new types ofcoatings. Multi-layer coatings consist of an inner layer of FBE and anadhesive layer followed by an outer polyolefin layer. Compositecoatings are a version of a multi-layer coating with inner FBE and outerpolyethylene layers but the adhesive is replaced with a graded layer ofFBE and modified polyethylene. CEPA notes that the potential forSTRESS CORROSiON CRACKING                                                    57



                          tenting across a raised weld remains a concern for multi-layer coatings                          that are extruded [8]. Since these coatings are relatively new, their long-                          term effectiveness in preventing SCC is unknown. Until that                          effectiveness has been demonstrated e.g., through experience or                          accelerated laboratory tests, careful consideration is needed before                          using these coatings for SCC-susceptible pipelines. If SCC does occur                          over the life of the pipeline, costly mitigative measures may become                          necessary.                              According to CEPA, bituminous enamel coatings asphalt and coal                          tar meet the first criterion, but may not meet the other two [91.                          However, as discussed in Chapter 3, unless the pipe surface is                          adequately prepared, these coatings may be prone to disbondment due                          to soil stresses. Near-neutral pH SCC has occurred on pipelines with                          these coatings in high resistivity soils, where the CP current was unable                          to reach the pipe surface.                              Modern polyethylene tape coatings have improved bonding                          strength and damage-resistance compared to the earlier versions                          associated with most of the SCC on Canadian pipelines. However, they                          still shield the pipe from CP current when they disbond and the pipe                          surface preparation process does not result in added resistance to SCC                          initiation. The long-term effectiveness of modern tape coatings in                          preventing SCC is unknown. Therefore, careful consideration is needed                          before using them for SCC-susceptible pipelines.                              It should be noted that girth weld coatings are applied in the field                          after the pipe joints have been welded together. The effectiveness of                          girth weld coatings is as important as the coating on the main body of                          the pipe in terms of preventing SCC initiation and growth and should                          meet the same three criteria.                          4.1.2 Recoatmg existing pipelines                              The principal reason for considering the recoating of long                          sections of a pipeline is the failure of its existing coating system.                          Pipelines that may require recoating are those with coating types that                          have historically contributed to the development of SCC by disbonding                          from the pipe and shielding the exposed steel surface from cathodic                          protection current.                              Recoating long sections of a pipeline involves excavation of the                          pipeline, removal of the old coating, preparation of the pipe surface and                          application of the new coating. These operations depend on the type of                          the replacement coating that is to be used.                              Not all coatings that are available for new lines can be used to                          recoat an existing pipeline. CEPA stated that, currently, pipeline                          recoating can be done using either conventional single or double-wrap                          tape systems, or liquid epoxy and urethane coatings [10].                              TransCanada indicated that, before recoating long sections of a                          pipeline, the integrity of the pipeline must be demonstrated to ensure58                                                        REPORT OF THE INQUIRY



that there are no near-critical flaws on the pipeline [11]. This wouldnormally be done with a hydrostatic retest.    CEPA indicated that, in most cases, projects involving therecoating of long sections of pipeline have not been economical [12].Recoating costs can vary from 50 per cent of the cost of a new line tomore than the total cost of a new line [13]. The costs vary considerablybecause there are numerous variables inherent in a recoating operationincluding specific terrain conditions, soil types, type of coating to beremoved and the type of rehabilitation coating. There are also the coststo assess pipe integrity and possibly perform pipe repairs, as well as thecosts associated with service interruptions.    TransCanada indicated that recoating costs are currently understudy [14]. The company indicated that it plans to conduct a coatingrehabilitation project to assess the feasibility of recoating long distancesof pipeline using the latest technology [15].4.1.3 Conclusions    The use of effective pipe coatings is the most practical way ofpreventing SCC on new pipelines or when recoating existing pipelines.We believe that the three criteria identified by CEPA provide a soundbasis for choosing an effective coating.    Our concerns relate to the absence of standard tests to determinewhether a coating will meet these criteria over the expected service lifeof the pipeline.    We consider that effective coatings are those that meet all threecriteria or have proven long-term performance in preventing SCC. Webelieve that the use of effective coatings, combined with adequate levelsof cathodic protection, has already gone a long way to preventing theinitiation of SCC on pipelines brought into service in the last twodecades, and will continue to do so in the future. Whenever possible,coatings with demonstrated effectiveness should be used for coatingnew lines, including girth welds, and for recoating existing lines.    We consider that fusion bonded epoxy, urethanes, liquid epoxyand extruded polyethylene coatings have established their effectivenessin protecting pipelines from SCC.    Careful consideration is required before deciding to use any othertype of coating on SCC-susceptible pipelines, if they do not meet thecriteria discussed above and their long-term performance has not beendemonstrated. If other coatings are used and SCC occurs over the life ofthe pipeline, costly mitigative measures may become necessary.    Finally, we consider it mandatory that, before a section of pipelineis recoated, its integrity must be demonstrated.STRESS CORROSION CRACKING                                                   59



                          Recommendation                             4-1   We recommend that the Board request that the                                   CSA Technical Committee on Oil and Gas                                   Industry Pipeline Systems, the pipeline industry                                   and coating manufacturers coordinate efforts to:                                   a develop standard tests, where none                                      currently exist, that determine whether a                                      coating will meet the performance criteria                                      set out in the CSA Z662-94 standard over                                      the anticipated service life of a pipeline;                                   b incorporate those tests in the appropriate                                      CSA standards; and                                   c~ conduct objective studies based on those                                      tests to demonstrate the long-term                                      performance of the different types of                                      coatings currently available for pipelines.                          4.2  Predictive models                               Predictive models are intended to identify and rank those areas                          along a pipeline system that are the most likely to have "significant" SCC                          based on the various factors which are known to contribute to                          susceptibility to SCC. The definition of "significant" SCC is discussed in                          section 4.3.1. These factors include:                                *  the type of coating,                                *  the year of pipeline installation,                                *  the operating histoiy of the pipeline, and                                *  the terrain conditions soil type, drainage and topography.                               By themselves, predictive models neither directly prevent service                          failures due to SCC nor do they reduce the consequences of such                          failures. However, by identifying those locations where SCC is most                          likely to occur, a predictive model allows a company to direct its                          investigative excavations and other mitigative activities to where they                          will have the most effect.                               This section discusses the development of a predictive model, the                          effectiveness of such models and how they can be used to manage an                          SCC-susceptible pipeline.                          4.2.1 Development of a predictive model                               The information collected by TransCanada during its investigative                          excavations in the late 1980s suggested that the occurrence of                          "significant" SCC on a pipeline was strongly related to the terrain                          conditions surrounding the pipe where there was the potential for pipe                          coatings to have disbonded. Based on this observation, TransCanada60                                                         REPORT OF THE iNQUIRY



employed J.E. Man Associates Canada Ltd. in 1992 to develop apredictive model for SCC susceptibility.    Several other pipeline companies have since developed predictivemodels for SCC susceptibility. In most cases, these models have beenbased on the methodology developed by TransCanada and J.E. ManAssociates Canada Ltd. [161. At the time of the InquiIy~ six CEPAmember companies were using predictive models to assess the SCC-susceptibility of their systems, or portions thereof, and five othermember companies were developing predictive models [17]. As well,one CAPP member has used a predictive model [181.    The data collected by various CEPA members have identifiedseven specific sets of terrain conditions associated with "significant"SCC on polyethylene tape coated pipelines. Another four specific sets ofterrain conditions have been identified with "significant" SCC on asphaltcoated pipelines. These 11 sets of terrain conditions are referred to as"significant terrain conditions" [191 and are outlined in Tables 4.1 and4.2. It is important to note that the presence of these terrain conditionsalong a pipeline system means only that the environmental conditionsmay exist for "significant" SCC to develop. If any of the other conditionsnecessaly for SCC initiation and growth e.g., coating disbondment,susceptible pipe material and stress are not present, SCC will notdevelop at that location.    In general, the first step in the development of a predictive modelis to review the background information for a specific pipeline. The datawill include, among other things, the pipeline's operating history, itscoating type and its year of construction. The more current andcomplete the available pipeline data, the better the initial model.    The second step is to get information about the existing terrainconditions along the system. Aerial photos and soil surveys are usedhere. The pipeline data are then correlated with the actual terrainconditions to form a database. Finally, the gathered information iscross-referenced with the "significant terrain conditions" known topromote SCC [20].    Areas along the pipeline system are then identified as beingsusceptible or non-susceptible to SCC. Areas identified as susceptible toSCC can also be ranked as to their relative susceptibility.    As investigative excavations are carried out in these areas, thepresence or absence of SCC and specific details on the terrainconditions are recorded. The information collected is then used to verifyand enhance the predictive model. As more excavations are performed;the model is further refined and its accuracy improves.    While the information on terrain conditions known to promoteSCC susceptibility may be applied to all pipelines in the same area, apredictive model can be used only for the pipeline for which it wasdeveloped. That is because the data about each pipeline - its coating,its year of construction, its operating history - may be quite unique andSTRESS CORROSION CRACKING                                                    61



                                 Table 41                                 Description of significant terrain conditions for polyethylene tape                                 coated pipelines                                 Soil environment description                                  Topography            Drainage                                 Clay bottom creeks and streams generally <5 m in width                                 Lacustiine clayey to silty, fine textured soils             inclined              very poor                                                                                               level                                                                                               undulating                                 Lacustrine clayey to silty, fine textured soils             inclined              poor                                                                                               level                                                                                               undulating                                                                                               depressional                                 Organic soils >1 m in depth overlaying glaciofluvial        level                 very poor                                 sandy and/or gravel textured soils                          depressional                                 Organic soils >1 m in depth overlaying lacustrine           level                 very poor                                 clayey to silt~ fine textured soils                         depressional                                 Moraine tills variable soil texture - sand, gravel,          inclined to level     very poor                                 silt and clay with a stone content >1%                       level                 poor                                                                                               undulating            imperfect to poor                                                                                               ridged                                                                                               depressional                                 Moraine tills variable soil texture - sand, gravel,          inclined              poor                                 silt and day with a stone content >1%                                              imperfect to poor                                 Source: Endnote [19]                                 Table 4.2                                 Description of significant terrain conditions for asphalt coated                                 pipelines                                 Soil environment description                                  Topography            Drainage                                 Bedrock and shale limestone                                   inclined              well drained                                 <1 m of soil cover over bedrock or shale limestone          level                                                                                               undulating                                                                                               ~dged                                 Glaciofluvial sandy and/or gravel textured soils            inclined              well drained                                                                                               level                                                                                               undulating                                                                                               ridged                                 Moraine tills sandy soil texture with a stone                inclined              well drained                                 content> 1%                                                  level                                                                                               undulating                                                                                               ridged                                 Sites which do not meet the <850 mV ~off" criteria                                 used in the Close Pipe to Soil Corrosion Survey                                 exclusive of the three sets of terrain conditions                                 discussed above                                 Source: Endnote [19]62                                                                                                    REPORT OF THE iNQUiRY



                                                                ,~ 500-                                                                0                                                                  400-                                                                `a                                                                U                                                                x                                                                ~ 300-                                                                0                                                                  200-                                                                E                                                                  100-Figure 4.1Effectiveness of predictive modelsthis data is an important part of the predictive model. Consequently,assumptions should not be made about SCC susceptibility on onepipeline system on the basis of a predictive model developed for anothersystem.    Cost. The cost of developing a predictive model will differ forevery pipeline company, depending on the availability of the informationrequired for the database. For example, the cost will be higher if theoriginal pipeline construction documentation is not available. CEPAprovided the following estimated costs for developing a predictivemodel [21]:    Pipeline database development     $80/kilometre    Investigative excavations         $1 000/metre    Model verification                $1 20/kilometre    Model refinement                  $25/kilometre    As the estimates show, the long-term costs of maintaining apredictive model will depend primarily on the number of excavationsperformed.4.2.2 Effectiveness of predictive models    At the time of the Inquiry, CEPA member companies, primarilyTransCanada, had completed 1,920 investigative excavations thatincluded inspection for SCC. As shown in Figure 4.1, about 45 per centof these excavations were selected using a predictive model and SCCwas found at 44 per cent of those sites. When the inspections werecarried out during routine maintenance activities, SCC was found at onlyfour per cent of the sites.    This substantial increase in the amount of SCC found usingpredictive models demonstrates the effectiveness of predictive modelsin finding SCC. The data also demonstrate that relying on SCCinvestigations during routine maintenance activities may givemisleading results in respect of a pipeline system's susceptibility to SCC.    Figure 4.2 provides a graphical representation of the effectivenessof predictive models developed by five CEPA member companies.Excavations were conducted at sites associated with "significant terrainconditions" and "non-significant terrain conditions". As the data show,SCC was detected two times more frequently at sites with "significantterrain conditions" than those with "non-significant terrain conditions".Also, while some "insignificant" SCC was detected at sites with "non-significant terrain conditions", no "significant" SCC was detected atthose sites. These results indicate that the SCC predictive modelsdeveloped by five CEPA member companies have been effective inidentif~iing sites where SCC may be present.    The models' effectiveness will depend on their accuracy forpredicting sites susceptible to "significant" SCC. That accuracy willdepend in large measure on the quality and reliability of the data used todevelop the model. In this connection there are currently no developed      Excavations performed for other      reasons no 5CC detected  *   Excavation performed for other      reasons 5CC detected      Excavations selected with a  O   predictive model no 5CC      detected  ~   Excavations selected with a      predictive model 5CC detectedSource: Based on data from endnote [22]Figure 4.2Effectiveness of predictive modelsdeveloped by 5 CEPA membercompaniesU--                I        -   Excavations in   Excavations in    significant     non-significant      terrain          terrain    conditions       conditionsD NoSCCfoundD Insignificant SCC foundU Significant 5CC foundSource: Based on data from endnote [23]STRESS CORROSION CRACKING63



                          sampling criteria for companies to assist them in determining the                          appropriate number of excavations to verify a model's accuracy.                              Soil probe. To increase the effectiveness of detecting SCC,                          several companies have been using a soil probe during their                          investigative excavations. The NOVAProbeÆ, developed by NGTL and                          NRTC, measures a number of soil characteristics active in the                          development of pipeline corrosion without requiring excavation. As the                          probe does not disturb the soil around the pipeline, the accuracy of                          selecting sites for SCC inspection improves, since additional information                          about the soil characteristics at pipe depth can be used along with                          information on site topography, soil type and drainage.                              As shown in Figure 4.3, the NOVAPr0teÆ incorporates several                          sensors in a single probe tip. In the field, the probe is pushed to the                          desired depth to measure the soil resistivity, redox potential,                          temperature and pipe-to-soil potential [24]. Because of heavy demand                          for the NOVAProbeÆ, NRTC has organized an industry consortium to                          make it more readily available to pipeline companies.                              The information collected by the NOVAProbeÆ is also being                          incorporated into the CEPA SCC database discussed in Chapter 6 to                          further determine if there are any correlations between the soil                          characteristics measured and the presence or absence of SCC.                          4.2.3 Conclusions                              We consider that predictive models can be effective in identif~Òng                          and ranking areas along a pipeline that are susceptible to SCC, provided                          that:                                 * reliable pipe data and terrain infbrmation are used; and                                 * the predictive model is verified and continually enhanced as                                   data from excavations become available.                              By identifying those locations along a pipeline where SCC is most                          likely to occur, a predictive model enhances the effectiveness of other                          mitigative measures in preventing service failures or reducing the                          consequences of such failures.                              When prioritizing susceptible areas for mitigation, it is important                          that the consequences of potential service failures be considered so that                          the risk due to SCC failures may be minimized.                             4-2   We recommend that, if there is reason to                                   believe that sections of a pipeline may be                                   susceptible to 5CC, the Board require the                                   pipeline company to develop a predictive                                   model to identify and prioritize sites for an                                   investigative excavation program.Figure 4.3Soil probeRecommendationsCourtesy of NOVA64REPORT OF THE INQUIRY



   4-3  We recommend that the Board request that        CEPA develop sampling criteria for verifying the        accuracy of predictive models.4.3   Investigative excavations and repairs     If SCC is detected before it grows to a critical size, repairs can bemade and the risk of a service failure can be eliminated, One way ofdetecting SCC is by excavating around the pipe and inspecting it sectionby section. To be effective at preventing service failures due to SCC,however, the repair method must restore the integrity of the pipelineand eliminate the conditions necessary for further SCC growth.4.3.1 Investigative excavations     Pipeline companies excavate around portions of their pipelinesFigure 4.4 as part of routine maintenance and these excavations createai-i opportunity to investigate for SCC. Companies can also conductexcavations specifically to look for SCC at locations selected on thebasis of information from predictive models or in-line inspection.However, while predictive models are designed to identify locations thatare most likely to have "significant" SCC, they are not able to distinguishthose locations with near-critical cracks.     With respect to SCC-specific investigative excavations, CEPAstated that it is `~.. not technically possible, at this time, to eliminate allpotentialfor SCC failures on a pipeline on the basis of investigativeexcavations alone unless discretely susceptible locations are known to existin isolated sections along the pipeline." [25]     CEPA Recommended Guidelines. To assist its members indeveloping and implementing SCC investigative programs, CEPA hasproduced a manual of Recommended Guidelines which providesinformation on site selection, excavation procedures and inspectiontechniques [26]. These guidelines are specific to longitudinal near-neutral pH 5CC and were written as a working document based onindustry experience. An overview of the investigative excavationprocess, as detailed in CEPA's Recommended Guidelines, is outlined inthe following paragraphs.     Before and during excavation, information about the terrainconditions at the site is documented. Terrain conditions include soiltype, drainage and topography. Samples of soil and groundwater shouldbe collected, as well, to further develop an understanding of theenvironmental parameters associated with SCC.     Following excavation, the pipe coating is examined for anydisbondment or other damage. Normally, all areas of coatingdisbondment should be inspected for 5CC. If liquid electrolyte is foundbeneath the pipe coating as it is being removed, a litmus paper pHreading is taken. Measurement of the pH in the field is very importantFigure 4.4Investigative excavationSTRESS CORROSION CRACKING65



                         since ongoing chemical reactions within the sample can alter the pH                         prior to laboratory analysis. Nevertheless, subsequent laboratory                         measurements of pH for the same electrolyte can provide useful                         information about ~he processes associated with SCC.                             As the pipe coating is removed, the presence of any corrosion                         deposits should be noted. It is important that a corrosion deposit be                         accurately identified. Combined with other specific environmental                         conditions, certain corrosion deposits are strongly related to either the                         presence or absence of SCC and provide information about the                         environment beneath the disbonded coatings.                             To prepare the pipe for SCC inspection, the pipe surface must be                         cleaned and dried so that any SCC present can be reliably detected.                         Currently, high-pressure water blasting and walnut shell blasting are the                         only field-proven ways to clean the pipe surface for SCC inspection. Both                         methods remove the pipe's coating and primer, as well as any corrosion                         deposits or mill scale found on the pipe surface. However, the pipe                         cleaning process must be done carefully since mechanical damage to the                         pipe surface could result in SCC colonies being masked or misinterpreted.                             After the surface has been prepared, the pipe is inspected for SCC                         using magnetic particle inspection MPI techniques see Figure 4.5.                         The skill of the technician in recognizing SCC is a critical factor during                         this inspection process. It is essential that all SCC colonies present be                         identified correctly and then documented. The documentation should                         include, among other things, an assessment of the severity of the SCC                         detected.                             Criteria for assessing the severity of SCC. SCC will be more                         advanced in some cases than in others. In order to be able to provide a                         consistent measure of the severity of SCC when it is found, TransCanada                         developed a set of definitions, or criteria, which classif~' the severity ofFigure 4.5Magnetic particle inspectionC¸urtesyofltPL66REPORT OF THE INQUIRY



SCC colonies as either "significant" or "insignificant". These definitionstake into account the colony's length and depth and the pipe's geometricand mechanical properties. A colony is "significant" if the deepest crackis greater than 10 per cent of the pipe wall thickness and the total lengthof the colony exceeds a crack length that would likely fail under apressure test at 110 per cent of the pipe's SMYS [27]. SCC colonies thatdo not meet the "significant" criterion are classified as structurally"insignificant" [281.    It should be noted that SCC colonies that are classified as"significant" are not necessarily an immediate threat to the integrity ofthe pipeline. The criterion is deliberately conservative so that thepipeline company has adequate time to plan and implement remedialaction before a crack grows to a critical size.    To properly evaluate the severity of an SCC colony, its depth andlength must be accurately determined. These dimensions are thencompared to a critical crack size calculated for that segment of pipe toassess if the pipe's integrity is threatened.    From the experience gained after grinding several hundredcolonies, some CEPA member companies have developed a correlationbetween the length and depth of "insignificant" cracks. In this way, thedepth of an "insignificant" crack can be estimated from its length [29].However, the only way of accurately measuring the depth of SCC isthrough successive grindings with repeated wall thickness readings,combined with MPI, to confirm the continuing presence or removal ofthe colony [301.4.3.2 Repair of SCC-affected pipe    The primary objective of any pipeline repair is to restore theintegrity of the pipeline. This is generally achieved by removing anydefects of a size that may fail in service. In the case of SCC-susceptiblepipelines, another equally important objective is to eliminate thepossibility of future SCC growth. This second objective is achievedthrough the application of a coating that will effectively eliminate theconditions necessary for SCC growth.    Once SCC has been detected and classified, a decision must bemade as to which colonies can be left in the pipeline and which onesneed to be removed. In making this decision, the company must revieweach SCC colony and take into account the pipe material, the pipelineconfiguration and location, the pipeline's operating characteristics andthe extent of the cracking [31].    As a minimum, companies must meet the requirements ofCSA Z662. That standard considers pipe body cracks to be unacceptabledefects that must be removed, unless an engineering assessmentdetermines that they are no threat to the pipe's integrity. Thus, if thenature and extent of stress corrosion cracks do not threaten pipelineFigure 4.6Grinding out 5CCCourtesy of TCPLSTRESS CORROSION CRACKiNG67



Figure 4.7Full-encirclement reinforcingsleeve               integrity, it is usually acceptable to make no repair, other than to replace               the coating with a type of coating which will prevent further growth.                   If the SCC must be removed from the pipe, the company has a               number of choices. Currently, the repair methods allowed by CSA Z662               for cracks include cut-outs, grinding and grinding combined with the               use of a full-encirclement reinforcing sleeve. Several additional repair               methods may be included in the next edition of CSA Z662. Additional               repair methods proposed by CEPA include pressure containment sleeves               for cracks in the pipe body or mill seam welds and fibreglass               reinforcement and steel reinforcement repair sleeves for metal loss in               the pipe body [32].                   The currently allowable repair methods have different advantagesCOU~SyOfPUDCO  and disadvantages. When a cut-out is done, the pipe is cut all the way               through on both sides of the damage and the cylindrical section of pipe               containing the damage is taken out. A new segment of pipe is welded               in its place. The advantage of a cut-out is that the damaged pipe is               completely replaced, so the risk of a service failure due to SCC is               eliminated. However, the pipeline must be shut down until the repair is               completed. Sometimes, a complete shut-down is not practical and this               constraint often governs the decision between pipe replacement and               other repair options.                   Grinding out cracks is done with a hand file or a power tool, as               shown in Figure 4.6. Grinding is an effective repair method, but only if               the stress-concentrating effect of the defect is eliminated, all damaged               or excessively hard material is removed and the amount and distribution               of metal removed does not significantly reduce the pressure-canying               capacity of the pipe [33].                   When grinding out results in a metal loss exceeding that allowed               by CSA Z662, a full-encirclement reinforcing sleeve can be used to               restore the structural integrity of the pipe. As shown in Figure 4.7, full-               encirclement reinforcing sleeves consist of two halves of a cylinder that               are placed around the damaged area of the pipe and subsequently               joined by welding the side seams. However, for these sleeves to be               effective as permanent repairs for SCC-affected pipe, the non-welded               ends of the sleeve must be sealed onto the pipe to prevent water from               getting in between the pipe and the sleeve.                   As discussed in Section 4.1, the coating used in a repair must               effectively eliminate the conditions necessary for SCC growth.               4.3.3 Conclusions                   On pipelines where "significant" SCC exists, investigative               excavations and repairs cannot be fully relied on to prevent all service               failures due to SCC until there is a reliable site selection process for               locating near-critical SCC flaws.                   We are concerned that SCC may not be detected unless effective               nondestructive inspection techniques are used by qualified technicians.68REPORT OF THE INQUIRY



Also, the repair method chosen must restore the integrity of the pipelineand eliminate the conditions necessary for further SCC growth.     Only coatings that have been proven effective in protectingpipelines from SCC should be used for repairs.4.4  In-line inspection     For many years, in-line tools have been employed for theinspection and maintenance of pipelines. These tools, commonlyreferred to by the pipeline industry as "pigs", travel inside the pipelinewith the flowing product and perform various functions.     As a mitigative measure against SCC, the objective of in-lineinspection ILl is to detect stress corrosion cracks and collect enoughinformation so that a decision can be made as to whether a crack needsto be repaired.     This section discusses in-line tools with particular focus on, crackdetection ILl technology and the challenges in the development and useof such technology.4.4.1 In-line tools     In-line tools can be classified as utility pigs or instrumented pigs.Utility pigs perform strictly operation and maintenance functions e.g.,cleaning, batching, gauging. They contain no instruments. On theother hand, instrumented pigs, also known as "intelligent" or "smart"pigs, may contain various sensors, sophisticated electronics, onboardcomputers and recording devices that collect data which are lateranalyzed to reveal information about the condition of the pipeline.Figure 4.8Pig receiverSTRESS CORROSION CRACKING69



                               There are two types of instrumented pigs: configuration pigs and                          Ill pigs. Configuration pigs use onboard sensors to determine either the                          configuration of the inner surface or the shape and location of the                          pipeline. They are designed to provide information on the geometry and                          dimensions of the pipeline. On the other hand, ILl pigs apply                          nondestructive examination NDE methods to the pipe wall in order to                          detect conditions of the pipe wall that may affect the integrity of the                          pipeline.                               Pigs are placed in and taken out of the pipe using launchers and                          receivers see Figures 4.8 and 4.9. These devices usually allow pigging                          while the pipeline remains in service or "on-line". When on-line pigging                          is not possible, pigging can sometimes still be done "off-line" by taking                          the line out of service, temporarily adding a portable pig launcher and                          receiver, running a pig then putting the line back into service.                               In-line inspection tools have been successfully used in pipelines                          for over 30 years. In 1965, the first magnetic flux leakage MFL ILl tool                          was introduced in the United States. This tool was used to detect                          general corrosion in pipelines. Since that time, MFL tools have been                          refined and are now routinely used to detect metal loss due to                          corrosion. Another NDE technique, ultrasonics, has been successfully                          adapted for ILl for the detection of corrosion. More recently, this                          technique has also been adapted for Ill for the detection of cracks.                          4.4.2 Crack detection IL! technology                               The Inquiry showed that detection of SCC using special in-line                          inspection tools has considerable potential.Figure 4.9British Gas 5CC pig being removed from a receiver70REPORT OF THE INQUIRY



    Crack detection ILl tools are designed to detect longitudinalcracks, including SCC, and provide information on their dimensions.With a reliable and accurate crack detectiontool, such information canbe used to locate critical and near-critical cracks so that they may berepaired. By providing information on the location, extent and severityof SCC on a pipeline, better decisions can be made regardingmaintenance activities.    Crack detection tools use ultrasonic technology, which has beensuccessfully used for many years to find cracks in a variety of otherindustrial applications. Ultrasonic waves are transmitted viatransducers into the pipe wall. These waves are reflected when theyencounter discontinuities such as cracks and a portion of their energyis reflected back as an ultrasonic signal. This signal is then processedand recorded for later analysis.    Examples of crack detection tools that are currently available orunder development are illustrated in Figures 4.10 and 4.11. Table 4.3summarizes some of the technical characteristics of these tools.    Currently, the evolution of crack detection ILL is at a stage wheretools have been developed and are being offered for commercial use. Inrespect of the British Gas Elastic Wave Inspection Vehicle EWIV MarkH, TransCanada stated [351:    The crack detection capabilities of the current EVVIV Mark H    have been proven on TransCanada's Line 100-2 as well as on    other pipe systems. However, the data analysis techniques    utilized to discriminate between injurious crack-like defects    and non-injurious inclusions have limited the progress of the    tool on spec~flc pipeline steels with high reflector    populations...    Generally, results so far are promising in that the tools are findingcracks and the technology for distinguishing them from non-injuriousFigure 4.10Schematic of a crack detection tool PipetronixSource: Adapted from endnote [34]       Marker-noseBattery body     PipeTransducers   /Odometerwheel                    Polyurethane cups     Sensor carrier                Ultrasonic body           Data storage bodySTRESS CORROSION CRACKING71



Table 4.3Examples of in-line inspection tools currently under development or being testedCompany          Pipetronix Ltd.                            _____________Tool             UltraScan CDDevelopment stage /Date availableTechnologyRuns in liquid lines?Advanced /Currently available [a]Ultrasonic / requires liquidcouplant between the transducersand the pipe wall Ed]Yes - uses product in theline as coupling agent [d]Advanced /Currently available [a]Ultrasonic / uses liquid-filledwheels to achieve couplingbetween the transducersand the pipe wall [`1Yes [b]In development /End of 1996 [a]Ultrasonic / uses liquid-filled wheels to achievecoupling between thetransducers and thepipe wall [i]Yes [bJIn development /End of 1998 [a]Ultrasonic / uses liquid-filled wheels to achievecoupling between thetransducers and thepipe wall [i]Yes [b]                                       Yes [b]               Yes [b]                                       In Canada and the US,                                       liquid and gas pipelines [b]                                                                           Yes [bJTarget size of 5CC flawsthat the tool must detectSizes of pipe that the toolcan inspect with properconversion kitOther features /comments30 mm length;2 mm depth [fJThe 610 mm 24" tool can bemodified to cover 508 mm 20'to 762 mm 30" lines;In the second quarter of 1996,Pipetronix planned to release a toolthat would cover pipe sizes rangingfrom 1016 mm 40"to1422 mm 56" [d]German TUV certified this toolas a replacement forhydrostatic retesting [e]50 mm length;1.5 mm depth [k]2 rn/s II]45km [j]914mm 36" [j]The 914 mm 36" tool cancover 813mm 32"to914 mm 36" lines [j]Has some ability todetect disbonded coating [I]50 mm length;1.5mm depth [k]2ni/s[j]60km Ii]914mm 36' [j]The 914 mm 36" toolcan cover 813 mm 32"to 914 mm 36" hines [h]Will have more sensorsthan Mark liii];will have some abilityto detect disbondedcoating [I]50 mm length;1.25 mm depth [hi3.6m/s[j]150km ~j]610mm 24' &1067 mm 42" U]The 610 mm 24" toolcan be modified to cover508 mm 20" to762 mm 30" lines;the 1066 mm 42" toolcan cover 813 mm 32" to1219 mm 48" linessubject to conversionkits' availability [h]Gas bypass capability forgas line inspection /New electronics /Enhancement of theability to detect disbondedcoating [m]References for the table[a]  CEPA Submission, Vol. 1, Issue 3, pp 2 & 9.[b]  CEPA Submission, Vol. 1, Issue 3, pp 3-5.[c]  CEPA Submission, Vol. 2, Appendix 0, Tab 11, p 3.Ed]  CEPA Submission, Vol. 2, Appendix 0, Tab 11, p 5.[e]  CEPA Submission, Vol. 2, Appendix 0, Tab 11, p 6.[f]  CEPA Submission, Vol. 2, Appendix D, Tab 11, p 7.[g]  CEPA Submission, Vol. 2, Appendix 0, Tab 11, p 9.[h]   CEPA Submission, Vol. 2, Appendix E.[i]   British Gas Submission, Part B, p 3.U]    British Gas Submission, Part B, p 7.[k]   British Gas Submission, Part B, p 11.[I]   MH-2-95 Hearing Transcript, 19 April 1996, p 597, line 27.Em]   MH-2-95 Hearing Transcript, 19 April 1996, p 593, line 10.MARK IIBritish Gas plcInterim MARK IIIMARK IllRuns in gas lines?       Yes - requires a liquid slug Ed]Previous inspections     In Europe, liquid and                         gas pipelines [g]Maximum inspection speed 1 rn/s [dlMaximum inspection range 100 km [c]Nominal sizes of tools    610mm 24' [d]72REPORT OF THE INQUIRY



 features is improving. It is expected that this will lead to newer generations of crack detection tools with enhanced capabilities in the near future.     Once a tool is available with proven reliability for detecting critical and near-critical cracks and the ability to distinguish between cracks and non-injurious features, it will greatly enhance a company's ability to maintain the integrity of a pipeline that is susceptible to SCC, or to any other cracking mechanism. The company will know with much greater certainty where repairs are necessary, rather than having to rely only on predictive models or hydrostatic retests. Better decisions can be made regarding the need for other mitigative action e.g., recoating, selective replacement and down-time will be reduced.     CEPA stated that crack detection tools, as they further develop, may be used to monitor crack initiation and growth, validate and enhance predictive soils models for use in non-piggable pipeline sections and possibly find areas where coatings have disbonded [36]. 4.4.3 Challenges     While we are hopeful that crack detection IU tools will evolve to a level of reliability comparable to that of hydrostatic retests in finding near-critical longitudinal cracks like SCC, we also recognize that there are challenges ahead for the industry and the manufacturers of these devices. These are some of the major challenges:     Technical challenges. An ILl tool must survive a 60 to 150 km journey through a buried pipeline without its sensors and sensitive electronics being damaged. To detect cracks, the sensors of the tools have to inspect the complete volume of metal in the pipe wall over long pipeline sections. Achieving this level of performance is not easy.     In order for the ultrasonic energy to be efficiently transmitted from the transducers to the pipe wall and back, the transducers must be coupled to the pipe. This is achieved by placing a liquid between the transducers and the pipe wall. In pipelines transporting liquid products, the product itself is used as a couplant. For gas lines, the ILl tool must Figure 4.fl Photo of a crack detection toolCourtesy of British GasSTRESS CORROSION CRACKING73



  CSA Z662-94, Oil and Gas                    either be in a slug of liquid or, as with the British Gas tool, have                                              ultrasonic transducers coupled to the pipe through liquid contained in  Pipeline Systems                                     .                                              wheels that ride on the inside surface of the pipe. The use of a slug of  4.3.1.5                                     liquid, usually water, challenges gas pipeline operators to deal with     Consideration shall be given to          significant operational problems, because the line has to be taken out of  designing pipeline systems to               service and, after pigging, the water must be removed and disposed of.  accommodate the use of internal             The British Gas tool, however, eliminates this problem.  inspection devices; items to be considered       After the inspection, the pig is taken out of the line and the                                              information storage package is removed for validation and preliminary  may include the location and sizing of                                              analysis. After the data are checked in the field for quality and to  scraper barrels full opening mainline block      .            .                                              determine whether any equipment failures occurred, it is sent to the IL!  valves, bend radii, and scraper guide bars. tool manufacturer for processing and detailed interpretation. The IL!                                              data interpretation consists of many distinct stages, ranging from data                                              reconstruction to final sizing of the defects that will ultimately be                                              recommended for excavation. The processing of the data is carried out                                              by specialists using specially developed computer software. They                                              review the information and look for patterns which may represent a                                              crack. This process can take some months to complete before the final                                              results are delivered,                                                   The interpretation of the inspection data and its dependence on                                              human skills is the most critical and challenging part of the crack                                              detection process, as cracks and other non-injurious metallurgical                                              features present in the steel must be reliably distinguished from one                                              another and defects must be sized and ranked. Generally, the smaller                                              the size of crack that needs to be detected, the greater the likelihood of                                              a "false-call" a non-injurious feature interpreted as a crack. British Gas                                              indicated that, according to laboratory experience and field trials, the                                              "~.. defects which have approached the dimensions likely to lead to pipeline                                              rupture have always been detected by the system. A more pertinent                                              question is whether the procedures used to analyze the data lead to                                              accurate recognition of these flaws." [37] ILl tool developers are currently                                              investing a lot of effort into the improvement of data analysis techniques                                              in order to better discriminate cracks from non-injurious features.                                                   Abifity of major Canadian pipelines to accommodate lu                                              tools. This is a challenge in that not all pipelines can accommodate in-                                              line tools. Many older pipelines in particular fall into this category.                                              Various features of pipelines types of valves, bend radii, multiple wall                                              thicknesses, different pipe diameters can restrict the passage of pigs.                                              While some of these lines can be modified to accommodate internal                                              tools, the costs may be very high.                                                   Many pipeline systems in Canada were constructed before IL!                                              tools were developed. As a result, the original designs did not take into                                              account the need to provide for in-line inspection. Currently, CSA Z662                                              requires that internal inspection capability be considered in the design                                              of new pipelines.74                                                                            REPORT OF THE iNQUIRY



    The total length of pipeline owned by CEPA member companiesin Canada is 55 000 km, of which 40 per cent 22 000 km is smallerthan 508 mm 20 inches in diameter. CEPA indicated that, for theforeseeable future, crack detection tools will be targeted at pipelines508 mm in diameter and larger [381. Of the 33 000 km of pipelines508 mm or larger in diameter, about 15 000 km are currently capable ofaccommodating on-line inspection, while some 18 000 km wouldrequire modifications i.e., installation of launcher/receiver traps andvalve replacements before being able to be inspected on-line. The costof these modifications is estimated to be about $270 million. Of thetotal 55 000 km of pipeline, a small percentage is not adaptable forinternal inspection, and other detection methods would be required [39].    TransCanada indicated that it has begun a multi-year program forthe installation of pig launchers and receivers on high-risk portions ofits pipeline system where these facilities do not already exist and willensure that all new lines will be constructed to allow the passage of IUtools [40]. In addition, TransCanada will run magnetic flux leakage andcrack detection pigs off-line through the high risk sections of its systemthat cannot currently accommodate on-line pigging [41].    TransCanada forecast that, by the end of 1996, over 3 450 km ofpipe on its system would be able to accommodate on-line inspection [42].TransCanada further stated that, with the exception of the Youngstownportion of line 100-1, all SCC-susceptible lines on its system are capableof accommodating an in-line inspection tool [43].    Industry commitment to tool development. CEPA statedthat significant progress has been made in the development of crackdetection tools since 1993 [44]. It also indicated that pipelinecompanies have supported the development of Ill tools for the detectionof cracks by making financial commitments to research and byproviding operational experience to the tool developers [45]. CEPA isencouraging the development of different ILl tools so that its membersmay benefit from having access to a wide range of technologies [46].    CEPA, PRCI, GRI and British Gas are funding $7.4 millionbetween 1996 and 1998 a new generation of crack detection Ill toolsbeing developed by British Gas [47]. An interim 914 mm 36 inch tool isforecast to be available by the end of 1996, while 610 mm 24 inch and1066 mm 42 inch tools are expected to be available by the end of 1998.With the appropriate conversion kit, these tools could be modified to fitpipelines ranging from 508 mm 20 inches to 1219 mm 48 inches indiameter.    TransCanada foresees crack detection tools becoming an effectivesubstitute for hydrostatic retesting. During 1996 and 1997, TransCanadawill be carrying out tests using a British Gas crack detection ILl tool inorder to qualif~i it as an alternative for hydrostatic retesting. Severalsections of pipeline will be pigged and, after the resulting crackSTRESS CORROSION CRACKING                                                   75



                          indications are investigated and repaired, hydrostatic retests will be done                          to determine if the tool missed any near-critical defects [48].                               Cost. Some preparation of the pipeline is required before an ILl                          tool can be run through the pipe. The line must be cleaned and checked                          to make sure there are no obstructions in the pipeline. There is a cost                          associated with these preparations, as there is with the actual                          inspection.                               In order to accurately inspect the pipeline for defects, the speed of                          smart pigs must be maintained within a specific range. For pigging liquid                          lines, pipeline operators do not have to significantly reduce throughput,                          because the average speed of liquid flow is low. For gas pipelines, since                          the average flow rate is much higher than in liquid lines, operators must                          considerably reduce throughput, which adds significant costs to the in-                          line inspection operation. In order to overcome this, British Gas is                          currently developing gas bypass systems which will allow a portion of                          the flow to go through the inspection tool, thereby reducing the loss of                          throughput. This loss of throughput can be further reduced by pigging                          pipelines during off-peak periods of operation.                               TransCanada believes that if ILl tools prove to be reliable, they                          will be cost-competitive with other SCC detection techniques such as                          investigative excavations and hydrostatic retesting [49].                          4.4.4 Conclusions                               While we are encouraged by the commitments, efforts and                          progress made by pipeline companies and crack detection tool                          developers, we find that crack detection ILl technology has not yet fully                          proven its capability to reliably detect critical and near-critical cracks                          and distinguish them from non-injurious features and thus be used as a                          substitute for hydrostatic retesting.                               Assuming a reliable crack detection tool becomes available, it                          could be used to provide a company with accurate information on the                          condition of its pipeline. Such information will allow for better                          decisions regarding the need for mitigative action and significantly                          enhance the effectiveness of other mitigative measures in preventing                          service failures or reducing the consequences of such failures.                               The ability of a pipeline to accommodate the passage of in-line                          inspection tools significantly facilitates the maintenance of the integrity                          of that pipeline, not only with respect to SCC, but with most integrity                          issues.                          Recommendation                             4-4   We recommend that the Board require that      *                                   new large diameter transmission pipelines be                                   designed and constructed to accommodate the                                   passage of in-line inspection tools.76                                                        REPORT OF THE INQUIRY



4.5  Pressure reduction     A critical area of examination in the Inquily was the possibility ofmanaging SCC by limiting or reducing operating pressure. The issue ofpressure reduction is important because, as discussed in Chapter 3, theoperating pressure of a pipeline is generally the primary source ofcircumferential stress in the pipe and stress is one of the threeconditions necessary for SCC.     The effects of stress reduction on crack initiation and crackgrowth were discussed in detail in Chapter 3. The relationship betweenstress and critical crack size is discussed in Section 4.6 on hydrostaticretesting. The general findings are summarized below:     Crack initiation. Lower stress levels cause fewer cracks toinitiate. However, a threshold stress level below which near-neutral pHSCC will not initiate has not yet been determined.     Crack growth. It is not known whether changes in stress levels,within the normal range of operating stress levels for pipelines, affect crackgrowth rate. As with crack initiation, a threshold stress level below whichnear-neutral pH SCC will stop growing has not yet been determined.     Critical crack size. When operating stresses are reduced, ittakes a larger crack to produce a pipeline failure Figure 4.12. Andsince it will take more time for a crack to grow to that larger criticalsize, the safe operating life of the pipeline before the failure of SCC andother longitudinal flaws is increased.     Where relevant, these specific effects of stress reduction arediscussed below for pipelines with and without effective coatings.4.5.1 Pipelines with effective coatings     As discussed in Section 4.1, the use of effective coatings such asFBE can prevent the initiation of SCC. If no stress corrosion cracksinitiate, the effects of stress reduction on crack growth and critical cracksize become irrelevant. There will not be any service failures due toSCC. Thus, for existing or new pipelines that have effective coatings, areduction in operating stress would not be of any benefit.4.5.2 Pipeilnes without effective coatings     For pipelines without effective coatings, the occurrence of SCCdepends in large part on the performance of the coating. If the coatingdoes not disbond, SCC will not occur and stress reduction will not benecessary. Where coatings disbond, SCC may be a concern. As notedearlier, lower stress levels cause fewer cracks to initiate. The fewercracks there are, the less likely they are to coalesce and the longer it willtake for them to grow to a critical size. However, since the relationshipbetween stress and crack growth rate has not been established, it isdifficult to quantify any benefit that might be derived from a reduction inthe operating stress of a pipeline in terms of its effect on crack growth.STRESS CORROSION CRACKING                                                   77



                          It is, though, known that a larger critical crack size would be required to                          produce a failure. Service failures due to SCC would therefore be                          delayed and possibly reduced in number.                              However, unless the operating pressure is set below the level                          needed to produce the minimum stress for crack initiation or for crack                          growth, there can be no assurance that service failures will not                          eventually occur. Such threshold values have not yet been determined                          and may be too low to be used for practical purposes. Therefore, other                          measures such as hydrostatic retesting would still be required to                          eliminate Scc related service failures, although not as frequently as if                          the operating stress were higher. Rather than lowering the operating                          stress on the pipeline, a company could achieve the same result -                          eliminate SCC related service failures - by retesting more frequently. In                          the long-term, the only benefit from the reduction in stress would be the                          cost savings from reducing the frequency of testing.                              Such savings would likely be much less than the cost of a                          sustained lowering of the operating pressure on pipelines. CEPA                          estimated the cost of limiting gas pipeline operating pressure to 72 per                          cent SMYS to be in excess of $1 billion for the replacement of 500                          MMcfd of lost capacity at the Alberta/Saskatchewan border [51]. In its                          evidence, CGA also stated [52]:                              If the TllvnsCanada P4eLines TCPL system was derated to                              72% SMYS, LDCs [Local Distribution Companies] would be                              unable to deliver all the gas required by their firm customers.                              A peak day shorÁfall of cibout 140 MMcfd would be created in                              Ontario and Quebec, Derating to 64% StvIYS would create a                              peak day shortfall of about 480 MMcfd to firm customers.                              Interconnect pipelines to Eastern Canada are insufficient to                              meet these requirements. A loss of deliverabiipj of this                              magnitude would have severe social, safety and economic                              impact on Eastern Canada.                              Until such time as replacement capacity is in place, there would                          be significantly less gas flowing to Eastern Canadian and U.S. markets                          and the cost of transporting that gas would be higher.                              Regardless of the effect of stress reduction on crack initiation and                          growth, there is no question that, when operating stresses are reduced,                          it requires a larger crack to cause a pipeline failure Figure 4.12. And                          since it will take more time for a crack to grow to that larger critical                          size, the safe operating life of the pipeline against the failure of SCC and                          other longitudinal flaws is increased. As an example, calculations of                          critical crack size based on the CorLasTM model showed that reducing                          the operating stress from 77 to 64 per cent SMYS for a particular                          pipeline would extend the time to failure by some 25 months [53].                          When used together with a hydrostatic retesting program or an in-line78                                                        REPORT OF THE INQUIRY



inspection program, stress reduction would reduce the requiredfrequency of retesting or inspection.    However, as a long-term mitigative measure, a reduction inoperating stress will not prevent service failures, it would only delaythem, Stress reduction is therefore not supported as an effectivepermanent mitigative measure for SCC-affected pipelines.    However, the effect of stress reduction on critical crack sizesuggests it should be considered as a temporary measure for sections ofa pipeline system where there is a threat of imminent failure. Forexample, when a failure occurs on a section of a pipeline, the rupturemay indicate that the company's integrity management program isinadequate for that section and that future failures may occur in thatvicinity. In such a case, the operating stress should be reduced until theintegrity of the section can be re-established. Similarly, where aninvestigation shows that a section contains near-critical SCC, thepressure in the line should be reduced until a hydrostatic retest iscarried out to remove those defects.    Where a company decides that a hydrostatic retesting program isnecessary because the integrity of sections of the pipeline system is inquestion, a reduction of the operating stress would be desirable. Untilevery affected section of a pipeline system has been retested at therequired test frequency, there may be a threat of imminent failure and itmay be appropriate to lower the operating stress in those sections. Theamount of the reduction will depend on how quickly all sections can betested.4.5.3 Conclusions    For existing or new pipelines with effective coatings, a reductionin operating stress will not be of any benefit in terms of preventingservice failures due to SCC, since SCC is not likely to occur.    For pipelines without effective coatings, we believe that a generalreduction in allowable operating pressure would not be a logical oreffective response to the 5CC problem. Three basic factors support thisconclusion:       * In terms of preventing service failures, the benefits, if any,         from the consequent lowering of pressure cannot be         determined from the available research and field         information. Pressure reduction does not remove existing         cracks, which may grow to failure.       * The potent environment necessary for 5CC exists at only         certain locations along a pipeline. Our findings in this         respect are set out in Section 3.4. Consequently, a general         reduction in pressure would be a very inefficient mitigative         approach and would restrict pipeline capacity with severe         operational, economic and social consequences.STRESS CORROSION CRACKING                                                   79



                                * We find that there are a number of other measures, as                                  described elsewhere in this Chapter, which are more                                  systematic, efficient and effective in mitigating SCC and                                  thereby enhancing public safety.                               We believe that pressure reduction can be effective as a                          temporary measure to ensure safety while other detection and repair                          measures are implemented. The basis for this conclusion is that a                          lowering of pressure increases the size to which a crack can grow                          before failure occurs.                          Recommendation                             4-5  We recommend that the Board require that                                  pressure reduction be included as part of all                                  5CC management programs and considered for                                  use:                                  a in combination with investigative                                     excavations and other mitigative measures                                     such as hydrostatic retesting and in-line                                     inspection; and                                  b as a temporary measure where there is a                                     threat of imminent failure, in which case it                                     should be maintained until the integrity of                                     the pipeline is re-established.                          4.6  Hydrostatic retesting                               Pressure testing is widely used in the pipeline industry to                          demonstrate the structural integrity of a pipeiine and to establish a safe                          operating pressure for it. Various pipeline codes and standards,                          including CSA Z662, require a pipeline to be able to sustain a pressure                          greater than its intended operating pressure. Regulatory authorities                          generally require a pipeline to undergo a successful pressure test before                          they will grant an operating permit or licence for a newly constructed                          pipeline.                               Water is most commonly used as the pressure test medium, in                          which case the test is referred to as a hydrostatic test. A section of                          pipeline is filled with water and then the water pressure is raised above                          the level at which the pipeline is intended to operate. The pressure is                          held for a prescribed amount of time and the test is considered                          successful when the pipeline is able to sustain the test pressure for that                          time period, A successful hydrostatic test is an assurance that the                          pipeline is safe to operate at its regular operating pressure. Its structural                          integrity has been demonstrated.                               There can be reasons to use a hydrostatic test other than when a                          pipeline is first put into service. If one failure or a series of similar                          failures were to occur on an operating pipeline, a hydrostatic retest80                                                        REPORT OF THE iNQUIRY



could be used to check the structural integrity of the pipeline. The retestwould help determine if the pipeline is fit for continued operation.    However, if a pipeline has defects that grow over time, such asstress corrosion cracks, a successful retest gives an assurance that thepipeline can be operated safely for a limited time only. In other words,the pipeline will be safe to operate only until the defects grow to thatsize where they may cause the pipeline to fail. If the defects grow tothat critical point, the pipeline could fail while it is in service. Beforethat point is reached, another hydrostatic retest should be conducted.Consequently, for defects that develop over time, it may be necessary toconduct hydrostatic retests over the remaining life of the pipeline.When they are used in this way, hydrostatic retests are considered amitigative measure for pipelines that have SCC. Hydrostatic retestingeliminates major defects that may cause a failure in service andvalidates the structural integrity of the pipeline at the test pressure level.    In the previous Inquiry, the Board was concerned that hydrostaticretests may themselves have long-term effects that are harmful to theintegrity of a pipeline. The Board expressed the concern that the growthof cracks at the high stresses reached during hydrostatic retesting wasnot fully understood; in particular, that the hydrostatic retest itself mightcause some defects to grow but not fail during the retest. In the currentInquiry, the Panel reviewed the evidence pertaining to these concernsand evaluated the effectiveness of hydrostatic retesting in preventingservice failures caused by SCC, immediately following a retest and in thelong-term.4.6.1 Effectiveness at preventing service failures    While a hydrostatic retesting program may offer an effectivemitigation tool for SCC susceptible pipelines, it can also causesignificant operational difficulties because the line must be taken out ofservice for some time. Much has to be done to prepare for and conducta hydrostatic test. Test heads must be installed and enough water to filland pressurize the test section must be available. During the test, thetime needed to find small leaks contributes to the down-time, as doesrepairing and cleaning up after any leaks or breaks. After the test, thewater may have to be treated before it can be disposed of. Finally, theline must be emptied of water and put back into service.    In addition, hydrostatic retesting can be costly. For the durationof the test, the pipeline is out of service. The indirect costs associatedwith loss of throughput will depend on the operational flexibility of asystem. In addition, there are the direct costs of the test, which,according to CEPA, are approximately $26 000 per kilometre $780 000for a 30 kilometre valve section, with repairs costing $75 000 perdefect, for a 1067 mm 42 Inch diameter line [54J. These costs areincurred each time a retest is conducted.STRESS CORROSION CRACKING                                                   81



Figure 4.12Pressure vs. critical crack size       P        T   a   a   ~. MOP      = hydrostatic test pressureMOP   = maximum operating pressurea1-   = critical crack size at Pra0    = critical crack size at MOPa0 - a1- = margin of safety for crack        growth after test    CEPA identified two purposes for hydrostatic retests in themanagement of the integrity of 5CC-affected pipelines [55]:    1. To remove cracks which are approaching dimensions that would      fail in-seivice in the near term, and    2. To provide a safety margin against in -service failure for      surviving sub-critical cracks until the next test.    In addition to these objectives, a hydrostatic retesting programshould also maintain the long-term integrity `of the pipeline byminimizing subcritical crack growth and pipe yielding during each test.    The effectiveness of hydrostatic retesting in meeting these threeobjectives, and hence in preventing service failures, is discussed in thefollowing sections.4.6.2 Removal of near-critical cracks    Laboratory research and decades of field experience have proventhat hydrostatic tests effectively remove longitudinal defects frompipelines and that the higher the test pressure, the smaller the defectsthat remain e.g., [56], [57], [58]. By testing the pipeline at a pressurehigher than the maximum operating pressure, defects that might lead tofailure in service are removed, as the higher test pressure will forcethem to the critical failure stage. Consequenl:ly, the defects that remainin the pipeline after a hydrostatic test are smaller than the critical sizefor failure at the operating pressure Figure 412.    While hydrostatic testing is effective in removing longitudinalcracks, it is important to note that it is not always effective in removingdefects that are oriented along the circumference of the pipe. Asdiscussed in Chapter 3, internal pressure causes a stress in thelongitudinal direction that is about one-third to one-half thecircumferential stress. Since it is the longitudinal stress that acts oncircumferential cracks, the stress from a hydrostatic test on acircumferential crack will not normally be high enough to cause afailure. Consequently, hydrostatic retesting is not an effective mitigativemeasure against failures caused by circumferential SCC.4.6.3 Safe retest interval    Following the initial SCC failures on the TransCanada system,hydrostatic retest frequencies were selected on the basis of fieldexperience. For example, from 1986 to 1992, the retest frequency forTransCanada's line 100-2 in Northern Ontario was 2 to 3 years based onrecommendations from Battelle Memorial Institute [59]. This was aconservative retest interval that was likely based on field experiencewith high pH SCC in the U.S. If the valve section passed on the firsthydrostatic retest, the interval was increased to 4 to 5 years.    Given the significant increase in the understanding of crackgrowth and crack growth rates for near-neutral pH SCC since that time,a    a 1   0      Crack Size82REPORT OF THE INQUIRY



a more analytical approach can be used to determine a safe hydrostaticretest interval. As will be discussed below, this analytical approach fordetermining a safe retest interval will rely on establishing an appropriatefailure criterion and validated crack growth rate for the specific pipelineunder consideration.    Figure 4.13 shows the relationship between crack size and time.At the end of a hydrostatic retest, small non-critical cracks will remain.Over time, these cracks may grow and, if their growth goes unchecked,the largest could eventually cause a failure while the pipe is in service.The key is to find and remove the large cracks before they cause afailure in service, meaning that the pipeline must be hydrostaticallyretested again before a crack reaches the critical size. The margin ofsafety after a hydrostatic retest is determined by the difference betweenthe size of crack that will fail at the operating pressure of the pipelineand the size of crack that remains after the retest. The greater thedifference between the test pressure and the maximum operatingpressure, the greater the difference between these two crack sizes andthe greater the margin for growth before a failure occurs in service.    CEPA stated that [60]:    The hydrotest interval is determined based on three    considerations:*   the size of the suvi ving flaws from the previous hydrotest,*   the crack growth rate and the growth process, andan appropriate failure criterion.    The failure criterion establishes sets of data that represent thesizes of surviving flaws or, conversely, the critical crack sizes at thehydrostatic test pressure and at the operating pressure. The sets of datarepresent two curves of critical crack sizes for the two pressure levelse.g., see Figure IV.3, Appendix IV. As noted by TransCanada [61], "Thedifference between these curves represents the amount a defect mustincrease to go from surviving a hydrostatic retest to becoming critical atoperating pressures." Since the data generated depend on the failurecriterion used, it is critical that the failure criterion be appropriate for theparticular pipeline.    With respect to crack growth rates, values have been estimatedfrom laboratory experiments and field data. In order that a safehydrostatic retest interval may be determined, it is critical that the crackgrowth rate be valid for the particular pipeline.    The selection of an appropriate failure criterion and a validatedcrack growth rate are discussed in more detail below.    Failure criterion. In order to determine the margin for crackgrowth between hydrostatic retests, the size of a crack that can survivea hydrostatic test and the size of a crack that will fail at the maximumoperating pressure should be known with reasonable certainty. Leiscautions that ". . . failure criteria that are conservative inherently withFigure 4.13Crack size vs. timeNU,ULa 0a I                  Timea.1   = critical crack size at hydrostatic test        pressurea0    = critical crack size at maximum operating        pressurea0 - a1 = margin of safety for crack        growth after test      = time required for crack of size a.1 to        grow to a0At the end of a hydrostatic test, the largestremaining crack is a1* In order that a crack of size a1does not fail in service, the pipeline must be testedbefore time t has elapsed. The difference betweena0 and a1 is a measure of the margin of safety forcrack growth. As may be seen from Figure 4.12, thelarger the difference between the test pressure P1and MOP~ the larger the margin of safety betweena0 and aT.STRESS CORROSION CRACKING83



                          respect to predicted failure pressure can be quite nonconservative in                          applications to estimate the size offlaws that remain in the pipeline...." [62]                              Failure criteria are generally intended to predict safe, or                          conservative, operating pressure levels for known defect sizes; i.e., they                          tend to under-estimate the pressure at which a known defect will fail.                          However, when calculating the safe interval between retests, the test                          pressure is known and the critical defect size is inferred from that                          pressure. A failure criterion that under-estimates failure pressure will,                          in turn, under-estimate the critical crack size for the test pressure. If the                          critical crack size at the test pressure is under-estimated, the remaining                          margin for crack growth during service is over-estimated, Consequently,                          the safe operating interval between tests is over-estimated. It is                          important therefore to be aware of the level of conservatism associated                          with the application of a failure criterion. As stated by CEPA [63], "Using                          an approach that is overly conservative can lead to problems in assessing                          the remaining l~fe and making decisions on appropriate mitigative actions."                              Another concern with failure criteria is the inconsistency of the                          results. It is difficult to rely on a failure criterion whose application                          results in levels of conservatism that vary over a wide range of values.                          Over-conservatism and inconsistency could result in over-estimating                          the safe operating interval between hydrostatic retests.                              In order to evaluate the conservatism and consistency of the                          various failure criteria discussed in the course of the public hearing,                          CEPA provided failure pressure calculations for 14 crack sizes and                          compared the predicted values to the observed failure pressures [64].                          The details of the analysis are included in Appendix IV. The results                          indicate that the application of the various failure criteria can yield very                          conservative and sometimes inconsistent results.                              As noted in Appendix IV, the predictive capability of a failure                          criterion improves if the criterion is appropriate for the particular                          situation under consideration, The assumptions underlying a failure                          criterion, as well as the data used to verif~y the criterion, must be                          applicable to the situation under analysis.                              Once a failure criterion has been selected, the critical crack sizes                          at the test pressure and at the operating pressure can be determined.                          Generally, the assumption of an infinite crack length will result in                          conservative estimates of hydrostatic retest intervals.                              Crack growth rate. Once the margin for crack growth has been                          calculated, it is a simple matter to divide it by the crack growth rate to                          determine the safe operating interval between retests. However,                          selecting an appropriate value for crack growth rate is not an easy                          process. Published laboratory data indicate that crack growth rates can                          vary from 1 0~ mm/s .03 mm/yr to 10-6 mm/s 30 mm/yr and suggest                          that SCC growth is characterized by periods of dormancy and rapid                          growth [65].84                                                        REPORT OF THE iNQUIRY



    CEPA's position is that a time-averaged growth rate can bedeveloped for a pipeline and used in the calculation of a safe retestinterval and recommends 2xl 0~ mm/s 0.6 mm/yr as a conservativevalue [66]. However, this value may not be applicable to all pipelines. Itis important to understand how the value of 2x 1 08 mm/s has been arrivedat. This value represents the maximum time-averaged crack growth rateobserved on line 100-2 of TransCanada's pipeline system and was derivedfrom measurements of crack growth from failure investigations [67]. Itwould therefore apply to pipeline systems whose environment, metallurgyand operating conditions are similar to line 100-2.    If the conditions for a particular pipeline were not similar to thoseof TransCanada's line 100-2, the use of 2x 108 mm/s may beinappropriate and additional safety factors may be necessary for thecalculation of a safe retest interval. For example, if the normal stressfluctuations on a particular pipeline were considerably higher than thoseon the TCPL system, the use of the value of 2x 1 0~ mm/s for crackgrowth could over-estimate the safe operating life before the next retest.    CEPA recommends that, if a different growth rate has beenvalidated for a specific pipeline, that value should be considered for use.However, such validation is not easily achieved. As noted earlier,laboratory data can vary over a wide range. Field data would bepreferable, but are not as easy to obtain. In the case of TransCanada,field investigations of actual failures were required over many years ofoperation. It may be difficult to arrive at a reliable and validated crackgrowth rate for some pipelines and conservative assumptions maybecome necessary. This situation will require a careful analysis byindividual pipeline companies.4.6.4 Long-term integrity    The third objective of a hydrostatic retesting program is tomaintain the long-term integrity of the pipeline. The Inquiry examinedtwo concerns about the effects of repeated hydrostatic testing on thelong-term integrity of a pipeline: the permanent expansion of the pipe asa result of repeated hydrostatic retesting at stress levels above the pipe'syield strength; and the continued growth of subcritical cracks.    Pipe expansion. Pressure testing at stresses at or above SMYScan result in permanent expansion of the pipe. If this expansionbecomes excessive, the integrity of the pipeline could be reduced.Permanent expansion in a joint of pipe could occur if the hoop stressproduced by the test pressure exceeds the actual yield strength of thatjoint. For most pipelines, however, the mechanical properties anddimensional tolerances of the pipe are such that excessive expansion isunlikely, even with high pressure tests.    CEPA states that pressurizing a test section up to 110 per centSMYS would not result in any significant permanent expansion of thepipe and would therefore not affect the future integrity of the pipeline.STRESS CORROSION CRACKING                                                   85



Figure 4.14Cross-section of a stress corrosioncrack after hydrostatic testing andone year of serviceHistorical data on high pressure tests have not indicated any excessiveexpansion, which supports CEPA's position. However, to ensure thatany localized expansion is avoided, high pressure tests should be closelymonitored using a pressure-volume plot.    Growth of subcritical cracks. The concern with the growth ofsubcritical cracks is that a hydrostatic retest might cause some cracks togrow but not fail during the test, and that the number of near-criticalcracks may gradually grow with repeated hydrostatic retests and reducethe long-term integrity of the pipeline system.    CEPA's position is that, during a hydrostatic retest, shallow cracksare unlikely to grow; growth would be confined to cracks approaching50 per cent of the wall thickness, but they would not grow beyond thecritical size [68], In its submission, CEPA refers to studies that supportthe position that shallow cracks do not exhibit any crack tip changes-during a hydrostatic retest [69] and that deeper cracks that survive thetest have blunted ends with associated plastic deformation, which formsa residual compressive stress zone at the crack tip [70]. As a result, thecrack will have to either travel through the compressive stress zone at aslower rate, or, as indicated in Figure 4.14, travel around the zone byforking out around it bifurcation. Either way, crack growth is sloweddown until the crack has travelled past the compressive stress zone.    Additional studies by TransCanada support CEPA's position. ATransCanada study on the effect of repeated hydrostatic tests on flaws inERW pipe Youngstown showed that any crack growth resulting fromthe tests was insignificant [71]. As well, TransCanada pointed to thedecreasing trend in test failures on subsequent retests as proof thathydrostatic retesting does not adversely affect the long-term integrity ofa pipeline [72].    A related study that provides additional insight into the behaviourof cracks during a hydrostatic test is the AGA NG-l8 Report No. 194 [73],which is a study of ductile flaw growth as a function of varioushydrostatic test parameters, pipe and flaw geometric properties,material properties and hydrostatic test conditions. CEPA stated thatthis report validates a testing procedure that maximizes the removal ofnear-critical cracks and minimizes damage to the pipeline [74].    A key finding of the NG-l8 Report No. 194 is that a maximum testpressure level between 100 and 110 per cent SMYS appears to provide agood balance between removing large flaws that might cause failure inservice and producing growth only in a relatively few near-critical flaws.As well, the study found that a maximum pressure hold time of one houris a good upper limit, as it causes a very high percentage of the near-critical flaws to fail, while still minimizing the growth of the remainingflaw population. On this basis, CEPA recommended a one-hour highpressure test between 100 and 110 per cent SMYS, followed by a leaktest at no more than 90 per cent of the peak test pressure [75]. The NG-Source: Endnote [50]86REPORT OF THE INQUIRY



18 Report No. 194 indicates that there should be minimal flaw growth atthis reduced pressure during the leak test.    Another key finding of the study is that a given test pressure willcause growth in only a limited range of flaw sizes below those it causesto fail. At one extreme are the smallest cracks, those that fall outsidethe low end of this range. They will not experience any growth at thetest pressure. At the other extreme, the very deep cracks that falloutside the high end of the range will fail either due to immediate crackgrowth as the pressure is raised, or to time-dependent creep growthduring the hold period of the test. In between the two extremes of verysmall and very large crack sizes are the cracks that will grow by stabletearing, but not fail. The study found that the higher the test pressure,the narrower the range of these flaw sizes that will grow but not fail.    While CEPA is recommending the same test scenario for allpipelines, we are concerned that the scenario, as recommended in theNG-18 Report No. 194, was developed specifically for gas transmissionlines operating at or near 72 per cent SMYS, with daily pressure cyclesof 10 per cent of the maximum operating pressure. The scenario maynot be appropriate for liquid pipelines or even other gas pipelines whereoperating conditions are significantly different. The study was alsobased on submerged-arc welded pipe in grades X52 to X70 with yield-to-ultimate ratios less than 0.90 and so the results may not apply topipes with significantly different material properties.    The study indicates that pipelines that may have SCC can behydrostatically retested without causing significant subcritical crackgrowth, as long as the test is properly designed for the particularpipeline under consideration. The appropriate test scenario may differfrom pipeline to pipeline, depending on the material properties andspecifications of the pipe, as well as the operating conditions of thepipeline. It is therefore important that pipeline companies make surethat the assumptions and data from the study apply to their ownsystems before adopting the conclusions and recommendations of theAGA NG-18 Report No. 194.4.6.5 Conclusions    We believe that, where it has been determined that there is areasonable risk of service failures due to SCC over a long section of apipeline, hydrostatic retesting is currently the only reliable way to provethe integrity of the pipeline for continued operation.    A hydrostatic retesting program can effectively prevent servicefailures resulting from longitudinal SCC provided:       * the hydrostatic retest removes all cracks whose length and         depth are approaching the critical point where they could         cause a failure under normal operating conditions;STRESS CORROSION CRACKING                                                   87



                                 * the interval between retests is less than the time required                                   for any crack that remains after a retest to grow to critical                                   size; and                                 * the retest does not reduce the long-term integrity of the                                   pipeline by causing permanent expansion and substantial                                   subcritical crack growth.                               Determination of a safe retest interval depends on establishing an                          appropriate failure criterion and validated crack growth rate for the                          specific pipeline under consideration. We consider that, where a crack                          growth rate has not been validated for a pipeline, conservative values                          for crack growth rate should be assumed when calculating a hydrostatic                          retest interval.                               Unless there are reliable historical data on typical crack                          dimensions at failure, the minimum margin cf safety for crack growth                          after a retest should be used to arrive at a conservative value for a safe                          retest interval.                               Subcritical crack growth can be minimized during a hydrostatic                          retest provided the test pressures and test durations are appropriate for                          the particular pipeline under consideration.                               We note that hydrostatic retesting is not currently addressed in                          the CSA Z662 standard as an option for maintaining pipeline integrity,                          and that the findings from recent studies on hydrostatic testing e.g.,                          AGA NG- 18 Report No. 194 are not reflected in the current                          requirements of that standard.                          Recommendations                             4-6   We recommend that the Board require that,                                   where a hydrostatic retest program forms part                                   of an 5CC management program, it be properly                                   designed for the particular pipeline under                                   consideration. The design should take into                                   account factors such as the material and                                   geometric properties of.the pipe1. the operating                                   history of the pipeline, its future operating                                   conditions and field and laboratory data on                                   crack sizes and crack growth. Where reliable                                   data are not available, conservative                                   assumptions should be made.                             4-7   We recommend that the Board request that                                   the CSA Technical Committee on Oil and Gas                                   Industry Pipeline Systems:.                                   a incorporate, in the next edition of the CSA                                      Z662 Oil and Gas Pipeline Systems                                      standard, requirements for hydrostatic                                      retesting as an option for maintaining                                      pipeline integrity; and88                                                         REPORT OF THE INQUIRY



         b amend the current pressure testing           requirements of the standard in light of the           findings from recent studies on hydrostatic           testing.4.7  Selective pipe replacements     Selective or proximity pipe replacements involve replacingsections of the pipeline that are susceptible to "significant" SCC, wherethose sections are close to critical locations along the pipeline route.Critical locations may include: dwelling units, roads, railways, places ofpublic assembly, sensitive environmental areas and sites of specialsignificance to people.     Selective pipe replacements lead to service interruptions and arevery costly. For example, it costs about $1400 per metre to replace 508mm 20 inch diameter pipe and approximately $3200 per metre toreplace 914 mm 36 inch diameter pipe [76]. CEPA stated that selectivepipe replacements ". . . are a repair option that would apply to SCC-susceptible areas only where other mitigative measures are determined tobe unacceptable." [77]4.7.1 Pipe replacement length     When sections of a pipeline are considered for selectivereplacement, a sufficient length of pipe must be replaced Figure 4.15so that the critical locations are protected from the consequences of afailure. In order to determine how much pipe should be replaced, it isimportant to be able to predict the potential hazards associated with aFigure 4.15Selective pipe replacementSTRESS CORROSION CRACKING89



                          pipeline failure and the consequences that would arise from such                          hazards.                              CEPA stated that ". . . the appropriate distance criterion [for selective                          replacements] depends heavily on the service fluid being transported, but                          in all cases will aim to minimize the probabii~y that identified                          consequences will accrue to people, propery or environmental                          resources." [78] For example, in the event of a fire resulting from the                          failure of a natural gas pipeline, residents of dwellings in close proximity                          to the pipeline should be protected. This would involve replacing a                          sufficient length of pipe such that any failure due to SCC on the original                          pipe will be far enough away from the dwelling units so as not to harm                          the residents.                          4.7.2 Modelling of hazards and consequencesFigure 4.16Thermal flux as a function ofdistance for a 914 mm gas pipelineoperating at 6200 kPa  90-  80-  70-~60-    -  40-  30-F-  20-  10- I I I I I I0000000000 000000000  N ~fl ~ tfl ~D N. ~ O~    Distance m- -Osec-l2Osec900 secSource: Adapted from endnote [801    For oil and gas pipelines, the severity of the consequences of apipe rupture is related to the diameter and operating pressure of thepipeline, the type of hydrocarbon involved and the size of the release.    In order to determine the effects of a hazard due to a failure, thecharacteristics of the release and its immediate and contingent effectsmust first be estimated using various types of models and then theconsequences of such a release on people and property must bepredicted and analyzed. The complexity of such models will varydepending on the hydrocarbon involved and the conditions under whichit is released. For example, the models used to study the release andconsequences of toxic sour gas are substantially different than the onesused for crude oil.    When estimating the consequences of a natural gas pipelinerupture which has ignited, it is necessary first to model thecharacteristics of the fire and the associated thermal radiation heatresulting from the fire and then to assess the effects of the thermalradiation on people and property. Based on such models, adverseeffects on people and property can be estimated as a function ofdistance and then a "safe" distance can be established, beyond which noharmful consequences would occur [79].    Figure 4.16 shows one example of the predicted thermal flux as afunction of distance for a 914 mm 36 inch natural gas pipelineoperating at a pressure of 6 200 kPa 900 psi [80]. The gas supply isassumed to have been shut off immediately after the rupture and thereleased gas is assumed to have caught fire 30 seconds after rupture.Since the gas supply is shut off, the gas flow rate escaping from the pipewill decrease with time and the thermal flux will also vary with time. Inthis figure, each curve represents a "snapshot" in time, showing thethermal flux resulting from the fire as a function of distance from thepipeline. The curves show that the thermal flux decreases with bothtime and distance from the pipeline.90REPORT OF THE INQUIRY



    Once the thermal flux curves are determined, the effects ofthermal radiation on people and structures must be predicted andanalyzed. The effects of heat on people depends on the thermal fluxand the duration of exposure. Figure 4.17 shows the relationshipbetween thermal flux and exposure time corresponding to differenteffects on people. We can see that very high levels of intense heat willproduce a high probability of fatality within a short period.    A level of thermal radiation corresponding to a particular effect isthen selected as the criterion for calculating selective pipe replacementdistances. For example, in 1992, for the calculation of the selective pipereplacement distances for the SCC-susceptible portions of lines 100-1and 100-2, TransCanada used piloted wood ignition as the criterion fordetermining a safe distance from the fire [821. The piloted wood ignitioncriterion is the intensity of thermal radiation that is required to ignitewood, assuming that a small pilot flame is near its surface.    CEPA indicated that its member companies have not yet reacheda consensus on the appropriate distance criterion for selective pipereplacements [83].    CEPA further indicated that one of the disadvantages of selectivepipe replacements is ". . . the lack of avallabili~y of accurate consequencemodels, which may vary according to the service fluids." [84] Since theproximity replacement distances are determined by modelling thehazards associated with pipeline ruptures and their effects on people,property and environment, it is essential that pipeline operators haveaccess to a variety of accurate models.4.7.3 Conclusions    Selective pipe replacement is an effective means of preventingservice failures due to SCC in the replacement section. Provided thereplacement distances are properly established, selective pipereplacements are highly effective in minimizing the consequences ofservice failures on people, property and environment. As previouslydiscussed, the most important factor in the prevention of SCC in thereplacement pipe is the application of an effective coating.    It is important that reliable and accurate hazard and consequencemodels for different service fluids be developed, verified and madeavailable. In the absence of such models, empirical field data fromprevious failures should be used.    We consider it important that the pipeline industry agree on theappropriate criteria for determining safe distances from the effects of apipeline failure.Figure 4.17Effects of thermal flux andexposure time on peopleFor example fluxes over 60 kW/m' are associatedwith a 50 per cent lethality level in 10 seconds orless of exposure.Source: Adapted from endnote [81]ExEw-~I-Time s*******2nd Degree       Burns       1 WoLethality- - 50% Lethality- - -  99% LethalitySTRESS CORROSION CRACKING91



                                     Recommendation                                        4-8    We recommend that the Board request that                                               CEPA:                                               a  continue the development and verification                                                   of models that predict the hazards and                                                   consequences associated with pipeline                                                   failures for different service fluids; and                                               b  develop criteria for determining safe                                                   distances from the effects of pipeline                                                   failures.92                                                                             REPORT OF THE INQUIRY



Chapter FiveCommunity      Issues5.0  Introduction     The previous chapters have focused on the very technical aspectsof SCC: what it is, the tools we currently use to deal with it and the toolsthat may be available in the future. This chapter is intended to provide adifferent perspective: the point of view of the people who live and worknear pipelines.     We received reports from four public consultations withcommunities along the TransCanada system and from a meeting withthe Ontario Pipeline Landowners Association OPLA held in the fall of1995. The reports gave details of the discussions at the meetings.     The issues raised by the communities and by OPLA that wererelevant to the Inquiry fell into three general areas:      * design requirements for pipelines,      * emergency preparedness and response activities, and      * communications between the communities and the pipeline        companies and between communities and the National        Energy Board.     In addition, some local residents raised a number of concernsabout subjects such as intervenor funding and land use compensationthat this Inquiry could not deal with because these topics were outsideof its mandate. However, we are aware that these concerns are beingconsidered in other forums.5.1  Design requirements for pipelines     Two pipeline design issues of particular concern to communitieswere raised at the Inquiry: the minimum wall thickness of pipelines inrural areas, and separation distances or buffer~ zonesbetween pipelinesand the buildings and houses nearby.5.1.1 Pipe wall thickness requirements     OPLA [1], as well as individual landowners in rural areas, notedthat pipelines located in rural areas could be operated at higher stresslevels than those in urban areas and, consequently, the pipelines in ruralareas did not have to be as thick. The difference in wall thicknessrequirements was considered a safety concern in that the regulationsthat govern pipelines do not give people in rural areas the sameprotection as people living in urban areas.STRESS CORROSION CRACKING REPORT                                              93



Figure 5.1Urban and rural pipeline rights-of-way    in urban areas, mechanicaldamage of pipelines resulting fromdevelopment activities becomes adominant concern; additional thickness isthe most effective defense againstincidents arising from this cause. - CEPA Source: Endnote 12]                                                                                                 Photos Courtesy of *ICPL94REPORT OF THE INQUIRY



    As discussed in Chapter 3 Table 3.2, the CSA Z662 standard,which has been incorporated into the Board's pipeline regulations, setsthe maximum allowable stress level of a pipeline. These levels arebased on the class location of a pipeline, which is generally a measureof the population density in the immediate vicinity of the pipeline. Asthe population density increases, the maximum allowable stress level ofthe pipeline is reduced.    In order to lower the stress on a pipeline, a company may lowerthe operating pressure, use higher strength pipe or use thicker wall pipe.The company will generally choose the latter.    The requirement for lower operating stresses in areas wherethere are more people is a common approach in pipeline standards inthe U.S., Europe and elsewhere around the world. However, limitationson operating stresses represent just one of many safety provisions in theCSA standard. The standard sets out minimum requirements for thedesign, material selection, construction, pressure testing and operatingand maintenance practices. All of these factors need to be taken intoaccount when assessing the safety of a pipeline.    In addition to meeting and often exceeding the minimumrequirements of the CSA standard, pipeline companies generallyimplement maintenance practices that further enhance the long-termintegrity of their systems. As pipelines age, it becomes increasinglyimportant that companies ensure the safety of their facilities. The SCCmanagement program discussed in Chapter 6 is intended to maintainthe long-term integrity of pipelines affected by SCC. That program isdesigned to prioritize monitoring and mitigative activities on the basis ofsusceptibility to "significant" SCC. Consequently, pipes in Class Ilocations would be expected to have a higher priority for monitoring andmitigation than thicker wall pipe.5.1.2 Buffer zones    People at the community meetings raised a second concernrelating to pipeline design requirements. They questioned whetherthere should be a separation distance, or buffer zone, between pipelines      In general, pipeline companies doand nearby buildings and houses. No such requirement is currently in       not own their rights-of-way. They simplyplace in the CSA Z662 standard, nor in the Board's Onshore Pipeline        have the right to build the pipeline and toRegulations.                                                                    .                                                                           operate it and to maintain IL    Creating a buffer zone would be an effective way of reducing the                                                                              The acquisition of the land for annsk associated with a gas pipeline failure because there is less dangerfarther away from a failure. One method of creating a buffer zone is to    effective buffer zone, together with theput restrictions on how the land near the pipeline may be used. For        need to, if you will, sterilize it for all time,example, land use close to a pipeline may be limited to low-density        would be, I suggest quite impracticable inindustrial use or parkiand. But residential housing, shopping centres      the current environment. - B. Rothwell,and other high-exposure areas would not be allowed within a certain        CEPAdistance from the pipeline. How far that would actually be woulddepend on the likely consequences of a pipeline failure. For example,      Source: Endnote [31STRESS CORROSION CRACKING REPORT                                                                 95



                                             the consequences might depend, at least partly, on the size of the pipe  Emergency Procedures                                             and its operating pressure. The size of the buffer zone for a gas pipeline     The following requirements are                                             would be determined by looking at such factors.  specified in the Board's Onshore Pipeline       In its submission [4], CEPA stated:  Regulations:                                    .. .it is not considered that the general adoption of wider buffer     49.I The emergency procedures              zones would offer a viable means ofmiriimizing the  referred to in paragraph 481l shall         consequences of operational fall ures resulting from 5CC. The                                                  establishment of buffer zones for new pipelines would, in all  indude                                                  probabili~y, make land acquisition impracticable. The  a a statement of the scope of                                                  retroactive imposition of buffer zones to existing pipelines     application of the emergency                 would require major re-zoning initiatives, including the     procedures;                                  removal of existing buildings, or pipeline re-routing.  b a detailed description of the facilities                                                  A task force is currently working on developing guidelines for     to which the emergency procedures       land use planning near pipelines. The membership of the Major     apply, including                        Industrial Accidents Council of Canada MIACC Pipeline Task Force is     i the location of and means of        made up of municipal planners, academics and representatives from        access to the facilities, and        pipeline companies and regulatory agencies, including the NEB and the     ii the number and size of the         Alberta Energy and Utilities Board AEUB. The principal objectives of        pipelines involved;                  the guidelines are to raise the awareness regarding the issue of land use                                             around pipelines and to facilitate communication and negotiation  c a description of the pressure, flow                                             between pipeline companies and communities on a case-by-case basis.     rate and other normal operating     conditions of the pipeline;             5.1.3 Conclusions  d the procedures for the                      Pipe wall thickness. We believe that the recommendation we     documentation of emergencies;           make in Chapter 6 requiring that pipeline companies have a  e the instructions and warnings to be    comprehensive SCC management program will ensure that companies     given to persons reporting on           continually review their pipeline systems and satisf~' themselves, the     emergency;                              regulatory authorities and the public that SCC is being effectively                                             addressed on their systems.  f the initial action to be taken on     discovery of an emergency;                   The safety of a pipeline depends on many factors, including                                             pipeline design, material selection, testing, construction practices and  g the names and telephone numbers        operating and maintenance practices. The safety of a pipeline cannot     of company personnel or                 be measured on the basis of a single factor such as operating stress or     departments to be contacted in the      wall thickness.     case of an emergency and the                 If our recommendation that pipeline ccmpanies be required to     respective responsibilities of the      have a comprehensive SCC management program is adopted, we do not                                             believe that changes to the CSA standards in respect of limitations on     personnel or departments;                                             operating stresses or wall thickness requirements will be necessary.  h the names and telephone numbers                                                  Buffer zones. Based on the information examined during the     of public services and other                                             Inquiry, we conclude that the application of buffer zones for all pipelines     agencies that might have to be          would not be practicable, especially if applied retroactively to existing     contacted in the case of an             pipelines. While we are not recommending the general application of     emergency;                              buffer zones as a means of addressing the SCC problem, we believe that                                             buffer zones can be effectively used in many cases to improve public                     Continued on page 97  safety.96                                                                           REPORT OF THE INQUIRY



     We believe that the issue of land use around pipelines would be         ~`i~ the plans for co-operation withbest resolved through improved communication and negotiation                                                                                 appropriate public agencies duringbetween pipeline companies and communities on a case-by-case basis.                                                                                 an emergency;5.2  Emergency preparedness and response                                     ja description of the types and locations                                                                                 of available emergency equipment     The results of the Inquiry's community consultations showed, ingeneral, that individual residents, local emergency responders and               and, in the case of HVP pipelines, acommunities felt that they could be better informed and better trained to        description of the types anddeal with emergencies. People expected pipeline companies to play a              locations of portable emergencysignificant role in preparing communities for an emergency.                      shut-off devices;     In this regard, the Board's Onshore Pipeline Regulations require        ic the procedures to be followed at thepipeline companies to develop emergency procedures for their pipeline                                                                                 site of the emergency;systems and to update them regularly, in consultation with local police,fire departments and other response agencies. All company employees          I the safety precautions to be takenwho may be involved in an emergency response are required by the                 during an emergency, includingRegulations to receive appropriate training.                                     I the handling of the fluid     However, in many cases, local residents are the first people at the            transported by the pipeline,scene of a pipeline failure. Local emergency responders like the police          ii the isolation and shut-offor fire departments usually arrive next. They provide site control until            procedures for stations of thepipeline company personnel arrive and, if necessary, assist in                                                                                    pipeline, andevacuations or rescues. Generally, pipeline companies have programsin place to familiarize local emergency responders with the pipeline and         iii the methods for monitoring thethe commodity it carries. They also promote a coordinated response to               hazard level at the site;emergencies. But beyond this familiarization, local emergency                m a list of the environmentally sensitiveresponders typically receive no other formal training from the pipeline          areas that would require specialcompanies. Emergency responders are expected to take it upon                     attention during an emergency;themselves to be prepared to respond. It is important to note that in                                                                             n contingency plans for the immediatemost of the communities along pipeline rights-of-way, fire departments                                                                                 protection of the environment; andconsist of volunteers.     The consequences of a failure are aggravated if information to the      0 evacuation procedures.landowners and individual residents and training for the responders are          49.2 A company that operates ainadequate. In Williamstown, for example, the TransCanada pipe               pipeline shall update the pipeline'sruptured and released a large amount of gas, although the gas did not        operating and maintenance manuals inignite. Some emergency responders and landowners were uncertain              respect of the plans and proceduresabout what the proper emergency procedures were for that situation.          referred to in paragraphs li andDuring the community consultations, responders said they were unsure                                                                             1o on a regular basis in conjunctionif they would know what to do if a similar event happened again. Notall responders knew whether people should be evacuated, whether the          With the appropriate authorities.electricity should be shut off, whether telephones could be safely usedor what distance from the pipeline would be considered safe. Manyresidents living near the pipeline were also uncertain about the properprocedures to follow.     In general, residents, emergency response agencies andcommunity officials all wanted additional information, training andemergency response coordination with the pipeline company. Even inSTRESS CORROSION CRACKING REPORT                                                                     97



                          the Rapid City and Vermilion Bay communities, where people were                          generally satisfied with the response by the local emergency responders                          and TransCanada, many of those surveyed said they needed more                          training and information.                               TransCanada stated during the Inquily that it had implemented                          changes to its emergency response policies and practices [5]. The                          company has developed a brochure that provides basic information to                          residents living along the right-of-way on what to do in the case of a                          pipeline emergency on the TransCanada system.                               TransCanada contacts local emergency response agencies more                          frequently than it used to. Instead of visiting these groups once evely                          four years, the company now makes annual visits. The company has                          also developed a brochure for first responders that outlines the latter's                          responsibilities during a pipeline emergency. In addition, the company                          is developing a training video to be distributed to any first response                          agency that may have to respond to an emergency on the TransCanada                          system. For the communities themselves, TransCanada will be ensuring                          that public officials are informed of the presence of pipeline facilities                          within their communities, the hazards those facilities pose, the possible                          consequences of a failure and the need for coordinated planning with                          emergency responders.                               In another initiative, TransCanada and the Regional Municipality                          of Hamilton-Wentworth in Ontario are working together to create a                          planning framework that individual communities could use to develop                          their own emergency response plans. The resulting framework was to                          be completed in mid-1996 and will be used to develop similar                          coordinated response plans in each of the approximately 320Figure 5.2Pipeline failure site: Wilhiamstown, Ontario, October 199498REPORT OF THEINQUIRY



municipalities in which TransCanada has facilities. The project willimprove the coordination of TransCanada's emergency response effortswith those of large emergency response organizations.     TransCanada's work in this area may be valuable to other pipelinecompanies facing similar issues.5.2.1 Conclusions     We believe that pipeline companies must have effectiveprocedures and policies in place that address emergency preparednessand response for their systems. Such procedures and policies shouldaddress the preparedness and involvement of residents, the localcommunities and the emergency responders along the pipeline system.These groups must be fully informed and it is the company'sresponsibility to provide the appropriate information.Recommendation  5-I    We recommend that, as part of its ongoing         monitoring activities, the Board review         companies' emergency response practices to         ensure that adequate training is provided to         first responder organizations and that         appropriate information is provided to the         communities on the proper procedures to         follow in the event of pipeline emergencies.5.3 Communications     Following failures on its system, TransCanada has sometimesheld open house sessions in the affected communities. The Inquily'sconsultations and discussions revealed people's discontent with theformat of those sessions. People suggested that a formal presentationby the company, followed by an open question-and-answer period,would be more effective than the one-on-one discussion format that            Pipeline landowners have been heldTransCanada normally used. They wanted to hear what their                  in isolation from each other in manyneighbours had experienced and know that all residents were getting        cases in the past The open housethe same message. Responses from all of the communities showed that                                                                           approach has been frustrating in mostopen houses or similar community meetings held after pipeline failures                                                                           instances for landowners becauseshould provide an open question-and-answer penod.     Also, many people felt that their questions had not been              individual landowners usually do not -adequately answered by the company. For example, a year after the          have sufficient knowledge to askfailure in the Williamstown area, some people still had not received       significant questions. However, by havinganswers to their questions about the cause of the accident and what        landowners together at a specific timethey should do to protect themselves in the event of another accident.     and place, landowners automatically pool     At the hearing, TransCanada acknowledged people's concerns                                                                           their knowledge and concerns. - OPLAabout its open house sessions and undertook to improve its publicawareness and emergency preparedness programs. In its Closing              Source: Endnote [7]STRESS CORROSION CRACKiNG REPORT                                                                 99



                              Statement to the Inquily [6], T~ansCanada made the following                              commitments:                                   TransCanada is currently reviewing its public awareness and                                   first responder pro grams and will enhance them;                                   A landowner/tenant survey and community interest groups                                   will be utilized to obtain feedback from Ihe public on                                   improvements to individual emergency response information                                   and guidance and modes of communication to enhance both;                                   Open House formats will be reviewed and enhanced based on                                   discussions with community officials; and                                   TransCanada will participate in post inquixy community                                   meetings at various locations along the pipeline system.                                   In addition to the desire for increased communication with                              pipeline companies, the communities surveyed also expressed the need                              for the Board to take a higher profile and to include community issues                              as part of its accident investigation program.                              5.3.1 Conclusions                                   We consider the Inquiry to have focused needed attention on this                              critical area of post-accident communication. We believe that this is an                              area where the Board should take a more active role.                              Recommendation                                 5-2   We recommend that the Board expand the                                       scope of its accident investigation program to                                       include community relations and emergency                                       response related issues.100                                                                REPORT OF THE INQUIRY



Chapter SixLooking Forward6.0  Introduction     In this chapter we discuss what we have learned about the extentof 5CC in Canada and what companies are currently doing aboutmanaging the SCC problem. Then we move forward to discuss whatsteps should be taken to address the SCC problem, both on a companyby company basis and as industiy-wide initiatives.6.1  Experience with SCC     Since 1977, near-neutral pH SCC has caused 22 pipeline failuresin Canada. SCC is not solely a concern in Canada, as there have beenmany more failures around the world. The United States hasexperienced more failures than Canada, although most of these werecaused by high pH SCC and occurred over a longer period of time.INGAA reported that the frequency of SCC failures in the U.S. hasmarkedly declined over the past few decades [1]. Outside of NorthAmerica, the former Soviet Union has a failure history with near-neutralpH SCC similar to that in Canada and pipeline systems in Australia, Iran,Iraq, Italy, Pakistan, and Saudi Arabia have also been affected bySCC [21.     Although SCC in Canada has resulted in pipeline failures, SCC isonly one potential threat to pipeline integrity and public safety. AsFigure 6.1 illustrates, SCC accounted for 17 per cent of the 48 in-serviceruptures experienced by CEPA member companies between 1985 and1995. CEPA indicated that when pipeline leaks are included in thestatistics, SCC caused an even smaller percentage of pipeline failures.General corrosion, contact damage and geotechnical damage all causedmore ruptures than SCC. However, the pipeline industry has beendealing with these other causes for a much longer period of time than ithas been with SCC. Experience has provided a better understanding ofhow to reduce the risk of failure from other causes, whereas SCC has yetto be fully understood by the pipeline industry and the researchcommunity. Because of this, SCC remains a serious concern to thepipeline industry in Canada.6.1.1 The extent of SCC in Canada     The evidence indicated that, of the 11 CEPA member companieswhich have undertaken investigative programs, eight have found SCCon their systems. The majority of the SCC found has beenFigure 61Causes of service rupturesexperienced by CEPA membercompanies: 1985-1995Other16%        General       Corrosion_____ 25% Geotechnical   19Dblandslides, etc.Source: Endnote [3]  Contact  Damage   23% contact by earth movingequipment, etc.STRESS CORROSION CRACKING REPORT101



Figure 62Distribution of SCC failures w 0. I'Table 6.1"insignificant". A few companies have developed an estimate of howmuch of their system is susceptible. For example, through the use of adetailed predictive model and an extensive excavation program,TransCanada estimates that 3.6 per cent of its system is potentiallysusceptible to "significant" SCC [4].6.1.2 Failure history in Canada    The 22 pipeline failures caused by SCC in Canada include 12ruptures and 10 leaks on both natural gas and liquids pipeline systems[51. In particular, eight of the 22 failures occurred on the TransCanadasystem between 1985 and 1995. Seven of these failures were ruptures.NOVA and Northwestern Utilities Limited each had three failures. In all,ten different companies have experienced SCC failures. A summaiy ofthe 22 failures is provided in Table 6.1. The geographic locations of thefailures are shown in Figures 6.4 and 6.5 for both gas and liquids pipelinesystems.    There does not seem to be a clear pattern in the number of SCCfailures over the past ten years. As Figure 6.2 shows, the occurrence ofSCC failures reached a high of four failures in 1990. However, a five-year rolling historical average shows an increase from 1989 to 1995from an average of under one failure per yeair to two failures per year.History of 5CC failures in CanadaYear of      CompanyFailure1977         NOVA Gas          Transmission Ltd.1979       Rimbey Pipe           Line Co. Ltd.1985       TransCanada           PipeLines Ltd.1985       TransCanada           PipeLines Ltd.1986       TransCanada           Pipelines Ltd.1989       TransCanada           Pipelines Ltd.1989       Northwestern           Utilities Ltd.Type ofFailureLeak         Natural              GasLeak          HVP            propaneRupture      Natural              GasRupture      Natural              GasRupture      Natural              GasLeak         Natural              GasLeak         Natural              Gas Year of       Cause ofInstallation     Failure  1969         Circumferential 63%               5CC due to               axial loading  1961         5CC associated  58%               with multiple               severe gouges  1972         5CC associated  71%               with minor             scratches/ gouges  1972         5CC at toe of   76%               DSAW long               seam weld  1973         5CC at toe of   70%               DSAW long               seam weld  1968         5CC on pipe     71%               body under               mastic repair                               58%85868788899091 92939495~-    5-Year Rolling AverageOperating StressLevel as% SMYSProduct       Pipe         Type ofReleased     Diameter      Coating           mm finches             914 36    Polyethylene                            tape             2198        Coaltar                            epoxy             914 36      Asphalt             914 36    Polyethylene                            tape             914 36    Polyethylene                            tape             914 36      Asphalt219 8     Polyethylene     1970   Circumferential 5CC              tape102REPORT OF THE iNQUIRY



Year of      Company            Type of     Product        Pipe          Type of       Year of      Cause of        OperatingFailure                         Failure     Released      Diameter       Coating     Installation   Failure          Stress                                                        mm inches                                                 Level as                                                                                                                    % SMYS 1990        NOVA Gas            Leak       Natural       168 6      Polyethylene     1969     Circumferential 5CC  53°Io           Transmission Ltd.                  Gas                         tape                      due to axial                                                                                                    loading 1990        Northwestern        Leak       Natural       291 8      Polyethylene     1970     Circumferential 5CC  53%             Utilities Ltd.                   Gas                         tape 1990        Northwestem         Leak       Natural       219 8      Polyethylene     1970     Circumferential 5CC  53%             Utilities Ltd.                   Gas                         tape 1990      Amoco Canada          Leak       Crude Oil     101 4      Polyethylene     1965        SCC in ERW        46°Io              Petroleum                                                   tape                     long seam weld             Company Ltd. 1991        TransCanada        Rupture     Natural       508 20       Coal tar       1957        5CC in ERW        71%             Pipelines Ltd.                   Gas                                                  long seam weld 1992        TransCanada        Rupture     Natural       914 36     Polyethylene     1972        5CC at toe of     77%             Pipelines Ltd.                   Gas                         tape                      DSAW long                                                                                                    seam weld 1992        Imperial Oil        Leak       Water          101 4       Foamed         1988        5CC/general       50%                                                                       glass insulation             corrosion on                                                                                                 water injection riser 1993        Rainbow Pipe       Rupture     Crude Oil     610 24     Polyethylene     1968       SCC associated     61%             Lines Co. Ltd.                                               tape                      with linear                                                                                                   general corrosion 1993        Rainbow Pipe       Rupture     Crude Oil     610 24     Polyethylene     1968       SCC associated     72%             Lines Co. Ltd.                                               tape                      with linear                                                                                                   general corrosion 1993         Federated          Leak         NGL         406 16     Shrink sleeve    1970     Circumferential SCC  67%             Pipe Lines Ltd.                                           over yellow                                                                          jacket 1994         NOVA Gas          Rupture     Natural        219 8     Polyethylene     1970       5CC associated     60%           Transmission Ltd.                  Gas                         tape                      with linear                                                                                                    corrosion 1995        TransCanada        Rupture     Natural       914 36     Polyethylene     1972        SCC at toe of     74%             PipeLines Ltd.                   Gas                         tape                      DSAW long                                                                                                    seam weld 1995        TransCanada        Rupture     Natural       1067 42    Polyethylene     1968        SCC attoeof       77%             PipeLines Ltd.                   Gas                         tape                      DSAW long                                                                                                    seam weld 1995          Pacific          Rupture     Natural       273 10     Polyethylene    1968-69     SCC associated     71%           Northern Gas Ltd.                  Gas                         tape                      with general                                                                                                    corrosion 1996        Interprovincial    Rupture     Crude Oil     864 34     Polyethylene     1968       5CC associated     70°Io             Pipe Line Inc.                                               tape                      with linear                                                                                                    corrosionSource: Endnote [5]STRESS CORROSiON CRACKING REPORT                                                                                        103



Figure 6.35CC failures: by type of pipeline     Other 14%    Water, HVP, NGL  Oil and  Liquids Pipelines  1 8%    Sixty-eight per cent of the SCC failures occurred on natural gastransmission pipelines Figure 6.3. However, the evidence provided atthe Inquiry does not give a clear understanding as to why more gaspipelines than liquids pipelines have been affected by near-neutral pHSCC. Contributing factors may include the greater length of gaspipelines operating at higher stress levels and the greater length of gastransmission pipelines that were installed when polyethylene tapecoated pipe was commonly used Figure 1.3. For example, amongCEPA member companies, the total length of polyethylene tape coatedpipe in gas pipeline systems is four times that in liquids pipelinesystems [6].    The Inquiry reviewed the 22 failures and looked for correlationsbetween the incidence of SCC and type of coating, pipeline age,manufacturing process and operating stress level. These correlationshave been discussed in detail in Chapter 3. In summary, most of thefailures occurred on pipelines that were coated with polyethylene tapeand installed between 1968 and 1973. The operating hoop stressesassociated with the 22 failures varied between 46 and 77 per cent of thepipe's SMYS. In almost all cases, however, there were external factorssuch as external corrosion and minor gouges which increased the stresslevels at the failure area. With one exception, no correlation was found  F  NaturalGas Pipelines  68%Figure 6.4Location of SCC failures on natural gas pipelinesFederally regulatedProvincially regulated104REPORT OF THE INQUIRY



Figure 6.5Location of 5CC failures on liquids pipelinesbetween near-neutral ~H SCC and pipe grade, pipe manufacturer ormanufacturing process. The exception was Youngstown pipe on aportion of the TransCanada system.6.1.3 Costs associated with failures     The direct costs associated with a pipeline failure include the costof pipeline repair, property restoration and product lost during theincident. Evidence submitted to the Inquiry indicated that the averagedirect cost of a rupture on a large diameter natural gas pipeline isapproximately $1.5 million; for a leak, the average direct cost isestimated at $150 000 [7]. Indirect costs are harder to quantify. Thesemay include the impacts on the affected communities, loss of systemthroughput, potential loss of market share by shippers and addressingconcerns over the reliability of the pipeline system.6.1.4 Conclusions     In the first public Inquiry into SCC in 1993, the Board concludedthat SCC was not a widespread problem on Canadian pipeline systems.Since that time, however, there have been eight additional failures dueto SCC in Canada, three of which occurred on Board regulated pipelines.Federally regulatedProvincially regulatedSTRESS CORROSION CRACKING REPORT105



                          Four companies have experienced their first SCC related failures. Also                          since the first Inquiry, SCC has caused more failures on liquids pipelines                          as well as gas pipelines and a number of companies have detected SCC                          on their systems for the first time.                               Since SCC develops over time, it is a problem that can only                          become more serious if no action is taken to deal with it.                               Based on the evidence presented in the Inquiry, we believe that                          SCC remains a serious concern for the pipeline industiy. Without proper                          attention, it will inevitably be the cause of more pipeline failures.                          However, the pipeline industry is aggressively addressing the situation.                          6.2  SCC management programs: current practicesFigure 6.6C0Source: Endnote [9]    We learned what companies are doing to deal with the problemof SCC on their systems. CEPA described its in embers' current situationas falling into one of three categories:      * companies that have not found any SCC on their systems        some of these companies have looked for SCC while others        were planning to make initial assessments of their systems;      * companies that have found some SCC on their systems and        have begun to monitor it; and      * companies that have implemented SCC mitigation programs        on portions of their systems.    Table 6.2 summarizes what CEPA member companies are doingabout SCC. However, the evidence presented at the Inquiry indicatesthat companies do not take a standardized approach in themanagement of SCC.    CEPA reported that four companies are conducting, or have plansto conduct, initial assessments of the SCC on their systems. Thesecompanies have not experienced an SCC related failure and have notfound any SCC on any part of their systems.    Seven companies have found some "insignificant" SCC on portionsof their systems. Although the extent of the SCC monitoring programdiffers from company to company, these companies generally apply thesame monitoring, assessment and inspection techniques as thosecompanies that have not found SCC.    Two CEPA member companies, NOVA and TransCanada, havehad ruptures on their systems and have implemented SCC mitigationprograms. TransCanada's program includes hydrostatic retesting ofsections of the pipeline and replacement of pipe where there is apossible risk to people living near the right-of -way, NOVA has alsoconducted hydrostatic retests on portions of its pipeline affected by SCC.    In the spring of 1996, IPL experienced a pipeline failure that wascaused by SCC associated with general corrosion [8].    In Figure 6.6, we present the costs of CEPA member companies'operation and maintenance O&M activities related to SCC versusCEPA member companies: O&Mexpenditures on pipeline integrity1995        1996    O&M related to safety andj~  integrity issues other than    5CC*   O&M r&ated to 5CC issues106REPORT OF THE iNQUIRY



Table 6.2Current 5CC management practices of CEPA member companiesCompany                 System          5CC     Predictive   Investigative      5CC         Hydro-    Proximity    In-Line                        Length         Failure   Model       Excavations       Found        static    Replace-    Inspection                       km miles     Experience Developed   Conducted        Severity    Retests    ments      Capability                                                                                                                % of SystemAlberta Energy         1100 660       No        No           Yes            Significant    No         No          100Company Ltd.                                         -Alberta Natural Gas    177 106        No        Yes          Yes            Insignificant  No         No          99Company LtdCanadian Western     2560 1,536       No      Developing     No               N/A          No         No          0Natural GasCompany Ltd.Foothills Pipe         927 556        No        Yes          Yes            Insignificant  No         No          0Lines Ltd.Interprovincial      8 197 4,918      Yes     Developing     Yes            Insignificant  Yes        No          90Pipe Line Inc.Northwestern         3 839 2,303      Yes     Developing     Yes              No           Yes        No          1Utilities LimitedNOVA Gas             2027112,162      Yes       Yes          Yes            Insignificant  Yes        Yes         14Transmission Ltd.TransCanada          14 000 8,400     Yes       Yes          Yes            Significant    Yes        Yes         17PipeLinesTransGas             13 160 7,896     No      Developing     Yes              No           Yes        No          0LimitedTrans Mountain Pipe    1 309 785      No        Yes          Yes            Insignificant  No         No          100Line Company Ltd.Trans - Northern       876 525        No        No           Yes              No           No         No          100Pipelines Inc.Trans QuÈbec           339 203        No      Developing     No               N/A          No         No          90and MaritimesPipeline Inc.Westcoast            5 158 3,094      No        Yes          Yes            Significant    Yes        Yes         95Energy Inc.activities related to other safety and integrity issues. Such issues may beassociated with corrosion monitoring, surveys, repairs and upgrades,staff training and public awareness campaigns.         For 1995 and 1996, SCC related activities account respectively for28 per cent and 25 per cent of O&M costs of the total safety andintegrity issues dealt with by CEPA member companies.6.3      Standardized approach to SCC management         CEPA suggested that standard approaches to SCC management byall companies would facilitate the sharing of experiences andSTRESS CORROSION CRACKING REPORT                                                                                       107



                          knowledge among companies. CEPA has developed a framework, as                          illustrated in Figure 6.7, for a common basic SCC management                          program [10]. The SCC program has not been developed in more detail                          beyond this basic framework. Every member company has committed                          to following this program, although some companies may decide to                          enhance the basic process.                              The CEPA SCC management program starts by requiring                          companies to make an initial assessment to determine whether portions                          of their systems are susceptible to SCC. If any section is thought to be                          susceptible, the company would then be required to perform field                          investigations to look for SCC. These investigations could be done                          either in conjunction with other maintenance activities, or as part of a                          program to excavate sites similar to others where SCC had been found.                              If SCC is found but not considered "significant", the company                          would continue to monitor the section of pipe from time to time. The                          period of the reassessment would be based upon the estimated crack                          growth rate on the section.                              In the event that "significant" SCC is detected, the company would                          estimate the consequences of an SCC failure and, using this information,                          establish priorities for remedial action.                              Then a mitigation method would be selected. If the SCC is not                          extensive, a fairly limited approach such as sleeving or selective pipe                          replacement might be in order, If the SCC is more extensive, a more                          elaborate program might be appropriate. Hydrostatic retesting might be                          required or, perhaps, more extensive replacement of the pipe or pipe                          coating. CEPA suggested that the choice would be made on the basis of                          how well each option provided a viable, long-term management                          solution to SCC with a minimum disruption to service [11].                              CEPA plans to support this SCC management program with                          guidelines or a manual of recommended practices, specifically for                          longitudinal near-neutral pH SCC. The Recommended Practices Manual                          will reflect the current best practices of the CEPA companies that have                          experienced SCC. Although CEPA members have committed to                          following the basic SCC management program, CEPA does not intend to                          make the recommended practices mandatory for its members.                              At the time of the hearing, the development of CEPA's                          recommended practices was still in the early stages and only one of                          several sections had been completed: the section dealing with an                          assessment of existing pipelines for SCC susceptibility. Other sections still                          to be completed will cover topics such as the design of new pipelines, SCC                          inspection methods, procedures and criteria for assessing SCC, data                          collection, and mitigation and repair techniques. This last section is                          scheduled for completion in March 1997. CEPA plans to update the                          manual periodically.                              CEPA has offered to share the recommended practices with non-                          CEPA member companies when they are completed.108                                                      REPORT OF THE INQUIRY



Figure 6.7CEPA's basic 5CC management programInitial susceptibility assessment_________                Condition Monitoring I  No                                  I--------------------------------------Plan & Implement                              Mitigationr Document,Learn & ReportSource: Endnote [101STRESS CORROSION CRACKING REPORT109



                           6.3.1 Conclusions                               We believe that an SCC management program is essential for                           companies to adequately address the issue of SCC and that it should be                           mandatory that all NEB-regulated companies develop an SCC                           management program.                               An SCC management program would entail the systematic                           application to specific pipelines of knowledge and best practices already                           developed across the industry. The objective of the program would be to                           identify areas where SCC may be found and then deal with it.                               Since each pipeline system has unique physical characteristics                           and an individual construction and operational history, an effective                           program would vary from company to compar~y. However, we believe it                           is necessary to establish generally applicable basic practices so that                           these programs will be comprehensive and consistent in approach.                               We are pleased to see CEPA propose a framework for SCC                           management programs. This is an important initiative because the                           element of standardization should allow better communication among                           companies, regulatory authorities and the public.                               The completion of the Recommended Practices Manual should be                           a priority for CEPA. We would expect that the recommended practices                           which will reflect the best practices of CEPA member companies will be                           of great benefit to the industry, particularly those companies operating                           smaller systems.                               We are concerned, though, that the Recommended Practices                           Manual as proposed will deal only with longitudinally oriented near-                           neutral pH SCC. There have been pipeline failures caused by                           circumferential SCC and this form of SCC should be addressed in future                           versions of the Recommended Practices Manual.                               We are of the view that the SCC management program proposed                           by CEPA should be strengthened and made more explicit, as follows:                                 * The SCC management program should identify clear lines of                                   accountability for the implementation of the program.                                 * The scope of the SCC management program should                                   encompass the company's entire pipeline system to ensure                                   that the pipelines are thoroughly assessed.                                 * A company's scc management program should be regularly                                   updated to reflect changes in operations, new facilities, new                                   developments near the pipeline, the lessons learned from                                   accidents, including those on other pipeline systems,                                   technological developments and changes to standards.                                 * An initial susceptibility assessment should entail a thorough                                   examination of the pipe's design, construction and                                   maintenance records to identify the location of coatings                                   which are associated with SCC. If the company does not110                                                       REPORT OF THE INQUIRY



        have current or reliable information, test excavations        should be conducted to verify this information.      * If, after an initial assessment, a pipeline segment is not        considered susceptible, the rationale for this determination        should be documented.      * If the pipeline is considered to be susceptible to SCC, the        SCC management program should require active monitoring        of the pipeline through an investigative excavation program.        As discussed in Chapter 4, a predictive model should be        used to select excavation sites. An ILl tool may be used        where a pipeline company believes this will assist in        detecting SCC.      * The SCC management program should describe the        predictive model and detail how the excavation sites will be        selected. A company should select excavation sites based        upon the probability of SCC existing and the consequences        of a pipeline failure. The probability of SCC existing is        dependent upon the likelihood of the three necessary        conditions: a potent environment at the pipe surface,        susceptible pipe material and a tensile stress. As discussed        in Chapter 3, particular attention should be given to        pipelines operating at or above 70 per cent SMYS when        selecting sites. In considering the consequences of a        failure, sites close to homes, roads, and railways or        sensitive environmental areas like wet lands and water        crossings should be given priority over other sites that are        otherwise equally likely to have SCC. We note that the        pressure of a gas pipeline and an HVP pipeline will        influence the affected zone in the event of a failure and        accordingly the consequences of a failure.      * If "insignificant" SCC is found, the company should        incorporate this information into its records, and        * accordingly adjust the scope and frequency of its monitoring        program.      * If a company determines through its investigative        excavation program, a failure investigation or by some        other means, that it has "significant" SCC, the company        should take mitigative action as quickly as possible. The        SCC management program should detail the criteria that        will be used to decide among available mitigative        alternatives.      * Should a Board-regulated company determine that it has        "significant" SCC on its system, this fact, as well as        information on any mitigative actions taken, should be        reported to the Board immediately. The company should        develop and submit a comprehensive mitigation program as        soon as possible.STRESS CORROSION CRACKING REPORT                                              111



                                           *  A company should keep records of all activities and                                              decisions related to its program and be able to show how                                              the infomiation gathered from its monitoring program and                                              from the experiences of other companies is incorporated                                              into its SCC management program. The SCC management                                              program should also outline how the experiences gained by                                              the company are shared with the rest of the pipeline                                              community.                                          CEPA could assist its member companies by developing                                   guidelines for SCC management programs which reflect these features.                                          The recommendations that follow are intended to apply to NEB-                                   regulated companies.                                   Recommendations                                       6-1    We recommend that the Board require each                                              pipeline company to develop and implement                                              an SCC management program by 30 June 1997.                                       6-2    We recommend that the Board require 5CC                                              management programs to identify the                                              accountability for the implementation of the                                              program.                                       6-3    We recommend that the Board require 5CC                                              management programs to provide for the                                              review of the company's entire pipeline system                                              and for regular updating.                                       6-4    We recommend that the Board require 5CC                                              management programs to consider the                                              consequences and the probabilities of a failure                                              when establishing priorities for investigative,                                              mitigative and preventive activities.                                       6-5    We recommend that the Board require that                                              5CC management programs contain three                                              principal components:                                              a  determination of pipeline susceptibility to                                                  SCC and active monitoring of pipelines                                                  believed to be susceptible to SCC;                                              b  required mitigation, if "significant" 5CC is                                                  found, and clear identification of the criteria                                                  a company must consider in deciding                                                  among mitigative options; and                                              c  recording and sharing of information on                                                  susceptible pipelines.                                       6-6    We recommend that the Board require                                              companies to report immediately to the Board                                              any finding of "significant" 5CC and any                                              immediate mitigative actions taken and to112                                                                            REPORT OF THE INQUIRY



          develop and submit a plan detailing the specific          mitigative measures to be implemented and a          schedule of implementation.   6-7    We recommend that, as part of its ongoing          monitoring activities, the Board audit the          documentation of 5CC management programs.   6-8    We recommend that the Board request that          CEPA continue development of its          Recommended Practices Manual and file it with          the Board by 31 March 1997.   6-9    We recommend that the Board request that          CEPA develop procedures for the detection and          mitigation of circumferential 5CC and include          them in future versions of the Recommended          Practices Manual.6.4   SCC database      In May of 1995, CEPA started to develop a computerized databaseto collect and analyze data related to SCC. The data are taken primarilyfrom investigative excavations and inspections for SCC, informationfrom SCC failures, anomaly investigations and pipe replacements.      The types of data that have been included in the SCC database arethe conditions which are currently known or suspected to contribute toSCC susceptibility. Once collected, the data will be analy~ed for trendsor correlations which may exist between the conditions and SCCsusceptibility. The database contains a significant amount ofinformation in the following categories:        * site information,        * excavation information,        * pipe information,        * magnetic particle inspection information,        * stress levels,        * environmental conditions,        * information on the most severe colony detected, and        * any general comments.      CEPA member companies have promised to participate indeveloping and maintaining the database. The compiling of thedatabase with the historical data of the CEPA member companies wasfinished in April 1996. It will be updated yearly after each company'sannual investigative programs are completed. To ensure consistency inthe way the data are recorded, CEPA has developed guidelines that set* out what data should be collected when conducting an SCCinvestigative dig, Member companies have agreed to following theseSTRESS CORROSION CRACKING REPORT                                              113



                           guidelines, which will be incorporated into CEPA's SCC Recommended                           Practices Manual.                               CEPA has also asked non-CEPA member companies to participate                           in the database. Both the CGA and CAPP have publicly expressed                           support for the database. CEPA has arranged for members of its SCC                           Working Group to meet with both associations to identify database                           participants and to develop ground rules for their participation. CEPA                           anticipated that these companies will begin to provide data by mid-1996.                               The PRCI is also developing a database, primarily for high-pH                           SCC. CEPA is currently working with this organization to ensure that                           the two SCC databases are compatible so that the data can be shared.                               In order to encourage as many Canadian pipeline companies as                           possible to participate, CEPA contends that the database must have                           some limitations on accessibility to protect the proprietary nature of the                           data obtained from the companies. CEPA proposes that the                           confidentiality of the database participants be guaranteed and that the                           database information not identiI~' the contributing company.                               CEPA's SCC Working Group will perform data trend analyses from                           the database information, supported by third party statistical expertise, if                           necessary. Reports of data trend analyses will be made available to                           regulatory agencies, participating companies, the public and research                           organizations on an annual basis. CEPA expects to have the first trend                           information available by late 1996.                               CEPA's SCC database is expected to be integrated into a more                           comprehensive database being discussed by the Pipeline Risk                           Assessment Steering Committee PRASC. Until now, the SCC database                           has been solely funded by the CEPA member companies. CEPA has                           committed to maintaining the database until the data can be integrated                           into the more comprehensive PRASC database.                           6.4.1 Conclusions                               We are of the view that the careful analysis of field experience is                           very important in understanding SCC. An industry-wide database on                           SCC is essential because it will help to identif~' those combinations of                           environmental and operating conditions that most influence SCC                           susceptibility. Pipeline companies, regulatory agencies, researchers and                           the public can be kept informed of the status of SCC field experience                           through the results of analyses.                           Recommendations                             6-10  We recommend that the Boardi request that                                   CEPA continue to develop and maintain a                                   database on 5CC that is compatible with other                                   international initiatives, and that CEPA114                                                       REPORT OF THE INQUiRY



         encourage the participation of non-member         pipeline companies.   6-1 1 We recommend that the Board require pipeline         companies to provide 5CC-related data to the         CEPA 5CC database as they acquire it.   6-12  We recommend that the Board request that         CEPA provide the results of the first data trend         analyses to the Board as proposed, including         any additional trend analyses requested by the         Board. As well, we recommend that other         interested parties for example, researchers and         the public be given the opportunity to identify         the particular trend analyses that they require.6.5  Research into SCC     Over the past 10 years, expenditures by CEPA member companiesinto SCC-related research have amounted to approximately $18.7million. In recent years, there has been a steady increase inexpenditures on SCC-related research Figure 6.8. An amount of $11.8million was projected to be spent in 1996. Included in this is the amountof $2 million that CEPA, PRCI, GRI and British Gas are spending on Illtool development.     The majority of SCC research has been focused on crack growthrates and the conditions for crack growth, rather than developing adeeper understanding of near-neutral pH SCC initiation. The growth ofexisting cracks presents the most immediate concern to the industry.     According to CEPA, some of the achievements in the area of near-neutral pH SCC since the previous Inquiry include [131:       * an improved understanding of electrochemistry of near-         neutral pH SCC;       * demonstration of the lack of a correlation between SCC         susceptibility and pipe steel chemistry or mechanical         properties;       * development of an algorithm for cathodic protection         penetration under disbonded tape coatings;       * development of a crack tip chemistry model;       * establishment of a CANMET consortium to study full scale         pipe tests;       * confirmation that hydrostatic retesting does not adversely         affect long term pipeline integrity;       * development of NOVAProbeÆ and establishment of a         consortium to implement use of the probe;       * development of and improvement of SCC predictive models;Summary of researchexpenditures into 5CC      Annual   1994  1995  1996      average     1986-1993Source: Endnote [12]Figure 6.80    I would say that we are furtherahead in relation to understanding [near-neutral] p1-1 than we were at theequivalent time in the context of high pH.  We have also benefited in anotherway.. .that being that we have hadconsiderable benefit from having a largeamount of field data in relation to the[near-neutral] p H cracking case... -R. Parkins.Source: Endnote [14]STRESS CORROSION CRACKING REPORT115



                                        *       identification of axial cracks in five pipeline systems using                                                British Gas Elastic Wave in-line inspection tool;                                        *       establishment of the CEPA SCC database;                                        *       improvement of understanding of parameters affecting SCC                                                growth;                                        *       development of laboratory test techniques to study early life                                                and later stages of crack growth;                                        *       measurement of crack growth rates in the laboratory that                                                were found to be representative of those in the field, i.e., 1 x                                                1O~ to 2 x 10~ mm/s; and                                        *       demonstration that laboratory crack growth is independent                                                of stress from 40 per cent to 100 per cent SMYS.                                       In addition to the ongoing research efforts   of individual CEPA                                 member companies, CEPA has committed to fund the continued                                 development and implementation of in-line inspection tools to detect                                 SCC and to investigate factors controlling crack initiation. These                                 programs involve collaboration between CEPA, PRCI, GRI and British                                 Gas for the in-line inspection tool project and between CEPA and the                                 Alberta Energy Research Council for the crack initiation project.                                 Table 6.3                                 Current and future CEPA 5CC research                                                                  Current          Management Program Benefit                                 Research Subject               in progress Future Monitoring Prioritizing Mitigation                                 L  Coating disbondrnent            X               X                                 2. Behaviour of high                                    performance coatings                    X       X                                 3. Cracking environment -                                    mechanistic studies             X               X         X                                 4. Macroscopic behaviour of                                    cracks / colonies               X               X         X                                 5. Effects of surface conditions           X       X         X                                 6. Effect of periodic pressure                                    variation                       X               X         X                                 7. Effect of realistic pressure                                    variation                               X       X         X                                 8. Residual stress                         X       X         X                                 9. Effect of steel composition                                    and microstructure on                                    susceptibility                  X       X       X                                 ~O. Cyclic stress / strain                                    behaviour                               X       X         X                                 IL In-line inspection              X               X                 X                                 12. Hydrostatic testing            X                                 X                                 Source: Endnote [15]116                                                                                  REPORT OF THE INQUIRY



6.5.1 Areas for further SCC research    CEPA identified twelve areas for research as listed in Table 6.3.Seven of these are already in progress and work was expected to beginon the remainirig areas in the near term. These are the research topicsthat the industry believes are necessary to maintain the operation oftheir pipelines in a safe and reliable manner. By the end of 1996, CEPAis expected to have prepared a plan for setting priorities for individualprojects and the strategies for obtaining funding. The majority of theseresearch topics have the potential to affect curr~nt pipelines with orwithout SCC and all are planned for funding.6.5.2 Initiatives to promote coordination among researchers    CEPA established an SCC working group in 1994, which reports tothe CEPA Engineering and Operations Committee. The group wasformed to allow companies to share SCC experiences and developpipeline industry protocols to address SCC investigation and mitigationmeasures, CEPA intends that the SCC Working Group will continue tomanage CEPA's long-term SCC initiatives, including acting as a focalpoint for sharing, discussing and disseminating 5CC researchinformation. The group will also promote and support the overallcoordination of efforts among companies, industry groups such as CGAand CAPP, agencies such as PRCI or GRI and research activities throughorganizations such as British Gas and the Alberta Research Council.    CAPP suggested holding an industry-sponsored meeting for thepurpose of exchanging information among industry, government andacademia. Such a meeting could be sponsored by the pipelinecompanies concerned and/or pipeline associations and would help toidenti1~' appropriate directions for future research.6.5.3 Conclusions    It is essential to continue research into SCC. As discussed in ourConclusions to Chapter 3, many of the basic questions about SCC havenot yet been answered. There is also a need to continue to developmitigative measures to deal with SCC. Most notably, the development ofa fully reliable SCC in-line inspection tool would significantly improvethe industry's ability to detect SCC.    Overall, further focused research will enhance knowledge of SCCand will contribute to the development of measures to protect the publicand the environment from the consequences of pipeline failures due toSCC.    The research subjects in Table 6.3 were re-examined and weconcluded that the subjects with the highest potential impact onpipelines relate to:STRESS CORROSION CRACKING REPORT                                             117



                               * SCC detection,                               * hydrostatic retest frequency,                               * monitoring of pipe coatings, and                               * database analysis.                               SCC detection. The most critical item in terms of public safety                          is the ability to detect locations that have ~`significant" SCC present.                          Currently, there are two effective methods of detection: a predictive                          model and hydrostatic retesting. Both these methods have limitations.                          The success of finding SCC with a predictive model is dependent upon                          how much information is available on the pipeline system. Hydrostatic                          retesting only identifies areas where SCC has reached near-critical                          dimensions. These methods are often used together to provide a better                          understanding of how much SCC is present on a pipeline section.                               A large amount of the pipe coated with polyethylene tape has not                          yet been examined. A proven in-line inspection tool that could be run                          through the complete pipeline system to locate areas of SCC would be                          very valuable. While crack detection in-line inspection tools are under                          development, none are yet fully reliable. High priority should be given                          to the further refinement of promising tools.                               Hydrostatic retest frequency. For hydrostatic retesting to be                          effective in mitigating SCC, it is important that the frequency of the                          retests be such that the line does not fail between tests. Currently, the                          retest frequency is determined from average crack growth rates that                          have been estimated from field data. Additional knowledge of the                          factors that control crack initiation and growth rates is needed so that                          laboratory tests can assess the significance of the controlling factors and                          their influence on crack growth rates and, hence, hydrostatic retest                          frequencies. This should also be a priority item of research and specific                          areas of future research should include:                                * the effect of coalescence on the latter stages of crack                                  growth;                                * the development of appropriate failure criteria for multiple                                  crack arrays;                                * the effect of crack blunting on crack growth;                                * the effect of pressure reversals on the calculation of a safe                                  test interval; and                                * the effect of hydrostatic retesting on crack growth in thicker                                  wall pipe.                                Monitoring of pipe coatings. Several coatings, such as fusion                           bonded epoxy and extruded polyethylene, are considered to be effective                           in protecting pipelines from SCC. However, the long-term performance                           of these coatings should be continually monitored, especially at                           locations where SCC would be likely to develop.118                                                       REPORT OF THE INQUIRY



       Database analysis. Analysis of the CEPA SCC database should be given high priority. Rigorous analysis focused on the factors related to the incidence of SCC on various pipelines may help in refining predictive models and in locating SCC sites, as well as point to future research areas.       In summary, we support the ongoing research and coordination role of the SCC Working Group. However, we recommend that the Working Group invite SCC experts from other industries to participate in their research and also solicit expertise from a wider range of backgrounds such as metallurgy and microbiology.Recommendations   6-13  We recommend that the Board request that         CEPA continue its 5CC research program and         expand the program to include 5CC experts         from other industries and a wider range of         disciplines.   6-14  We recommend that the Board request an         annual status report from CEPA on 5CC         research activities, highlighting         accomplishments to date and plans for future         research indicating priorities, time lines and         funding levels.6.6 Follow-up to the Inquiry    CEPA has proposed a multi-stakeholder forum to promotebroader participation in addressing SCC from all interested partiessimilar to the Pipeline Risk Assessment Steering Committee PRASC.PRASC is a committee established in 1994 to review risk management inpipelines. Its membership includes CAPP, CEPA, CGA, AEUB, MIACC andthe NEB.    The proposed scope of this new forum proposed by CEPA wouldinclude information sharing, coordinating research and development,promoting recommended practices and recommending possiblechanges to CSA standards. CEPA suggested that regulatory agencies,including the NEB, would provide valuable input and guidance asmembers of this group.6.6.1 Conclusions    We feel that significant progress has been made as a result of thisInquiry. We have developed a good understanding of the issues from avariety of perspectives and a better appreciation of what pipeline safetymeans to Canadians. The Inquiry has served to disseminate to a muchlarger group than before information on SCC and mitigative measures.An annual workshop would be one method of ensuring continuedSTRESS CORROSION CRACKING REPORT                                              I 19



                                   dissemination of information on SCC but undoubtedly other methods                                   exist.                                         We would expect that the Board will monitor progress made by                                   industry in managing SCC by auditing the SCC management programs                                   of companies under NEB jurisdiction and receiving reports from CEPA                                   on the analysis of the SCC database and on SCC research activities.                                   Recommendations                                       6-15   We recommend that the Board request that                                              CEPA and other industry organizations create                                              opportunities, through conferences and                                              workshops, for the continued sharing of                                              information among industry, researchers,                                              regulatory agencies and the public about 5CC                                              field experience and research developments.120                                                                            REPORT OF THE INQUIRY



  Appendix I  Terms of Reference  NEB Inquhy on Pipeilne Stress Corrosion Cracking  The Board authorized K.W. Voilman, A. CÙtÈ-Verhaaf, and R. filing      hereafter "the Panel" pursuant to s. 151 of the Act to cany out     an Inquiry encompassing:     a an evaluation of the extent of SCC on oil and gas pipeline        systems, including examination of all past SCC-related pipe        failures;     b a review of the current knowledge base on SCC, including past        and current research and development initiatives and with        specific emphasis on the mechanism of SCC, its detection,        prevention, and mitigation;     C an assessment of the public risk associated with SCC and the        management of that risk in both the short and long term,        taking into consideration:           1 the appropriate operating pressures for existing             pipelines affected by SCC;           ii other key areas of action e.g. pipeline replacements,             hydrostatic retesting, investigative excavations, and the             development of internal inspection tools; and           iii priorities for future research and development activity;     d a consideration of initiatives which would promote        coordinated efforts among stakeholders to address the SCC        issue, including mechanisms to facilitate the sharing of        technical data and research and development information;        and     e any other relevant related matters.2.   The Panel will issue a public report or reports on the findings of     the Inquiry and may make recommendations regarding:     a changes to the Board's Onshore Pipeline Regulations and        related technical standards;     b decisions or orders to be made by the Board under s. 481 of        the Act; and     c any other measures to eliminate or mitigate the hazards        associated with SCC.STRESS CORROSION CRACKING                                                   121



                           3.  The Panel has full discretion in taking evidence or acquiring the                               information necessary for the purpose of making such a report                               and recommendations.                           4.  The Panel will report to the Board from time to time on the                               progress of its work and also to seek such changes as it may                               consider necessary in the above mandate.                           Note: Mr. Voilman and Mr. filing are engineers.                                 Mrs. CÙtÈ-Verhaaf is an economist.122                                                       REPORT OF THE iNQUIRY



Appendix HList of IssuesNEB Inquiry on Pipeline Stress Corrosion CrackingI.   Extent and severity of SCC in oil and gas pipelines in     Canada.Preamble     In its previous Inquiry into stress corrosion cracking MHW- 1-92,the Board found no evidence that SCC was a widespread problem inCanada. Nevertheless, the Board encouraged companies to conductinvestigative examinations of their systems for SCC and subsequentlymonitored the results of those examinations, The Board has sincedetermined that SCC exists on a number of pipeline systems.1.1  What is known about the extent and severity of SCC in     pipelines in Canada?     The Board is seeking information On:     * the number of oil and gas pipeline systems known to have       SCC;     * the number of kilometres of pipe affected by SCC;     * the history of failures due to SCC, including both operational       and hydrostatic retest failures;     * the direct and indirect costs resulting from each known       operational failure attributable to SCC;     * the severity of SCC found on pipelines and the criteria for       assessing severity;     * any correlation of the extent, severity, and failure history of       SCC with pipeline age, total length of a given system, type of       coating, pipe manufacturing process, operating stress level,       environment, and other factors that may contribute to the       occurrence of SCC;     * whether SCC is more extensive and/or severe on gas or on oil       pipelines and, if so, why; and     * why some pipeline systems have experienced more SCC       failures than others.STRESS CORROSION CRACKING                                                   123



                          1.2 What is the likelihood of SCC becoming more widespread                              and resulting in more operational failures in the future?                              Responses should address what can be inferred from current                          Canadian and international experience with SCC on pipelines in respect of                          the likelihood of SCC becoming more extensive and/or severe over time.                          1.3 What steps need to be taken to establish a comprehensive                              data base on SCC?                              Responses should address the following:                              * the specific information that should be collected to form a                                comprehensive data base on SCC; and                              * who should collect the information and maintain the data                                base, and who should fund that service.                          2.  Status of research into 5CC on buried pipelines.                          Preamble                              An understanding of the SCC mechanism is critical for developing                          effective preventive and mitigative measures for pipelines. In the                          previous Inquiry, the Board recognized the extensive level of research                          carried out on the nature of SCC and encouraged the continuation of                          those efforts,                          2.1 What is the current level of understanding of the mecha-                              nismsfor the initiation and gTowth of SCC on oil and gas                              pipelines?                              Responses should address the following:                              *  whether there are different types of SCC e.g., high pH and                                 near-neutral pH;                               * a discussion of the theories for the initiation and growth of SCC;                                 the mechanical, environmental and metallurgical factors that                                 are known to contribute to the initiation and growth of SCC;                                 and how those factors influence SCC initiation and growth;                               * whether there is a threshold stress level for the initiation of                                 SCC; whether such a threshold level can be determined;                                 whether it is constant along the length of a pipeline system;                                 and the factors that affect the threshold value;                               * whether there is a threshold stress intensity factor for the                                 growth of SCC; the criterion used for the determination of the                                 threshold stress intensity factor; whether such a threshold                                 level can be determined; whether it is constant along the                                 length of a pipeline system; and the factors that affect the                                 threshold value; and124                                                       REPORT OF THE INQUIRY



      * a discussion of the research that is currently being conducted        to better understand the mechanism for the initiation and        growth of SCC e.g., effect of stress levels and fluctuations,        susceptibility of high strength steels, growth rates in heat        affected zone HAZ, etc., and how the results of such        research may be applied in the management of the SCC        problem. 2.2 What areas pertaining to 5CC need further study?     Responses should address the areas that are not fully understood and how the results of research into such areas may be applied to themanagement of the SCC problem. Examples include the appropriateparameters to be used to describe the SCC process e.g., J-integral, therole of hydrogen, and the interaction between mechanically-drivenprocesses e.g., film rupture, crack tip blunting and chemically-drivenprocesses e.g., anodic dissolution.2.3  What initiatives would promote the overall coordination of     efforts among researchers addressing the SCC problem?     Responses should address whether information on research isbeing properly disseminated; suggest mechanisms that would facilitatethe sharing of information; discuss who should be funding the research;and the role of funding parties in deciding how the information isshared.2.4  What expenditures have been made and are projected to be     made on research related to 5CC?     Responses should provide information on how much has beenspent in the last 10 years; in 1994; in 1995; what funding commitmentshave been made for future research; and whether funding for futureresearch is appropriate.3.   Detection of SCC on buried pipeilnes.Preamble     The development of a reliable in-line inspection tool for thedetection of SCC on pipelines would significantly enhance the ability ofcompanies to eliminate SCC defects on their systems and to preventoperational failures. Evidence submitted in the previous Inquilyindicated that a considerable amount of research had been aimed atdeveloping such a tool, but that further work was required. Until such atool is developed, companies must rely on a predictive soils model toidentify SCC-susceptible locations.STRESS CORROSION CRACKING                                                   125



                         3.1  Would the development of an in-line inspection tool for                              detecting cracks be a viable long-term solution to the SCC                              problem?                              Responses should address the following:                                the capability of state-of-the-art in-line inspection tools for the                                detection of cracks, including available field data, that                                demonstrates such capability;                              * the limitations and restrictions on the practical use of such                                tools e.g., size limitations, suitability for use on liquid and gas                                lines;                              * whether such tools are currently commercially available and,                                if not, when they are expected to be available;                              * the percentage of affected pipeline systems that could                                accommodate such tools;                              * whether adequate commitment and funding is assured for the                                development of promising in-line inspection tools to                                operational and commercial viability, including the                                commitments being made and who is making them;                              * the immediate and long-term costs associated with in-line                                inspection for SCC including development costs for the tools,                                the cost of making each affected pipeline system able to                                 accommodate such tools, etc.; and                               * whether in-line inspection tools will be cost-competitive with                                 other detection techniques.                          3.2  How effective are predictive soils models at finding SCC on                               buried pipelines?                               Responses should address the following:                               * the parameters included in predictive soils models;                               * the effectiveness of such models in finding SCC-susceptible                                 locations, including field data that demonstrates such                                 effectiveness e.g., ratio of finds/predictions;                               * whether such models are generally applicable or limited to                                 certain geographic areas;                               * other possible limitations of such models; and                               * the immediate and long-term costs associated with predictive                                 soils models.126                                                       REPORT OF THE INQUIRY



3.3  What other methods are available for finding SCC on buried     pipelines?     Responses should address the theory and principles behind othermethods; their effectiveness at detecting SCC on pipelines; thelimitations of those methods; and the associated costs.4.   Mitigative measures for SCC on buried pipelines.Preamble     The previous Inquiry evaluated the effectiveness of certainmitigative measures i.e., hydrostatic retesting, pressure reduction,selective pipe replacement, investigative excavations and repair inpreventing operational failures. Since then, additional experience hasbeen gained on the use of these techniques and other techniques havebeen identified.4.1  How effective are the mitigative measures set out below at     preventing operational failures and how viable are they as     long-term solutions to the SCC problem?     In addition to the specific information requested below, eachresponse should also address the comparative advantages anddisadvantages including limitations on use, circumstances wherein aparticular measure may not be viable as a long-term approach, etc., aswell as the immediate and long-term costs associated with eachmitigative measure:4.1.1 Hydrostatic Retesting     Responses should address the following:     * the size of defects that can survive a retest;     * the accuracy and reliability of current life-prediction models       when applied to SCC defects, including the limitations of these       models e.g., can the interaction between cracks be predicted       and quantified?;     * the appropriate hydrostatic retest parameters: stress level, test       duration, test frequency, etc.;     * whether repeated hydrostatic retests might impair the long-       term integrity of a pipeline system;     * whether affected pipelines should be hydrostatically retested       throughout, or only in SCC-susceptible areas;     * the advantages/disadvantages of hydrostatic retesting as a       means of preventing operational failures; and     * the sources of information on the effects of hydrostatic       retesting; i.e., laboratory data or field evidence.STRESS CORROSION CRACKING                                                   127



                       4.1.2 investigative Excavations and Repair                             Responses should address the following:                             * the appropriate criteria for repair vs cut-out of SCC-affected                               pipe, and the rationale and technical data justifying the use of                               such criteria;                             * the appropriate repair methods e.g., grinding, re-coating,                               sleeving, etc.; the rationale and technical data justifying the                               use of such repair methods; the criteria for selecting which                               repair method to use; the limitations of each method;                             * the effectiveness of excavations/repairs in preventing                               operational failures e.g., have repaired sections ever failed                               during normal operation?; and                             * whether repeated excavations and repairs might impair the                               long-term integrity of a pipeline system.                        4.1.3 Selective Pipe Replacements                             Responses should address the following:                             * the guidelines for choosing replacement pipe e.g., should                               replacement pipe be thicker? by how much? what type coating                               should be used? etc.;                             * the critical locations along a pipeline that should be selected                               for pipe replacements; e.g., those in proximity to dwelling                               units, to roads, to railways, to places of public assembly, to                               sensitive environmental areas, etc. and the rationale for such                               selections;                              * the appropriate distance criteria for pipe replacement, and the                                rationale and technical data supporting the use of such                                criteria;                              * the factors that should be taken into consideration in                                determining the appropriate distance criteria e.g., safety,                                property damage, environmental impacts;                              * whether selective replacements should be applied system-                                wide or in SCC-susceptible locations only; and                              * technical data that provides a measure of the effectiveness of                                selective replacements in preventing operational failures.                         4.1.4 Pipe Recoating                              Responses should address the available technology, the cost of                         recoating versus replacing the pipe, and effectiveness in arresting and                         preventing growth of SCC.                                                         REPORT OF THE INQUIRY128



4.1.5 Limitations on Operating Conditions     Responses should consider at least the following operatingconditions: operating pressure/stress levels, operating temperatures,stress fluctuations, and cathodic protection levels, and address thefollowing:     * whether there are correlations between operating conditions       and crack growth rates;     * whether limitations on operating conditions should differ       between oil and gas pipelines;     * the rationale and technical data supporting limitations on       operating conditions; and     * the practicality of imposing such limitations.4.2  Are there other mitigative measures for SCC on buried     pipelines?     Responses should discuss other mitigative measures that shouldbe considered for preventing operational failures.5.   Prevention of initiation of SCC on buried pipeilnes.Preamble     The previous Inquiry was directed primarily at examining certainmethods for controlling the growth of SCC on pipelines known to haveor suspected of having SCC. Other than an examination of the existenceof a threshold stress level for the initiation of SCC, there was no attemptto determine what other methods should be considered to prevent theinitiation of SCC on new pipeline systems or unaffected portions ofexisting systems.5.1  Which methods or practices would contribute to the preven-     tion of SCC on new and existing pipelines?     Responses should address the following:     * the metallurgical characteristics that affect the formation of       SCC;     * the aspects in the manufacture of pipe that can be controlled       to prevent SCC;     * the effectiveness of different types of coatings in preventing       SCC;     * the modifications that can be made to the environment soil,       topography, electrochemical environment, microbial activity,       etc. that decreases the susceptibility of a pipeline to SCC;     * the construction practices that are effective in preventing SCC;STRESS CORROSION CRACKING                                                   129



                             * the operating practices e.g., operating pressures,                              pressure/stress fluctuations, operating temperature, cathodic                              protection levels, etc. that are effective in preventing 5CC;                              and                             * an estimate of the immediate and long-term costs associated                              with the various preventive measures.                        6.   Safety of the public and of company employees, and pro-                             tection of the environment and property.                        Preamble                             The previous Inquiry resulted in a number of changes to the                        Pipeline Maintenance Program of TransCanada PipeLines Limited to                        address the safety risk posed by 5CC. The approved program included                        hydrostatic retesting, proximity pipe replacements, investigative                        excavations and research. The Board encouraged other companies to                        carefully review the TransCanada experience and to examine their own                        systems for SCC when opportunities occur while carrying out other                        inspection, repair, or maintenance activities.                             Since that time, the development of an internal inspection device                        has continued, the predictive soils models have been refined, more is                        known about SCC, and other pipeline systems have been found to have                        SCC. As a result of these changing circumstances, the decision on how                        best to ensure the safety of the public and of company employees, and                        the protection of the environment and property should be re-evaluated.                        6.1  How do the current integrity management practices of                             pipeline companies address the risk from SCC?                              Responses should explain the following:                              * how susceptible portions of the pipeline system are identified;                              * the criteria used to assess and manage risk;                              * how mitigative techniques are selected and employed;                              * whether companies have initiated ongoing programs to detect                                SCC; and                              * what components should be included in an effective integrity                                management program for 5CC.                          6.2 What changes should be made to current integrity manage-                              ment practices?                              Responses should be based on what has been learned about SCC                          since existing integrity management practices were put into place, and                          should address the following:                                                         REPORT OF THE iNQUIRY130



     * the techniques that could be used to monitor the extent and       severity of SCC on operating pipelines;     * the criteria to be used in evaluating the suitability of a pipeline       for continued operation; and     * long-term strategies for dealing with pipelines with SCC e.g.,       periodic recertification, use of buffer zones, changes to codes       and regulations.6.3  Are current emergency response practices adequate for     SCC-suscepdble lines?     Responses should discuss industry practices in terms of leakdetection, shutdown and isolation of failure sites and emergencypreparedness.STRESS CORROSION CRACKING                                                   131



Appendix IIIDefmition of "Significant" SCC     CEPA stated [11 that it would adopt the definition of "significant"SCC as follows:     Cracks in a colony are assessed to be "significant" if the deepestcrack, in a series of interacting cracks, is greater than 10 per cent of wallthickness and the total interacting length is equal to or greater than 75per cent of the critical crack length of a 50 per cent throughwall crack ata stress level of 110 per cent SMYS. The procedure for assessing theexistence of "significant" cracks is detailed as follows:1.   Determine the critical length for rupture of a 50 per cent     throughwall defect at 110 per cent SMYS. This critical length is a     function of line specific pipe characteristics and nominal properties     and can be determined using such analysis algorithms as:     i Pipe Axial Flaw Failure Criteria - developed by Battelle       Memorial Institute for the PRCI, and     ii CorLAS~ - developed by CC Technologies.2.   Determine the cumulative interacting length of the cracks. The     interaction is dependent upon the circumferential and axial     separation between individual cracks. The interacting     circumferential distance between two cracks is evaluated using     the following formula:                               11+12                   Y´=O.14      -~                                  2       where Y   = actual circumferential separation between                   two cracks          11, 12   crack lengths     In order for two cracks to be interacting, the axial separation     between them must be evaluated using the following formula:                               l~ + 12                   X´=O.25                                  2       where X   = actual axial separation between two cracks          11, 12 = crack lengths3.   If one of the cracks within the cumulative interactive length has a     depth greater than 10 per cent of wall thickness, compare the     interacting length of the colony to the critical length calculated in     Step 1. If the interacting length exceeds 75 per cent of the critical     length, the colony is considered "significant".STRESS CORROSION CRACKiNG                                                   133



Appendix NAssessment of Failure Criteria    In order to quantit~' the relationship between critical defect sizeand pressure in pipelines, Battelle conducted an extensive series ofburst tests in the early 1970s and developed an assessmentmethodology for analyzing axial flaws in pipelines [1]. The Battellemethod, sometimes referred to as the log-secant criterion, was based ona strip-yield model and empirically derived for surface axial flaws. Sinceits inception, the log-secant failure criterion has been used extensivelyin the pipeline industry as a conservative method of assessing the failurepressure for known defect dimensions.    More recently-developed failure criteria incorporate elastic-plasticfracture mechanics principles, the understanding of which has improvedsignificantly in the past two decades. In addition to the log-secantcriterion, other failure criteria for axial flaws in pipelines that wereconsidered in the Inquiry were the Pipe Axial Flaw Failure CriterionPAFFC developed at Battelle [2], the Level 2 Strip Yield Model developedat CANMET [3] and the CorLasTM model developed by Cortest [4].    CEPA provided calculations of predicted failure pressures for 14given crack sizes [5]. The data used in the calculations arerepresentative of the range of material properties, flaw shapes, and pipediameters in which SCC failures have occurred in Canada.    The results were used to plot scatter graphs of predicted vs.actual failure pressures for the four failure criteria Figures IV. 1 and IV.2.Points under the dashed lines indicate conservative predictions;conversely, points above are non-conservative. Figure IV. 1 shows thatmost of the failure pressures predicted by the different failure criteria areconservative and that there is a significant amount of scatter in theresults.    Figures IV.2a and IV.2b show that, for this set of data, the log-secant and CANMET criteria can be very conservative, with significantvariances in the level of conservatism. In addition, the CANMETcriterion was not consistently conservative. In comparison, FiguresIV.2 c and IV.2 d show much improved predictability for both theC0rLASTM and PAFFC criteria, with C0rLASTM giving comparatively betteraccuracy. The figures illustrate the inconsistency and significantamount of conservatism that is possible in the application of thesefailure criteria.    It must be emphasized that the observations noted above withrespect to each failure criterion are valid for the specific set of field datafor which the calculations were made and may not necessarily hold trueSTRESS CORROSION CRACKING                                                   135



                         for other sets of data. Each failure criterion is developed on the basis of                         certain assumptions and generally has a limited range of applicability.                         The predictive capability of a failure criterion improves if the specific                         situation under consideration is consistent with those assumptions and                         is within that range of applicability.                              For example, in a study conducted by Battelle for TCPL, it was                         concluded that the log-secant criterion is not appropriate for assessing                         pipeline failure pressures for lines containing SCC, such as has occurred                         on the TCPL system [6J. The inconsistent and overly conservative                         predictions of failure pressure were attributed primarily to the effect of                         multiple cracking that is associated with SCC, as compared to the single                         rectangular axial flaw assumed in deriving the log-secant criterion. The                         study also identified the empirical calibration of the criterion as                         contributing to the observed conservatism and inconsistency. In                         another study conducted by Battelle for TCPL, the results suggest that                         the presence of multiple cracks effectively reduces the crack driving                         force below that for a single crack [71. Therefore, failure criteria based                         on a single crack will tend to underestimate failure pressures where                         multiple cracks are present. According to TransCanada, Battelle is                         currently working on developing a correction factor for single-crack                         failure criteria that will improve its predictive accuracy for multiple                         cracks.                         Figure IV.I                         Predicted vs. actual failure stress levels for various failure criteria                            120-                         U,                         >-    -                         ~ ioo-                              A*                         U,                                     -                             80-                         - -         U                                                             .       A                             60-                   ~          U      *                               *                     t  I                         ~ ::      ~         I     I                               0     20     40     60    80     100     120                                          Actual Failure Stress Level %5MYS-  -   1to 1correlationACANMET    *   COrLASTMU   log-secant*PAFFC                                  Source: Data from endnote [51136                                                                        REPORT OF THE INQUIRY
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                        Figure IV.3                        Critical crack sizes at hydrostatic test pressure and at maximum                        operating pressure                          -~                          0~                          U                          0                          U                              Once an appropriate failure criterion has been chosen, critical                          crack sizes can be calculated for the test pressure and the MOP of the                          pipeline. Figure IV.3 shows a typical graph of the critical crack sizes for                          two stress levels, corresponding to the hydrotest pressure and the MOP.                          It is a plot of crack depth versus crack length and represents the families                          of crack sizes that are critical at the test and maximum operating                          pressure. For example, both the short, deep crack, A, and the long,                          shallow crack, B, are critical at the test pressure.                              After a hydrotest, it can be assumed that no cracks remain in the                          pipeline whose dimensions lie above the curve for PT. Over time, cracks                          A and B will grow to A' and B', respectively, where the latter are critical                          at the operating pressure of the pipeline. The difference in depth                          between A' and A, AdA, is the margin for growth in the depth direction                          that is necessary for crack A to fail in service. Similarly, for crack B, the                          crack growth margin is Ad8. Unless there is data available e.g.,                          previous failures, Ill data to support the assumption of a specific critical                          crack length, the minimum Ad between the two curves should be used                          to arrive at a conservative value for a safe test interval. The assumption                          of an infinitely long crack would normally lead to conservative                          estimates of Ad.                              Another advantage of. assuming an infinitely long crack is that                          any further growth in crack length that might occur between tests                          becomes irrelevant and, consequently, any coalescence of cracks will                          not affect the calculations of a safe test interval. If, subsequent to a                          hydrotest, crack A in Figure IV.3 were to coalesce with a crack ofCrack Length138REPORT OF THE INQUIRY



length 1', the total length of the new crack would be significantly greater.Consequently, the critical crack depth at MOP would be smaller and theamount of growth in the depth direction that is necessary for crack A tofail in service would be ~ which is significantly less than adA. Byassuming a longer crack or one of infinite length, the effect of anycoalescence is minimized or eliminated altogether.    CEPA has taken the position, based on observations of field andlaboratory cracks, that coalescence for low pH SCC occurs in the earlystages of growth when cracks are small and then the coalesced crackcontinues to grow as a single crack. According to Beavers, theexamination of fracture surfaces of failed pipelines indicate that theearly stages of growth occur in the axial direction, during which timesmaller cracks coalesce, and that the latter stages are characterized bygrowth in the depth direction [8]. Parkins indicates that laboratoryresults of specimens taken to failure suggest the same tendency forcoalescence to occur early [9]. However, the Panel notes that thisapparent tendency to coalesce in the early stages of growth does notpreclude the scenario wherein cracks coalesce subsequent to ahydrotest, but do not lead to immediate failure. That situation could stilloccur and lead to nonconservative estimates for test intervals.    In summary, the failure criterion selected must be appropriate forthe specific situation under consideration. It is therefore essential thatthe assumptions underlying a failure criterion, as well as its range ofapplicability, be fully understood and considered. Secondly, in theabsence of reliable data regarding crack dimensions, the minimum Mshould be used to arrive at a conservative value for a safe test interval.STRESS CORROSION CRACKING                                                   139



Appendix VGlossaryanodic dissolution        localized corrosion in the presence of an                          electrical currentanchor pattern            roughing of the pipe surface in order to                          allow better adhesion of the coatinganaerobic soil            soil lacking in oxygenaerobic soil              soil containing oxygenBarlow's formula          relates the pressure in a pipe to the                          circumferential hoop stress as a function of                          the diameter and wall thicknessbrittle fracture          pipeline failure with little plastic deformation                          at fracture surfacecathodic protection CP  method of controlling or reducing corrosion                          by applying a voltage to the pipe through the                          soilclass location            geographic area classified according to its                          approximate population density in a region                          200 m on both sides of the centreline of any                          continuous 1.6 km of pipelinecoating disbondment       separation of coating from the pipe surfacecold expansion            mechanical expansion of pipe after forming                          and welding by 1 to 1.5 per cent to round                          out and size the pipe diametercollinear                 lying along the same line coaxialcompressive stress        stress that compresses or shortens the                          materialcorrosion                 degradation of steel by chemical or electro-                          chemical dissolution that occurs as a result                          of the interaction of the steel with its                          environmentcrack blunting            plastic deformation of the crack tip due to an                          overloadcrack coalescence         joining of twocracks that are in close                          proximity to form one longer crackcracking                  mechanical splitting into partsSTRESS CORROSION CRACKING                                                     141



                           cyclic softening         after a number of pressure cycles, many                                                    steels exhibit plastic strains at stress levels                                                    below those at which they would normally                                                    occur, i.e., the yield stress                           diffusion                passage of a substance into a body e.g.,                                                    hydrogen into steel                           "dirty" steel            term used to denote a steel containing a                                                    high number of non-metallic inclusions                           discrete repair          a short segment of pipeline identified to be                                                    repaired                           dissolution              decomposition of steel into parts                           double submerged         weld using filler metal passes on the inside                           arc weld DSAW          and outside of the pipe                           ductility                a measure of the capability of a material to                                                    be deformed plastically before fracturing                           elastic limit            see proportional limit                           electric potential       voltage existing between the pipe and its                                                    environment                           electric resistance      weld formed by resistance heating of the                           weld ERW               two edges of a pipe and then forcing them                                                    together to create a solid state weld                           electrolyte              liquid that conducts electricity                           fatigue                  mechanism leading to fracture as a result of                                                    repeated or fluctuating stresses                           flash-welded             distinct type of ERW pipe, made from                                                    individually rolled plates formed into cans                                                    before being welded                           fracture mechanics       study of the physics of crack initiation and                                                    growth in a material                           fracture toughness       a measure of a material's resistance to crack                                                    extension, either slow or rapid                           free corrosion potential electric potential that exists in the absence                                                    of an applied potential with corrosion                                                    occurring                           free surface             a surface with one side not constrained by                                                    adjacent metal, just air                           girth weld               circumferential weld joining two sections of                                                    pipe                           high vapour pressure     hydrocarbons or hydrocarbon mixtures in                           HVP liquid             the liquid or quasi-liquid state with a vapour                                                    pressure in excess of 107 kPa absolute at 38°C142                                                              REPORT OF THE INQUIRY



holiday                    a hole or puncture in the coating of a                           pipelinehoop stress                stress around the circumference of a pipe                           i.e., perpendicular to the pipe length which                           results from internal pressurehydrogen embrittlement     a condition of low ductility in metals                           resulting from the absorption of hydrogenhydrolysis                 decomposition of a chemical compound by                           reaction with waterhydrostatic test           pressure test of a pipe or pressure vessel                           using water as the pressurizing mediumin-line inspection IU    the inspection of a pipeline from the interioror internal inspection     of the pipein-line inspection tool    the device or vehicle, also known as an                           intelligent or smart pig, that uses a                           nondestructive testing technique to inspect        -                  the wall of a pipe from the inside"insignificant" SCC        SCC that is not large enough to be classified                           as "significant"intergranular              crack growth or crack path that is between                           the grains of a metalJ-integral                 a fracture mechanics parameter relating                           crack size, geometry and stress acting on a                           crack. This parameter accounts for plasticity                           effects in crack growthlauncher                   a pipeline facility used for inserting a pig                           into a pressurized pipelineleak                       a small opening, crack or hole in a pipeline                           causing some product loss, but not                           immediately impairing the operation of the                           pipelineloading rate               rate at which pressure increases in a                           pipelinelow vapour pressure        hydrocarbons or hydrocarbon mixtures inLVP liquid               the liquid or quasi-liquid state with a vapour                           pressure of 107 kPa absolute or less at 38°Cmagnetic particle          a nondestructive examination procedure forinspection MPI           locating surface flaws in steel using fine                           magnetic particles and magnetic fieldsSTRESS CORROSION CRACKING                                                      143



                           microplastic strain     a small area of plastic strain usually on the                                                   pipe surface, such as in a pit or other areas                                                   where the strain is locally confined, that                                                   does not spread through the wall thickness                                                   resulting in gross plastic deformation of the                                                   pipe                           microstructure          structure of metals and alloys as revealed                                                   after polishing and etching them; hot rolled                                                   steels usually consist of bands of ferrite                                                   iron and pearlite carbon but may contain                                                   other microstructures such as martensite                                                   hard brittle grains or bainite not as hard or                                                   brittle as martensite                           mill scale              scale remaining on the surface of the pipe                                                   due to steel manufacturing process                           non-metallic inclusions a particle of foreign material in a metallic                                                   matrix; usually the foreign material is an                                                   oxide, sulfide or silicate but may be of any                                                   substance foreign to the matrix                           nucleate                initiate, such as start the growth of a crack                           off-line inspection     inspection of a pipeline section that is                                                   removed from service; accomplished by the                                                   installation of temporary launchers and                                                   receivers                           on-line inspection      inspection of a pipeline section while it is in                                                   service; accomplished by the use of                                                   permanently installed launchers and                                                   receivers                           passivity               function of the electrochemical environment                                                   where a passive or protective film forms                           pH                      measure of the acidity or alkalinity of a                                                   substance                           pig                     a generic term signifying any independent,                                                   self-contained device, tool or vehicle that                                                   moves through the interior of the pipeline                                                   for inspecting, dimensioning or cleaning                                                   purposes                           pigging                 see in-line inspection                           pressure                level of force per unit area exerted on the                                                   inside of a pipe or pressure vessel                           pressure reversal       failure of a defect e.g., crack at a pressure                                                   level below the maximum level reached on a                                                   prior loading e.g., hydrostatic retest144                                                             REPORT OF THE iNQUIRY



proportional limit       maximum stress a material is capable of                         sustaining without any permanent plastic                         deformation upon release of the stress also                         know as elastic limitproximity replacements   see selective pipe replacementsR-ratio                  ratio of the minimum to maximum stress to                         characterize the pressure fluctuations                         experienced in cyclic loadingreceiver                 a pipeline facility used for removing a pig                         from a pressurized pipelineredox potential          potential of the soil for oxidation to occur;                         measures the oxygen that is available to                         combine with other compoundsresidual stress          stress present in an object in the absence of                         any external loading; results from                         manufacturing process, heat treatment, or                         mechanical working of materialrupture                  the instantaneous tearing or fracturing of                         pipe material causing large-scale product                         loss and immediately impairing the                         operation of the pipelineselective pipe           pipe replacements which are undertakenreplacements             adjacent to critical areas such as dwellingsSMYS                     specified minimum yield strength; the                         minimum yield strength prescribed by the                         specifications or standard to which pipe is                         manufacturedsour gas                 natural gas containing hydrogen sulphide in                         such proportions as to require treating in                         order to meet domestic sales gas                         specificationsstrain                   increase in length of a material expressed on                         a unit length basis e.g., inches per inchstrain hardening         an increase in hardness and strength caused               -         by plastic deformation at a temperature                         below the recrystallization rangestress                   tensile or compressive force per unit area in                         the pipe wall as a result of the loads applied                         to the structurestress associated        see anodic dissolutiondissolutionstress focused           see anodic dissolutiondissolutionSTRESS CORROSION CRACKING                                                    145



                          stress intensity factor    a fracture mechanics term relating the crack                                                     size, geometry and stress acting on a crack                          stress raiser or           a change in contour, discontinuity, gouge or                          concentration              notch that causes the local increases in the                                                     stress in a pipe                          stress relief              reduction of the residual stresses either                                                     through a mechanical overload or through                                                     an elevated temperature i.e., 200 to 450°C                                                     for a period of time                          "significant" SCC          SCC that is deeper than 10 per cent of the                                                     pipe wall thickness and is as long as, or                                                     longer than, the critical crack length of a 50                                                     per cent throughwall crack at a stress level                                                     of 110 per cent of the pipe's SMYS                          subcritical crack          a crack that is not large enough to cause a                                                     failure of a pipeline at a given pressure                          tensile stress             stress that elongates the material                          terrain conditions         the soil type, drainage and topography at a                                                     given location                          thermal flux               a measurement of heat intensity                          thermal stress relief      process of relieving residual stress by                                                     elevating the steel temperature for a defined                                                     period of time                          transducer                 a device for converting energy from one                                                     form to another; for example, in ultrasonic                                                     testing, conversion of electrical pulses to                                                     acoustic waves and vice-versa                          transgranular              crack growth or crack path that is through or                                                     across the grains of a metal                          TUV Itheinland             an organization authorized by the German                                                     Government to verify the compliance with                                                     directives defined by Regulations covering                                                     the operation and inspection of pipelines in                                                     Germany                          weld seam                  the longitudinal weld in pipe, which is made                                                     in the pipe mill                          yield strength             stress level at which a material exhibits a                                                     specified deviation from linear                                                     proportionality of stress and strains usually                                                     0.5 per cent strain146                                                               REPORT OF THE INQUIRY
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