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 The  world’s  energy  resources  on  land  are  getting  depleted,  and  mush  attention  is  given  to  the 
 development  of  offshore  fields.  Over  the  past  years,  new  reserves  located  offshore  have  been 
 regularly  discovered.  Once  the  hydrocarbons  have  been  extracted,  it  is  necessary  then  to 
 transport  them  to  the  storage  places,  refineries  or  gas  processing  plants,  and  to  deliver  to  the 
 consumers. There are several ways of hydrocarbon transportation. One of the most cost-effective 
 and popular means of oil and gas transportation is pipelines.  


Construction  and  operation  of  subsea  pipelines  are  known  to  be  very  hazardous  and  risky 
 processes.  In  order  to  ensure  reliable  and  safe  operation  of  submarine  lines,  it  is  essential  to 
 design  them  according  to  the  international  standards  and  codes.  However,  observance  of  rules 
 sometimes does not guarantee safe pipeline operation. Some undesirable events can occur from 
 time  to  rime.  One  of  such  events  is  dragging  anchor  incident,  which  poses  great  threat  to  the 
 subsea lines. The consequences of this incident may be huge, involving environmental pollution, 
 asset losses and even fatality. The mitigation of these outcomes becomes problematic, expensive 
 and  impossible.  That  is  why  it  is  recommended  to  carry  out  relevant  investigations  before  the 
 mitigation measures are planned and implemented.  


This  work  is  mainly  focused  on  the  anchor  damage  assessment  of  subsea  pipelines.  The 
 comprehensive  discussion  on  a  PARLOC  2001  database  is  done  in  order  to  determine  major 
 pipeline  incidents,  their  causes  and  consequences.  The  questions  regarding  pipe-anchor 
 interaction scenario have been studied a lot. It has been found that the extent of pipeline damage 
 is heavily dependent on its unique properties. In addition, not only the pipeline data, but also a 
 combination of vessel characteristics and anchoring equipment parameters has been very useful 
 for the analyses.  


Based on the results of AIS ship traffic data processing, main pipe damage criteria checks have 
 been  performed.    The  findings  indicate  that  not  all  the  anchors  have  potential  of  hooking  and 
 approaching  the  pipeline  resting  on  the  seafloor.  Key  parameters  here  are  anchor  class  (size), 
 chain  length,  ship  speed  and  water  depth.  Moreover,  the  geometrical  configuration  of  all  the 
 anchors has been taken into account as well. Not only a theoretical approach, but a model scale 
 test  has  been  carried  out  in  order  to  understand  the  variation  of  anchor  towing  depth  with 
 different  ship  velocities.  The  comparison  of  analytical  solution  results  with  the  experimental 
 results is also included in this thesis.  


Anchor  pulling  consequences  are  established  in  accordance  with  the  global  scale  analyses 
 performed  in  the  FE  program  SIMLA  for  a  certain  number  of  sensitivity  cases  for  both  small 
 (16-inch) and large (40-inch) diameter pipelines. The pipelines responses have been determined, 
 and their cross-sectional capacities have been checked.  In addition, pipelines failure frequencies 
 have been estimated.  


This  work  shows  how  critical  it  is  to  have  detailed  ship  and  equipment  class  data  for  doing 
pipeline  integrity  assessment.  In  accordance  with  the  results  obtained,  the  dragging  anchor 
interference assessment methodology is developed. 
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 CHAPTER 1. INTRODUCTION 


1.1 BACKGROUND 


21st century is a century of enormous energy consumption. The energy is arguably the spine of 
 human life on our planet. The need for  energy is insatiable and we need  to  constantly think of 
 new  ways  to  try  to  meet  this  need.  However,  resources  on  land  are  fast  depleting,  hence  it  is 
 necessary  to  explore  new  reserves  to  extract  oil  and  gas.  Over  the  past  couple  of  decades,  we 
 have  seen  that  new  reserves  regularly  discovered  are  located  on  offshore  sites.  As  a  result, 
 offshore  field  development  is  receiving  great  interest.  The  new  oil  and  gas  fields  on  the 
 continental  shelf  are  fast  becoming  major  global  energy  reserves.  To  move  extracted  energy 
 resources  to  the  storage  places,  refineries  or  gas  processing  plants,  and  to  deliver  them  to  the 
 consumers, several means of products transportation are used.  One of the most popular means is 
 pipeline. Submarine pipelines are laid across different territories of the world. For this reason a 
 lot  of  attention  should  be  given  to  their  monitoring,  considering  safety  and  environmental 
 questions.  


Construction and operation of pipelines are known to be very hazardous and risky processes. To 
 mitigate  the  risks  and  to  exclude  the  causes  of  pipeline  failures,  it  is  necessary  to  design, 
 construct  and  manage  the  pipelines  safely  and  in  an  appropriate  way  according  to  the 
 international  codes  and  standards.  Sometimes  even  observance  of  necessary  rules  does  not 
 guarantee safe pipeline operation. Statistic shows that high-technology solutions and innovations 
 help  to  decrease the probability of any  failures.  However, there are still some undesired events 
 that cannot be completely avoided. One of such cases is pipeline anchor damage. This accident 
 can  lead  to  the  consequences  like  fatality,  fire,  explosion,  environmental  pollution  and  asset 
 losses. Mitigation of such outcomes becomes difficult, expensive and even impossible. Even in a 
 best-case  scenario,  when  the  pipeline  suffers  minor  damage,  the  consequences  can  be  serious: 


extended pipeline shutdowns, disruption of a schedule and financial problems.    


1.2 PROBLEM STATEMENT 


In case if ship anchor is accidently dropped and dragged over the pipeline, the latter may suffer 
 damage, lose its integrity and leak. Even though the pipeline failures and their causes are studied 
 and discussed a lot, there are still some questions regarding anchor damage threats to submarine 
 pipelines. An extent of damage strongly depends on pipe unique properties, vessel characteristics 
 and anchor parameters. In addition, AIS ship traffic data with ship particularities (identification 
 number, type, gross tonnage, equipment specifications, etc.) is to be included into the assessment 
 as  well.  A  combination  of  all  these  factors  is  of  great  importance  for  the  dragged  anchor 
 interference analysis  and  failure frequency  estimation.  Based on the findings  and results  of the 
 detailed  investigation,  risk  reducing  measures  can  be  proposed  and  implemented  if  necessary. 


Eventually,  the  design  methodology  can  be  optimized  and  applied  where  appropriate  for  both 
 existent and new pipeline projects.  


1.3 PURPOSE AND SCOPE 


The analysis is primarily focused on a given gas pipeline called “Pipeline 1”, which is located in 
the North Sea. Typical pipeline and ship traffic details are taken as a basis for the present work. 
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 The  emphasis  is  placed  on  the  whole  pipeline  including  all  the  KP  sections  and  possible 
 anchoring zones. Several sensitivity cases are distinguished along the pipeline route and selected 
 in  order  to  establish  anchor  dragging  consequences  and  to  estimate  the  pipeline  failure 
 frequencies. All the analyses are performed in the most conservative way, considering the worst 
 cases.  


Scope of the thesis: 


1.  Study of the design objectives and main aspects of pipeline route selection. 


2.  Pipeline  hazards  investigation.  Detailed  definition  and  study  of  the  PARLOC  2001 
 database. 


3.  Analysis of the ship anchoring effect on submarine pipelines by using the corresponding 
 theoretical approach.  


4.  Collection of relevant data needed for the assessment.   


5.  Dragged anchor interference assessment. Anchor hook/hit/damage checks.  


6.  Carrying  out  of  model  scale  test  on  the  variation  of  anchor  towing  depth  with  different 
 towing speed. Verification of the results. 


7.  Establishment  of  pipe-anchor  interaction  consequences  by  performing  global  scale 
 analysis in SIMLA finite element program. Check of large and small diameter pipelines 
 responses and cross-sectional capacities. 


8.  Failure frequency estimation procedure for both large and small size pipelines. 


9.  Discussion and methodology description. 


10. Drawing  up  of  the  conclusions  with  regard  to  the  analysis  and  frequency  estimation 
 results. 


1.4 THESIS ORGANIZATION 


Chapter  2  presents  pipeline  design  objectives.  It  points  out  the  main  factors  influencing  the 
 selection  of  pipeline  route,  namely:  environment,  seabed  features,  facilities,  landfall  and  third 
 party activities.  


Chapter 3 describes possible pipeline threats, their causes and consequences. It also defines the 
 purpose of pipeline databases. Detailed discussion of PARLOC 2001 database is included in this 
 chapter. The most frequently encountered incidents, involving steel and flexible lines, are studied 
 and analyzed as well.  


Chapter  4  explains  the  ship  anchoring  procedure  and  its  effect  on  submarine  pipelines. 


Comprehensive theoretical approach is presented here. The chapter defines vessel classification 
 and  its  characteristics.  Particularities  of  vessel  equipment  (anchor  and  chain)  are  discussed  as 
 well. In addition, the chapter provides complete description of pipeline damage criteria that is of 
 great importance for further analysis. 


Chapter  5  presents  dragged  anchor  interference  assessment.  The  chapter  includes  AIS  data 
processing based on the typical pipeline route. Collection of missing data for different ships with 
respect  to  IMO-no,  name,  type,  EL,  GT,  speed  and  vessel  coordinates  is  done  as  well.  All  the 
information  is  used  for  the  anchor  hook,  hit  and  damage  criteria  checks.  The  chapter  also 
provides a description of model scale test on the variation of anchor towing depth with different 
ship velocities. The comparison of analytical solution results with the experimental results is also 
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 included.  Anchor  pulling  consequences  are  established  in  accordance  with  the  global  scale 
 analyses  performed  in  finite  element  program  for  several  sensitivity  cases  for  both  small  and 
 large  diameter  pipelines.  The  pipelines  responses  are  determined,  and  the  cross-sectional 
 capacities are checked.  In addition, anchor dragging induced frequencies estimation is presented 
 in  this  chapter.  In  accordance  with  the  results  obtained,  the  dragging  anchor  interference 
 assessment methodology is developed. 


Chapter  6  comprises  complete  discussion  based  on  the  results  and  findings  obtained  from  the 
 studies,  tests  and  analyses.  All  the  assumptions  taken  for  the  present  work  are  listed  as  well. 


Some recommendations for the further studies and analyses are given in this chapter.  
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 CHAPTER 2. PIPELINE DESIGN BASIS  


2.1 DESIGN PHASES 


In  order  to  ensure  reliable  and  safe  operation  of  submarine  pipelines,  it  is  essential  to  design 
 them  according  to  the  international  standards,  codes  and  practices.  Pipeline  design  procedure 
 mainly consists of three stages (Bai, 2001): 


I.  Conceptual engineering; 


II.  Preliminary engineering; 


III.  Detail engineering.  


Each stage is of great importance and has a set of basic objectives which are to be given below. 


Conceptual engineering objectives: 


  Establishment  of  technical  feasibility  and  constraints  on  the  system  design  and 
 construction; 


  Elimination of non-viable options; 


  Identification of required information for the design and construction processes; 


  Preparation of the basic cost and scheduling exercises; 


  Identification of interfaces with planned or existent systems. 


Preliminary engineering objectives: 


  Pipeline design: verification of pipeline size, determination of grade and wall thickness; 


  Verification of pipeline against design and code requirements; 


  Authority applications preparation; 


  Material take-off and order of the line pipe. 


Detailed engineering objectives: 


  Route selection and optimization; 


  Wall thickness and coating selection; 


  Confirmation  of  code  requirements  on  strength,  vortex-induced  vibrations,  on-bottom 
 stability, global buckling and installation; 


  Detailed  design  and  drawings  preparation:  pipelines,  tie-ins,  crossings,  risers,  shore 
 approaches and subsea structures; 


  Preparation of alignment sheets according to the recent survey data; 


  Preparation  of  specifications  on  materials,  costs,  construction  works  (laying,  survey, 
 welding,  riser  and  spoolpiece  installation,  tie-ins,  structures  installation)  and 
 commissioning (flooding, pigging, hydrotest, drying); 


  Material take-off, procurement of materials; 


  Preparation of design data and necessary information for the certification authorities. 


There  is  a  set  of  main  pipeline  design  issues  that  is  to  be  taken  into  account  during  pipeline 
design stages: 
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 1.  Environmental  issues:  water  depth  profile;  weather  conditions;  information  about 
 currents,  waves,  and  ambient  temperature  variations.  Seasonal  changes  should  be 
 specified as well. 


2.  Seabed  particularities:  geotechnical  characteristics;  tectonic  movement  details;  seabed 
 topography data.  


3.  Flow issues: fluid type, flowrate, pressure and temperature information, water profile.  


Specifying  the  issues  mentioned  above,  it  is  possible  to  design  the  pipeline  in  an  appropriate 
 way,  so  that  its  integrity  is  ensured  through  all  the  pipeline  system  phases:  from  the  concept 
 development to the pipeline abandonment (Figure 1). 


Business development Concept development Basic design Detail design Linepipe Components and assemblies Corrosion protection and weight coating Pre-intervention Installation Post-intervention Pre-commissioning Commissioning Integrity management Inspection and repair Re-qualification Abandonment


Concept  Design  Construction  Operation 


Establich integrity  Maintain integrity 
 Figure 1: Pipeline system phases (DNV-OS-F101, 2013) 


2.2 ROUTE SELECTION 


Route  selection,  being  one  of  the  objectives  of  the  detailed  pipeline  engineering,  is  a  critical 
 aspect, affecting all the phases of pipeline project. The pipeline route shall be selected with due 
 regard to safety of the public and personnel, protection of the environment, and the probability 
 of  damage  to  the  pipe  or  other  facilities  (DNV-OS-F101,  2013).  There  are  a  lot  of  factors 
 influencing  the  selection  of  the  pipeline  placement.  These  factors  are  mainly  seabed  features, 
 geotechnical  and  environmental  condition,  seasonal  changes,  etc.  The  identification  of  pipe 
 location  particularities,  issues  and  problems  can  be  done  by  applying  geographical  information 
 system  and  different  route  surveys  techniques.  As  soon  as  all  the  relevant  information  is 
 obtained, it becomes easier to suggest, select and develop successful pipeline route.  


Typical  routing  is  influenced  by  a  set  of  factors  which  are  presented  in  the  Table  1       
 below (DNV-OS-F101, 2013). 


Table 1: Factors influencing pipeline route selection 


Factor  Factor identification and comments 
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 Environment 


  archaeological sites; 


  exposure to environmental damage; 


  areas of natural conservation interest (oyster beds 
 and coral reefs); 


  marine parks; 


  turbidity flows. 


Seabed 


characteristics 


  uneven and unstable seabed; 


  soil properties; 


  subsidence; 


  seismic activity. 


Facilities 


  offshore installations; 


  subsea structures and well heads; 


  platform anchor patterns; 


  existing pipelines and cables; 


  obstructions; 


  coastal protection works. 


Landfall 


  local constraints; 


  3rd party requirements; 


  environmental sensitive areas; 


  vicinity to people; 


  limited construction period. 


Third party 
 activities 


  ship traffic and fishing activity; 


  dumping areas for waste, ammunition, etc.; 


  mining activities; 


  military exercise areas. 


2.2.1 Environment  


Environmental and statistical data (wind, wave, tide, current, temperatures, ice, earthquake, etc.) 
 should  be  determined  and  taken  into  account  before  the  selection  of  pipeline  route. 


Hydrodynamic  loads  induced  by  the relative  motion  between  the  pipe  and  surrounding  water 
 also affect the choice of pipeline routing. It is essential to take into account all the load sources, 
 namely current, wave, etc. (DNV-OS-F101, 2013).  


Arctic  seas  are  covered  with  ice  in  different  forms.  Presence  of  such  ice  features  as  ice  ridges 
 and  icebergs  may  cause  the  scouring  of  the  seabed  and  increase  of  hydrodynamic  loads.  Ice 
 gouging  leads  to  pipeline  damage  and  rupture.  The  gouging  is  a  special  hazard,  requiring 
 appropriate route selection and design to minimize the risks of pipe failures.  


Geographical  location  is  to  be  estimated  and  compared  to  other  possible  locations.  Then  it  is 
necessary to assess the environmental conditions of chosen corridor: the pipeline can be divided 
into several sections in accordance with the water depth, seabed topography and geomorphology 
(DNV-OS-F101, 2013; Palmer & King, 2008). 
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 Special  focus  is  to  be  put  on  the  seas  of  natural  conservation  interest  because  of  tropical  coral 
 reefs, which form the ecosystem of the planet. Similar to reefs marine parks are to be protected 
 as well. Thus, any kind of trenching or dredging works must be excluded.  


2.2.2 Seabed characteristics 


Alongside with  the  environmental  data, it is  important  to  utilize the seabed features. The latter 
 should  include  the  information  about  rocks,  sand  waves,  pock  marks,  mud  slides,  mud 
 volcanoes, and iceberg scars. Some surveys and laboratory tests are to be taken in order to obtain 
 the list of geotechnical properties and soil parameters that are necessary for the selection of the 
 design philosophy.  


Pipeline  rests  on  the  sea  bottom.  Ideal  seabed  is  represented  as  flat,  smooth  and  technically 
 uniform  one,  consisting  of  stable  clay.  However,  the  seabed  is  usually  uneven,  and  due  to  the 
 presence  of  rocks  and  valleys  there  is  a  probability  of  free  spans  formation.  In  addition,  the 
 seabed with different kinds of obstacles the cobbles and boulders poses a threat and complicates 
 the trenching procedure a lot.  


One  of  the  challenging  physical  factors  influencing  pipeline  behavior  on  the  seabed  is  mobile 
 sand  waves.  Since  sand  waves  are  unstable,  the  pipeline,  resting  on  their  crests,  can  lose  the 
 support of moving sand. That is why, it is recommended to avoid such territories. In case if it is 
 impossible to evade sand waves, the route must be laid along the troughs of sand waves, and the 
 pipeline has to be lowered in the trench below the troughs level, by using well-known pre-sweep 
 method (Palmer & King, 2008). 


Moreover, soil is composed of several layers, the properties of which vary with the layers’ depth: 


the upper layer is  known to  be more uncertain  than deeper one. Thus, both  of them have to  be 
 emphasized during the pipeline design (DNV-OS-F101, 2013). 


2.2.3 Facilities 


An  interaction  of  the  pipeline  with  the  platforms,  offshore  installations,  subsea  structures, 
 existing  pipelines  and  cables  (power  or  communication)  may  become  dangerous  and 
 challenging.  In  order  to  avoid  probable  pipeline  damage  it  is  better  to  locate  the  pipeline  at  a 
 certain distance from such obstructions. Offshore Standard DNV-OS-F101 (2013) points out that 
 minimum  horizontal  distance  of  500  m  shall  be  adopted  in  case  if  there  are  any  facilities  or 
 manned  areas  close  to  the  pipeline.  If  there  is  an  FPSO,  drilling  rig  or  semisubmersible,  it  is 
 essential  to  specify  the  size  of  anchor  spreading  or  the  distance  of 2  km  radius (Karunakaran, 
 2014). 


A threat may be posed by the existing pipelines and cables. Before the final decision on pipeline 
 routing  is  made,  some  monitoring  procedures  are  to  be  taken  to  determine  the  placement  of 
 existing installations. Moreover, the following should be noticed: 


  The  corridor  shall  be  in  a  range  of  50-100  meters,  if  it  is  an  existing  pipeline;  and  in  a 
 range of 20-30 meters, if the pipeline is constructed together with the new one; 


  Approach angle shall be more than 300; 


  Size of crossing should be equal to the length of the part elevated off the seabed; 
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  Rock dumping is to be calculated to provide necessary protection; 


  Areas  with  the  vulnerable  submarine  cables  are  to  be  avoided  either.  Otherwise,  the 
 pipeline should be laid through the gap of severed cable. Then the cable is to be spliced 
 and lowered back over the pipeline (Karunakaran, 2014). 


2.2.4 Landfall 


Pipeline  route  selection  is  also  dependent  on  the  construction  limitations:  shore  and  platform 
 approaches, pipeline crossings, and trenching. With regard to the landfall, the pipeline location is 
 chosen  in  accordance  with  the  lay  barge  draught  (in  terms  of  the  barge  generation),  and 
 environmental  conditions.  Concerning  the  platform  approach,  the  minimum  clearance  of  the 
 vessel to platform and sufficient corridor must be specified.   


Political issues are also point of concern, especially for the export lines, interconnecting different 
 countries or even continents. For both the design and operation of export pipelines it is important 
 to use multiple code compliance and meet multiple reporting requirements (Karunakaran, 2014). 


2.2.5 Third party activities 


The  focus  of  much  attention  is  the  third  party  activities  mentioned  in  the  Table  1.  Pipelines 
 resting on the seafloor are increasingly exposed to the loads  arising due to high human activity 
 on  the  sea.  Deciding  on  a  route,  the  inference  between  these  activities  and  pipelines  must  be 
 considered.  


Loads  which are imposed  on the pipeline system from 3rd  party activities shall  be classified as 
 interference  loads.  Typical  interference  load  include  trawl  interference,  anchoring,  vessel 
 impacts and dropped objects.  Along with the interference loads there are also accidental loads, 
 and the main difference between them is the probability of occurrence. If the latter is less than 
 10-2 throughout a year, then it can be defined as accidental load (DNV-OS-F101, 2013). 


One  of  the  evident  examples  of  the  interference  load  is  trawl  impact  (Figure  2).  Due  to  great 
 fishing activity nowadays, the loads from the trawl gears represent a real hazard to the pipeline 
 integrity.  


Figure 2: Typical otter trawl gear crossing a pipeline (DNV-RP-F111, 2010) 
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 The trawling scenario is usually divided into three interaction phases (Table 2) (DNV-RP-F111, 
 2010; Bai, 2001): 


Table 2: Trawling scenario interaction phases 


Phase  Explanation  Duration of the 


phase  Effect from the load 


Impact 


A pipeline is hit with the board, beam 
 shoe or clump. The pipe shell is 
 supposed to resist the impact load.  


Some 


hundredths of 
 second. 


Local dents, damage of 
 pipe coating. 


Pull-over  A trawl board, beam shoe or clump is 


pulled over the pipeline.   1-10 seconds.   Global pipeline 
 response. 


Hooking  A trawl board is stuck and wedged 


under the pipeline.    Several minutes.  


Extreme cases, large 
 hooking loads are 
 imposed to the pipeline.  


NB. Because of its small frequency, the hooking is classified as an accidental load. The reasons 
 for such loads may be different, and some of them are the following: 


  Severe environment conditions: high wave and current loads, ice features loads; 


  Emergency situations: explosions and/or fire; 


  Operational failures: infrequent internal overpressure, accidental water filling; 


  The impact from various items: vessel impact, dropped objects, dragging anchors, etc. 


It  is  an  era  of  a  large  amount  and  variety  of  ships  (supply  and  construction  vessels,  ferries, 
 tankers,  etc.)  passing  different  territories  and  performing  different  functions.  The  more  these 
 vessels are used, the greater danger is for the pipelines laid on the seabed. Dragged and dropped 
 anchors,  grounding  and  foundering  vessels  represent  serious  accidents  the  pipeline  might 
 experience.  Significant  consequences,  such  as  scouring  and  rupture  of  the  pipe  section, 
 subsequent leakage of the product arise out of accidental events. Thus, a lot of attention must be 
 paid to the scenarios of pipeline routing in case of high ship traffic: pipeline shall be laid away 
 from  the harbor and shipping lanes.  Ship  data collection and analysis have to  be taken prior to 
 choosing the routing of the pipeline.  


Another area of concern is an outcome of military activities. The presence of non-recovered and 
 undetonated  mines;  navigating  submarines;  weapons  and  bombs  are  very  problematic  and 
 dangerous. Those places must be carefully examined for location of the military action items. All 
 the explosive devices, bombs are to be defused (Palmer & King, 2008). 


In  addition,  there  is  a  possibility  of  pipe  damage  due  to  material  dumping.  Ocean  disposal  of 
chemicals,  nuclear  wastes  and  obsolete  equipment  is  a  threat  for  both  the  environment  and 
offshore  pipelines.  Although  the  disposal  at  sea  is  totally  prohibited  nowadays,  disturbed 
remaining wastes may lead to undesirable and heavy consequences (Palmer & King, 2008). 



(22)10 
 2.3 ROUTE SURVEY 


The route survey is carried out with a view to data collection for further design and construction 
 procedures. The survey is usually conducted within the corridor of preliminary route chosen in 
 accordance with the existing data. Later on obtained details from the sea charts, topography and 
 ROV  surveys  graphs  are  reviewed  and  modified  in  order  to  fulfil  all  the  requirements  in  an 
 appropriate  manner.  Desk  study  includes  the  investigations  of  the  seabed  profile  and  geology, 
 presence  of  existing  pipelines  and  cables,  obstructions  and  wrecks,  etc.  All  the  investigations 
 must  be  performed  in  an  accurate  way  for  the  purpose  of  safety  during  pipeline  design, 
 construction  and  operation.  Eventually,  alignment  sheets  are  to  be  prepared.  Alignment  sheets 
 provide  information  of  the  facilities  and  pipeline  location,  its  length  and  key  features.  Those 
 drawings are very useful for final route selection, for the production of material takeoff, and for 
 the installation process.  


Summarizing the part of pipeline route selection one shall understand how essential it is to obey 
 the rules of routing design, follow the whole survey procedure sequence, define work purposes, 
 and  recognize  the  main  features  included  in  the  alignment  sheets.  The  more  rational  route  is 
 chosen, the more successful, safe and cost-effective construction, operation and management of 
 pipeline system will be. 
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 CHAPTER 3. PIPELINE THREATS 


Pipelines  are  thought  to  be  one  of  the  most  popular  and  safest  methods  of  oil  and  gas 
 transportation.  Otherwise,  there  are  a  lot  of  issues  regarding  design,  installation  and  operation. 


As mentioned before, pipeline route selection being the first in pipeline design “chain”, reflects 
 essential  and  basic  procedures,  which  are  very  important  for  the  next  steps  of  the  design 
 sequence. Factors  affecting the  route  design  are  described  above.  Taking into account  all  these 
 factors for the route selection; the safety, reliability and integrity of the pipeline will be provided.  


However, different problems associated with subsea lines may arise throughout their design life. 


Pipeline failures are  big area of  concern,  and they  can  result in  the following  (DNV-OS-F101, 
 2013):  


  Loss of component or system function;  


  Deterioration of functional capability to such an extent that the safety of the installation, 
 personnel or environment is significantly reduced. 


3.1 DATABASE. STATISTICS 


One or even several failures of the pipeline system can lead to huge incidents. Pipeline incident 
 outcomes  depend  heavily  on  failure  modes  and  its  causes.  There  are  different  international 
 databases and technical reports, which are commonly applied for the identification and analysis 
 of  undesired  events  and  potential  hazards.  Each  source  may  denote  its  own  list  of  pipeline 
 features, as well as failure causes and consequences correspondingly. Thus, rich information may 
 be  widely  used  by  authorities,  operating,  service  and  other  companies  involved  in  the 
 engineering works. The main characteristics of any database are to be defined by (Velez Vega et 
 al., 2006): 


1.  Database boundaries that are necessary to separate the incidents relating to the pipeline, 
 equipment, and facilities; to distinguish offshore lines from onshore ones; to point out the 
 life cycle phases of considered activities. 


2.  Database  population  that  presents  the  details  of  considered  lines,  equipment,  and 
 facilities. This information is primarily used for further statistical analysis. 


3.  Incident with the corresponding list of its location, causes and consequences. 


3.1.1 PARLOC 2001 


The  most  informative  and  comprehensive  example  of  existing  databases  related  to  the  data  of 
 offshore pipeline incidents is PARLOC 2001 document, the latest version of which was updated 
 in the far 2003.  


NB. The incident is defined here as an occurrence, which directly results or threatens to result 
 in loss of containment of a pipeline (PARLOC 2001 Database, 2003 version). 


The  document  contains  detailed  information  about  pipelines  sitting  on  the  seabed  of  the  North 
Sea,  and the description of the incidents  occurring  from 1960 up to  2000.  All  the plots,  charts, 
tables  and  diagrams,  presented  below,  are  compiled  manually  by  using  the  data  from  different 
chapters of this database document. An example of the datasheet is illustrated below (Figure 3). 
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 1567 


•Number of pipelines 


24,837 


•Total length of installed 
 pipelines (km) 


328,858 


•Operating experience     
 (km-years) 


Figure 3: Example of datasheet from the PARLOC 2001 (PARLOC 2001 Database, 2003 
 version) 


The following database boundaries are identified in the PARLOC 2001 document (2003):  


  Operation phase – 396 lines (248 offshore lines, and 148 fittings); 


  Construction phase – 146 lines (118 offshore lines, and 28 fittings). 


The PARLOC 2001 database population flowchart is illustrated below (Figure 4).   


Figure 4: Database population flowchart of the PARLOC 2001 


Regarding  the  last  and  the  major  part  of  database  characterization,  it  should  include  the 
 definition and description of incident occurrence. The latter presents a list of causes, location and 


Database 
 population 


Equipment 
 type 


Pipelines and 
 risers 


Fittings 


Material  
 specification 


Steel lines 


Flexible lines 


Transporting 
 fluid 


Oil 


Gas 


Condensate 


Other (water, 
 chemicals, etc.) 


Type of coating 


Concrete outer 
 coating 


Fusion bonded 
 epoxy 


Polyethylene 


Neoprene 


Insulated 
 coating 


Coal tar enamel 
 Type of 
 protection 


Lowered 
 (trenched) 


Covered 
 (buried) 


Both 


None 


Diameter 
 (inch) 


0-9 


10-16 


18-24 


26-40 
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 consequences of the incident correspondingly. The total number of pipeline incidents and further 
 details of the database content are given below (Figure 5). 


Figure 5: PARLOC database incidents by numbers 


According  to  the  presented  flowchart,  one  can  see  that  the  total  number  of  incidents  is  542. 


There  are  366  incidents  involving  lines,  and  176  involving  fittings.  248  out  of  366  pipeline 
 failures  are  seen  during  operation  phase  and  the  rest  (118)  are  found  during  construction.  It 
 should be mentioned, that 209 incidents are associated with steel lines, and it represents 39% of 
 all the 542 cases. As for the fittings, there are 148 and 28 incidents occurred on the lines under 
 construction and operation respectively.  


NB. Since there is no exact and full-length information about fittings incidents, proper analysis 
 on causes and consequences of fittings failures cannot be presented.   


Concerning  the  occurrences  of  failures,  they  are  heavily  dependent  on  failure  causes.  12  main 
 different causes may be found in that database: 


  Anchoring; 


  Impact; 


  Corrosion; 


  Material defect; 


  Fire/explosion; 


  Repair and maintenance; 


  Natural hazards; 


  Structural damage; 


  Construction fault; 


  Fitting fault; 


  Others. 


Using  the  data  from  the  document,  it  is  possible  to  plot  the  diagrams,  which  can  be  easily 
 analyzed. As mentioned earlier, the pipelines become the subject of undesirable events two times 
 more likely than the fittings. Furthermore, it is important to distinguish steel lines from flexible 
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366 to pipelines 


248 to lines under 
 operation 


209 to steel 
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39 to flexible 
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176 to fittings 


148 to fittings  
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  under operation 


28 to fittings  
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uner construction 
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 ones. That is why two diagrams are illustrated below in order to highlight their similarities and 
 differences  (Figure  6).  Each  diagram  presents  all  incident  causes  (248)  involving  operating 
 pipelines - steel (209) and flexible (39) ones.  



Incident Causes 


Steel lines  Flexible lines 


Figure 6: Causes of incidents to operating steel and flexible pipelines 


In accordance with the diagrams above, it is seen that the most common incident causes for the 
 rigid pipelines are impact (26.8 %), corrosion (24.9 %) and anchoring (19.1 %); while the most 
 frequently detected incidents on the flexible lines are material (30.8 %) and impact (23.1 %).   


It is also necessary to explain the consequences of all the incidents observed. All of them result 
 in loss of system integrity, which leads to the leakages of oil and gas. As defined in the Offshore 
 Standard  DNV-OS-F101  (2013)  the pipeline  integrity  is  the  ability  of  the  submarine  pipeline 
 system  to  operate  safely  and  withstand  the  loads  imposed  during  the  pipeline  lifecycle. The 
 flowchart illustrating the number of leaked and survived pipelines is presented on Figure 7.  
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 Figure 7: Number of incidents (with and w/o loss of containment) involving pipelines and fittings 
 Figure 7 points out on 244 leakage events associated with the pipelines and fittings. 188 of them 
 are detected on the pipelines and fittings being under operation. Leaks are a big area of concern, 
 since  they  poses  a  threat  to  the  people,  environment  and  assets.  The  leakages  may  be 
 accompanied by the following ignition, fires and/or explosions. 


Interesting to note that loss of pipeline containment often occurs due to the same list of damage 
 causes  (impact,  corrosion,  anchoring  and  material).  This  fact  is  confirmed  by  a  summary  table 
 below (Table 3). The reason why there are a lot of incidents with rigid lines is probably because 
 there are more steel lines than flexible ones. Concerning fittings, main failure reason is observed 
 to  be  the  fitting  itself.  However,  there  is  a  certain  amount  of  fittings  suffered  from  anchor, 
 impact, material and corrosion. Detailed discussion on each of these issues will be given further 
 as the text goes.   


Table 3: Summary table of the main incidents causes 


Subject  Consequence 


Cause 
 CORROSION  MATERIAL 


DEFECT  IMPACT  ANCHORING 


Steel pipeline  Damaged  52  18  56  40 


Leaked  26  10  9  8 


Flexible pipeline  Damaged  1  12  9  1 


Leaked  1  12  4  2 


Every loss of containment event may be examined by the size of damage, which is also a part of 
 data. PARLOC 2001 classifies different hole diameters as following:  


  0 – 20 mm; 


  20 – 80 mm; 


  80 mm and more. 
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 In terms of the pipeline diameter, the ranges are presented in the database population (Figure 4). 


The relation of pipeline diameter and hole size is given below. As indicated in Table 4, both steel 
 and  flexible  pipelines  with  0-9  inches  diameter  suffer  a  lot  as  compared  to  the  pipes  with  the 
 diameters  of  10  inches  or  even  more.  The  same  situation  is  evidenced  with  the  ruptured  lines. 


Thus, smaller diameter pipelines are more vulnerable and damageable.  


Table 4: Relation of pipeline diameter and hole size 
 Pipeline 


diameter (inch) 


Hole size 
 (mm) 


Leaked steel 
 pipes 


Ruptured 
 steel pipes 


Leaked 
 flexible pipes 


Ruptured 
 steel pipes 


0-9  0-20  26  0  18  0 


20-80  8  3  3  1 


>80  5  3  4  4 


10-16  0-20  7  0  1  0 


20-80  2  0  1  0 


>80  9  5  1  1 


>16  0-20  4  0  -  - 


20-80  2  0  -  - 


>80  2  2  -  - 


Pipeline incident location is of great significance as well. There are 6 principle zones recognized 
 in the database (Figure 8):  


Figure 8: Pipeline principle zones 


1 Within a radius of 500 m from the platform; 


2 Outside the 500 m zone from the platform; 


3 Within a radius of 500 m from the well. 
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 Summary  table  is  compiled  to  show  the  most  affected  by  incidents  areas  along  the  pipeline 
 (Table 5). Table is complemented with land and SPM (single point mooring) zones.  


Table 5: Affected zones of the pipelines 


Subject  Consequence 


Total 
 number 


of 
 incidents 


Zone 


I  II  III  IV  V  VI  Land  SPM  Unknown 


Steel lines  Damaged  209  1  60  47  84  10  4  1  2  0 


Leaked  65  1  12  18  27  6  0  0  1  0 


Flexible lines  Damaged  39  2  5  2  15  12  0  0  0  3 


Leaked  31  1  5  3  9  10  0  0  0  3 


Pipeline Mid Line is one of the most sensitive regions: large numbers of damages and leakages 
 are observed there.  


Summarizing  the  part  devoted  to  incidents  statistic  in  accordance  with  the  PARLOC  2001 
 database,  one  shall  understand  the  necessity  of  pipeline  incidents  information  collection.  Data 
 may  be  analyzed  in  different  ways,  and  the  results  of  such  analyzes  may  be  used  for  various 
 purposes during pipeline project planning, design, construction and management.  


Database boundaries, population and incident occurrence are defined. Steel and flexible pipelines 
 are  distinguished  and  studied.  Special  emphasis  is  made  on  the  number  of  pipeline  incidents, 
 their causes, location and consequences.  So, damage sizes, number of leaked and ruptured pipes, 
 as well as the area of incidents are  graphically presented in tables and diagrams.  The emphasis 
 should  be  placed  on  the  causes  of  pipeline  failures,  especially  those,  which  lead  to  the  loss  of 
 containment. That is why a detailed description  of failure causes will be given in the following 
 section of this paper.  


3. 2 MAIN PIPELINE INCIDENT CAUSES 


Discussed  in  a  previous  part  pipeline  incidents  are  characterized  by  their  causes  and 
 consequences.  Corrosion,  material  defect,  impact  and  anchor  damage  are  defined  as  the  main 
 reasons  for  loss  of  pipeline  structural  integrity  (Figure  6,  Table  5).  That  is  why  each  of  these 
 causes is going to be discussed hereinafter. 


3.2.1 Spontaneous hazards. Corrosion 


Corrosion is one of the most leading causes of pipe failures, in particular ruptures and leakages. 


It  is  defined  as the  deterioration  of  a  material,  usually  a  metal,  which  results  from  a  reaction 
 with  its  environment  (Jacobson,  n.d.).  Corrosion  primarily  affects  the  design  life  of  pipelines. 


Pipes become  weak, and they are less capable of resisting to  the  external  forces.  Two types  of 
pipeline  corrosion  exist:  external  and  internal.  Once  one  or  both  of  them  are  established,  the 
mitigation  procedures  come  to  be  more  difficult.  So  that,  corrosion  process  is  to  be  controlled 
during  design,  fabrication,  installation,  commissioning  and  operation  phases  of  pipeline  life-
cycle. Along with the control, corrosion protection measures should be specified as well.  
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 Internal  corrosion  is  observed  inside  of  the  pipelines  because  of  the  oil,  gas  or  water  stream. 


Stream characteristics (operating pressure and temperature, flow regime, fluid composition, etc.) 
 tend to change during the design life. That is why periodic inspection, cleaning and monitoring 
 are required.  


Several mechanisms of internal corrosion are distinguished: 


  Sweet  corrosion  (due  to  the  presence  of  dissolved  CO2)  progresses  slowly  in  a  form  of 
 pitting. 


  Sour corrosion (due to the presence of H2S in the product) progresses rapidly, resulting in 
 the cracking of pipeline steel wall. 


  Corrosion  due  to  oxygen  is  formed  in  the  pipelines  during  water-injection,  gas  lift, 
 pressure maintenance works.  


  Microbiological corrosion (due to the presence of sulfate-reducing bacteria) results in the 
 overlapping pits located on the pipe bottom (Palmer & King, 2008; Corrosion problems 
 in production, n.d.). 


External corrosion usually appears on the outer side of the pipeline because of corrosive ambient 
 medium (e.g. seawater). External corrosion mechanisms may be classified as organic acid attack, 
 oxygen  or  microbiological  corrosion.  Set  of  the  following  factors  usually  influences  external 
 corrosion (DNV-OS-F101, 2013):  


  Temperature profile along the pipeline; 


  Fabrication and installation peculiarities; 


  Design life; 


  Selected type of protection. 


Corrosion incidents. PARLOC 2001  


Nearly  a  quarter  of  all  the  incidents  concerned  with  the  operating  steel  pipelines  occur  due  to 
 corrosion: 52 out of 209 incidents. From the “Pipeline and Riser Loss of Containment” document 
 it is  seen  that 24 of them  are caused by internal corrosion, 22  –  by  external  corrosion; and the 
 reasons for the remaining 6 cases are unknown (Figure 9).  


Figure 9: Corrosion incidents involving rigid lines 
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 Total number of leaked rigid pipelines being under operation phase is 26. 14 and 7 cases belong 
 to internal and external corrosion respectfully, and 5 of them are unknown (Figure 10). There are 
 4  incidents  involving  fittings.  They  are  caused  by  internal  corrosion,  and  all  of  them  lead  to 
 pipeline loss of containment issue. Concerning the flexible pipelines, they also become subject to 
 corrosion even if they are highly resistant to severe conditions.  According to the database, only 
 one flexible line is affected by corrosion.  In terms of the fluid type, the most  problematic ones 
 are oil and water.  


Figure 10: Pipeline diameter (inches) and location of corrosion incidents resulted in leakage 
 As seen from the Figure 10, a lot of corrosion incidents are established in II, III and  IV zones, 
 i.e.  Riser,  Safety  Zone  and  Mid  Line  (Figure  8).    Dividing  the  pipeline  into  a  set  of  certain 
 segments  (or  6  principle  zones  as  shown  on  the  figure)  helps  to  get  clear  understanding  of 
 degradation mechanism location and to make proper risk analysis. In addition, such kind of “pipe 
 failed  zone”  information  may  be  relevant  for  the  selection  of  corrosion  prevention  strategies 
 (cathodic protection and coating systems) and for pipeline inspection planning procedures. Thus, 
 zones can dictate what and where to inspect. Nevertheless, by analyzing different failure cases, 
 one shall not exclude the fact that every pipeline system is unique and has its own properties. 


Interesting  to  note  that  smaller  diameter  pipelines  are  more  susceptible  to  corrosion  and 
 subsequent  leakage,  than  bigger  ones.  Smaller  diameter  pipes  (3.5-16  inches)  are  usually  used 
 for  the  product  gathering  and  distribution  purposes.  These  lines  connect  subsea  wells  with  the 
 processing and treatment facilities. Fluid, being transported by them, is unprocessed and full of 
 mechanical impurities. Presence of dissolved CO2, H2S or bacteria in the stream may react with 
 the  pipe  material.  Increase  of  reaction  rate  leads  to  the  material  deterioration.  Such  systematic 
 phenomena can result in loss of pipeline system integrity and other significant consequences.  
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