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(3)Reeling is offshore pipeline installation method which delivers fast and cost effective pipeline 
 laying.  Each  of  the  pipeline  segment  are  welded  onshore,  the  long  section  of  pipeline  then 
 spooled  onto  a  large  diameter  of  reel.  However,  reeling  installation  method  causes  large 
 plastic  strain  to the  pipeline  girth  welds.  Due  to the  existing  cracks  commonly  found  in  the 
 girth welds, the plastic strain will cause possible crack growth.  


To  derive  the  acceptance  criteria  for  pipeline  girth  weld  defects  and  sustain  the  integrity  of 
 pipeline during reeling installation, an Engineering Critical Assessment (ECA) is required. 
 The objective of this thesis is to perform Engineering Critical Assessment (ECA) of pipeline 
 girth welds during reeling installation particularly in spooling on and reeling off stages using 
 LINKpipe  and  CRACKWISE  software  and  also  to  perform  the  ECA  for  clad/lined  pipes 
 using LINKpipe. 


CRACKWISE is one of the software that can be used for the flaw assessment of pipeline girth 
 welds  during  reeling  installation.  In  order  to  reduce  the  conservatism  of  existing  failure 
 assessment  methods,  SINTEF  recently  have  developed  a  new  failure  assessment  approach 
 which depends on finite element calculations of pipeline model. 


LINKpipe is based on four-node ANDES shell elements and a non-linear line-spring element. 


The  software  established  an  efficient  and  adequately  accurate  model  even  for  large  level  of 
 strain, thus it has potential as an alternative ECA tool for pipelines subjected to plastic strains.


Moreover,  the  new  bi-metallic  shell  elements  that  were  developed  in  LINKpipe  making  it 
 capable analyzing defect assessments on clad and lined pipes.


Based  on  the  analyses  performed  for  the  thesis  work  the  influence  of  misalignment  for  the 
 critical  crack  size  curve  is  less  significant  compared  to  the  effect  of  residual  stress.  On  the 
 contrary, pipe misalignment in LINKpipe ECA simulations can show the  effect of  increasing 
 the  Crack  Driving  Force  very  significantly,  which  makes  the  critical  crack  size,  became 
 smaller.  Whereas  the  residual  stress  showed  little  influence  in  the  prediction  of  the  critical 
 crack size using LINKpipe. 


When the maximum possible misalignment (which is 1.95mm) along with the residual stress 
 is  applied,  the  critical  crack  size  curves  resulted  from  CRACKWISE  and  LINKpipe,  are 
 relatively close to each other. However, CRACKWISE tends to be conservative for long crack 
 lengths  (>90mm)  compared  to  LINKpipe,  whereas  for  short  crack  lengths  (<90mm) 
 CRACKWISE yields less conservative critical crack sizes. 


Key words  : ECA,  CTOD,  J-Integral,  Reeling  Installation,  pipeline,  LINKpipe, 
CRACKWISE, Fracture Mechanics, Girth Welds, clad pipes. 
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1.  INTRODUCTION 



1.1  Background 


Reeling  is  offshore  pipeline  installation  method  (Figure  1.1)  which  delivers  fast  and  cost 
 effective pipeline laying. Each of the pipeline segment are welded onshore, the long section of 
 pipeline then spooled onto a large diameter of reel. 


The reductions in terms of installation time and overall cost is possible due to the continuity 
 of the method and all of the fabrication processes such as assembly, welding, inspection, and 
 coating was completed on shore. 


However,  reeling  installation  method  caused  large  plastic  strain  to  the  pipeline  girth  welds. 


Due  to  the  existing  cracks  commonly  found  in  the  girth  welds,  the  plastic  strain  will  cause 
 possible  crack  growth.  To  derive  the  acceptance  criteria  for  pipeline  girth  weld  defects  and 
 sustain  the  integrity  of  pipeline  during  reeling  installation,  an  Engineering  Critical 
 Assessment (ECA) is required. ECA  is based on fracture mechanics and has the objective to 
 generate the allowable cracks size in the girth welds. 


Figure 1.1   Configuration of pipeline reeling installation (Ref., photograph courtesy Technip cited in Kyriakides, 2007).


ECA can be conducted as described in several  standards such as BS7910 (Guide to methods 
for  assessing  the  acceptability  of  flaws  in  metallic  structures),  DNV-OS-F101  Appendix  A 
(Structural  Integrity  of  Girth  Welds  in  Offshore  Pipelines)  and  DNV-RP-F108  (Fracture 
Control for Pipeline Installation Methods Introducing Cyclic Plastic Strain). 



(22)BS7910 is a common  industry practice for flaw assessment procedures. However, BS7910 is 
 not  developed  for  pipeline  condition  with  large  plastic  strain.  The  recommended  practice 
 DNV-RP-F108  is therefore established to provide guidance for defect assessment of pipeline 
 subjected to cyclic plastic strain e.g. reeling installation method. CRACKWISE is one of the 
 software  that  can  be  used  for  the  flaw  assessment  of  pipeline  girth  welds  during  reeling 
 installation.  In  order  to  reduce  the  conservatism  of  existing  failure  assessment  methods, 
 SINTEF recently have developed a new failure assessment approach which depends on finite 
 element calculations of pipeline model. 


LINKpipe is based on four-node ANDES shell elements and a non-linear line-spring element 
 (Olsø et al., 2008). The software established an efficient and adequately accurate  model even 
 for large level of strain, thus it has potential as an alternative ECA tool for pipelines subjected 
 to plastic strains. 


The implementation of clad/lined pipes combined with reeling installation is considered to be 
 cost  effective  in  situation  where  the  products  transported  through  pipeline  are  highly 
 corrosive.  Clad  pipe  is  pipeline  in  which  the  CRA  (Corrosion  Resistance  Alloy) 
 metallurgically bonded to the backing steel, whereas lined pipe is pipeline in which the CRA 
 is mechanically bonded to the backing steel. 


The  new  feature  from  LINKpipe  to  assess  defects  in  clad/lined  pipes  is  very  useful  for  the 
 present  industry.  The  new  bi-metallic  shell  elements  that  were  developed  in  LINKpipe 
 making it capable analyzing defect assessments on clad and lined pipes which is not covered 
 by former method. 



1.2  Problem Description 


The  thesis  emphasizes  on  the  Engineering  Critical  Assessment  for  pipeline  subjected  to 
 plastic strain deformation during reeling installation and determining the acceptable flaw size 
 in girth welds. It is important to remark some of the challenges for the assessments: 


1.  Defects  in  the  pipeline  Girth  welds  is  a  common  occurrence  and  it  can  be  a  big 
 challenges for pipeline integrity assessments, especially when the pipeline subjected to 
 large plastic strain in order of ~2% during reeling installation (Espen et al., 2007); 


2.  Traditional  ECA  procedure  tend  to  yield  “over-conservative”  results  and  the 
 assessment  of  pipeline  girth  welds  subjected  to  plastic  strain  may  have  very  small 
 acceptable defect size for weld flaws (Cosham and Macdonald, 2008); 


3.  There  is  currently  no  common  recognized  ECA  procedure  for  clad  and  lined  pipes 
 subjected to plastic strain (Olsø et al., 2011); 


4.  Clad pipes have common problem of partial weld undermatch in which the weld metal 
 will undermatching the base metal (Olsø et al., 2011); 


5.  There  are  several  conditions  that  have  to  consider  in  the  ECA  analysis  such  as 
misalignment at the girth welds, effect of weld residual stress, and strength mismatch 
between base metal and weld metal. 
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1.3  Thesis Objectives 


The objective of this thesis is to perform Engineering Critical Assessment (ECA) of pipeline 
 girth welds during reeling installation particularly in spooling on and reeling off stages using 
 LINKpipe and CRACKWISE software.  


The Scopes of this thesis are as follows: 


1.  To perform ECA analyses using the tools  CRACKWISE and LINKpipe and compare 
 the results; 


2.  To carry out sensitivity analyses considering misalignment at the girth welds, effect of 
 weld  residual  stress,  and  strength  mismatch  between  base  and  weld  metal  in 
 LINKpipe; 


3.  To  perform  an  ECA  for  clad/lined  pipes  using  LINKpipe  and  discuss  the  results 
 against those from previous work. 



1.4  Outline of Thesis 


The outline of the thesis is describes as follows: 


Chapter 2: (State of the art)  


Contains  all  the  relevant  publications  of  existing  developments  related  to  ECA  for  subsea 
 pipelines during reeling installation with the corresponding citations. 


Chapter 3: (Theoretical Background)  


The chapter includes theoretical background relevant for ECA for subsea pipelines. 


Chapter 4: (Modeling Tools)  


The  chapter  includes  general  description  of  modeling  tools  (LINKpipe  and  CRACKWISE) 
 used in the analyses. 


Chapter 5: (Analysis Methodology) 


The chapter describes the analysis methodology using CRACKWISE and LINKpipe for ECA 
 of Pipelines. 


Chapter 6: (Case Study) 


The  chapter  describes  the  case  study  including  the  necessary  input  such  as  geometrical 
 properties and material characteristics for ECA analysis. 


Chapter 7: (Results and Discussion) 


The  chapter  presents  and  compares  the  results  of  the  ECA  from  both  CRACKWISE  and 
LINKpipe  tools.  Also  it  includes  the  sensitivity  analyses  performed  by  considering  the 
properties of geometrical and material mismatch. 



(24)Chapter 8: (Conclusion and Further Work)  


The chapter presents the conclusions from the current work and discusses the further work.  
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2.  STATE OF THE ART 



2.1  Reeling Installation 

 2.1.1  General 

Reeling  is  one  of  the  most  efficient  offshore  pipeline  installation  methods.  In  this  method 
 several  miles  long  of  pipeline  from  spool  base  is  spooled  onto  a  large  diameter  of  a  reel 
 located  on  the  vessel.  In  the  installation  sites  the  vessel  installs  the  pipeline  by  constantly 
 spooling  off  the  pipeline  from  the  reel  drum.  In  case  of  the  reeling  installation,  all  of  the 
 pipeline  fabrication  processes  such  as  assembly,  welding,  inspection,  and  coating  are 
 completed  on  shore.  This  makes  possible  the  reductions  in  terms  of  installation  time  and 
 overall cost due to the continuous laying process. 


Main characteristics of the reeling vessel listed in Table 2.1. 


Table 2.1   Main Characteristics of Reeling Vessels (Ref.,Kyriakides, 2007)


Specs  Apache   Chickasaw  Deep Blue  Hercules  Skandi Navica  Seven 
 Ocean 
 Reel Type  Vertical  Horizontal  Vertical (2)  Horizontal  Vertical  Vertical 


Reel Radius (ID, m)  8.23  6.1 (7.2)  9.75  9  7.5  9 


Flange Radius (m)  12.5  12.2     17.5  12.5  14 


Reel Width (m)  6.5  3.35     7  6.7  10 


Ramp Radius (m)  10  *  9  *  -  9 


Pipe Capacity (ton)  2,000  2,500  2,500 x 2  6,500  2,500  3,500 


Pipe Diameters (in)  4-16  2-12.75  4-18  4-18  4-16  4-16 


Tension/Reel (ton)  84-128  -     -  100  100 


Tension/Tensioner (ton)  72  82  275 x 2  544  37  400 


Date of Operation (ton)  1979  1970  2001  2001  2001  2007 


*Pipe reverse bent to approximately the yield curvature.


The  mechanism  of  spooling  and  unspooling  initiates  certain  bending  curvature  in  pipeline. 


This  causes  the  pipeline  to  undergo  into  plastic  deformation.  For  example,  as  stated  in 
Kyriakides (2007), in the case of Apache reel with 8.23m radius, a 12-inch pipeline subjected 
to  bending  is  deformed  to  maximum  strain  of  1.93%  and  16-inch  pipeline  to  the  strain  of 
2.41%. Hence, to avoid local buckling, wall thickness and mechanical properties of a pipeline 
shall be chosen properly. 



(26)In  general,  concrete  pipeline  coating  can’t  be  used  in  the  reeling  processes.  Relatively  thick 
 wall  thickness  is  required  to  avoid  the  pipe  flattening  and  provide  additional  weight  for 
 pipeline stability (Mousselli, 1981). 


According  to  Mousselli  (1981),  the  advantages  and  disadvantages  for  reeling  installation 
 method are described below. 


The advantages of reeling installation method include: 


a.  Improved manufacturing control at the spool base; 


b.  Reduced consequences of bad weather condition due to fast installation speed; 


c.  Minimum preparation to  assemble and spooling  various sizes of pipes for continuous 
 installation; 


d.  It can also be used for pipeline bundles. 


Main disadvantages of reeling installation method include: 


a.  Maximum pipeline size is limited up to 16-inch diameter; 


b.  Relatively thick wall thickness is required; 


c.  Limited length of pipeline can be reeled based on the capacity of reel. 


Figure 2.1   Typical onshore manufacturing site for reeling installation (spoolbase) (Ref.,
 Pipeline and Riser Lecture notes, UiS, 2012).


A typical onshore manufacturing site or spoolbase can be seen in Figure 2.1.  Generally it has 
the  assembly  workshop  which  hosts  one  or  two  assembly  lines.  Each  of  workshops  is 



(27)equipped  with  several  stations  such  as  beveling  station,  welding  station,  Non-Destructive 
 Testing (NDT) and field joint coating stations. 


In order to ensure high quality welds and low rejection rates, the assembly operation is carried 
 out  in clean and controlled environment. A number of welding techniques can be performed 
 in a several welding stations such as manual or mechanized welding techniques. Furthermore, 
 many NDE (Non Destructive Examination) methods from standard radiography to Automatic 
 Ultrasonic  Testing  (AUT)  can  be  performed  to  provide  the  accurate  measurement  of  defect 
 size (Denniel, 2009). 


One  of  the  pipeline  design  concerns  for  reeling  installation  is  the  girth  welds.  Inadequate 
 strength  in  the  girth  weld  could  cause  failure  during  reeling  operations.  The  most  important 
 measure to avoid this failure is to select the strain tolerant welding material and implement it 
 in  welded  connections.  The  common  practice  is  to  use the  welding  material  that  overmatch 
 the  pipeline  properties,  as  stated  in  the  DNV  Rules  for  pipelines  subjected  to  plastic  strain. 


Based  on  DNV  Rules,  an  Engineering  Critical  Assessment  (ECA)  is  required  for  the  girth 
 welds that subjected to strain exceeding 0.4% (Sriskandarajah, Jones and Bedrossian, 2003). 


2.1.2  Reeling Mechanism 


Pipeline  is  reeled  onto  a  reel  drum  with  certain  radius  that  is  placed  on  the  vessel.  During 
 laying  the  pipeline  unreeled  from  the  reel  drum  and  passes  the  delivery  ramp  with  known 
 diameter. Figure  2.2  shows  the  typical  configuration  for  pipe  reeling.  Conversion  points 
 means that a point at which the inelastic forward or reverse bend is conducted to the pipeline 
 (Sriskandarajah, Jones and Bedrossian, 2003). 


Figure 2.2   Typical configuration of pipeline reeling installation (Ref.,Sriskandarajah, Jones and 
Bedrossian, 2003).



(28)Figure  2.3 describes bending  moment and curvature plot of the reeling process as presented 
 in the work of Manouchehri, Howard and Denniel, (2008). 


Figure 2.3   Bending moment and curvature curve of the reeling process (Ref.,Manouchehri, 
 Howard and Denniel, 2008).


Reeling process in the Figure 2.3 encompasses five steps: 


a.  Step  1:  The  pipeline  is  spooled  from  the  spool  base  onto  the  reel  drum.  Line  OAB 
 indicates  the pipeline  taken  beyond  the  yield point (A)  to a maximum curvature (B), 
 equal to the radius of the reel drum. The radius of curvature increases as the reel drum 
 slowly packed with pipeline. 


b.  Step  2: Line BCD shows the unspooling process of the pipeline. Line BCD indicates 
 the pipeline goes into reverse plastic deformation with some residual curvature. Point 
 D  represent  approximately  straight  pipeline  due  to  self-weight  and  back  tension,  it 
 span from the reel drum to the aligner.    


c.  Step 3: Line DE represent the pipeline is rolled over the aligner in the direction similar 
 as with the first plastic deformation. In the point E, the pipeline curvature equal to the 
 radius of the aligner. 


d.  Step  4: The  pipeline  is undergoes the reverse  plastic  bend  indicated by  Line EFO. It 
 unloads  elastically  and  experiences  plastic  deformation  causing  negative  curvature 
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(29)(Point  F).  The  reverse  curvature  shall  carefully  select  to  make  sure  the  pipeline 
 physically straight (Point O). 


According  to  Denniel,  (2009)  there  are  some  key  elements/requirements  that  establish  the 
 reeling is safe and “extremely reliable”: 


a.  Reeling  is  a  displacement  controlled  process.  The  pipeline  is  subjected  to  plastic 
 bending  with  tension  on  the  reel  drum.  However,  the  reel  drum  diameter  limits  the 
 curvature that the pipeline can obtain. 


b.  The ductile and strain hardening are important properties for pipeline. The ductility is 
 the ability of the pipeline to avoid wall thinning or necking, while strain hardening is 
 defined as increased material strength beyond yield.  


The  ductility  is  an  important  parameter  which  enables  the  pipeline  under  reeling  to 
 plastically  deform  to  the  strain  level  less  than  that  at  ultimate  limit.  Similarly,  the 
 strain hardening is also an important factor for providing good level of stability in the 
 reeling  operation  by  assuring  uniform  distribution  of  bending  strains  along  pipeline. 


The strain hardening  makes the bending  moment needed to raise the curvature of the 
 pipeline continuously increase even after it reaches the yield point.  


Generally, the level of strain hardening is described by the ratio of yield strength (YS) 
 to Ultimate Tensile Strength (UTS). Good material stability under plastic deformation 
 is indicated by having lower value of this ratio as it represents better resistance of the 
 material over the yield.   


c.  The weld strength shall overmatch the strength of pipeline to assure that  larger strain 
 levels will not occur in the welds and that welds are strong points along the line. 


According to Manouchehri, Howard and Denniel (2008), the nominal strain, nom induced in a 
 pipeline  for  a  given  outside  diameter  (OD),  reel  drum  radius  (Rreel),  and  overall  coating 
 thickness (tc): 


c
 reel


nom R OD t


OD
 2


2  


   ... (2.1) 


2.1.3  Reeling Installation of Clad and Lined Pipes 


Clad and line pipes are being used in subsea applications for carrying corrosive fluids. For the 
 corrosive  fluids,  mechanically  bonded  bimetal  pipe  is  considered  as  a  cheaper  solution 
 compared to other options such as solid  corrosion  resistant  alloys or metallurgically cladded 
 pipe.  The  combination  of  Reeling  installation  and  mechanically  lined  pipe  (Lined  Pipe)  is 
 further considered as a cost effective solution for the corrosive fluids. 


Installation of lined pipe using reeling method needs comprehensive analysis and testing:  


  To  verify  the  response  of  the  pipe  subjected  to  global  plastic  deformation  under 
reeling process;  



(30)  To check the interaction between liner pipe and outer pipe and the capacity of the liner 
 against acceptance criteria for local buckling. 


There exist some challenges with regard to the reeling of lined pipes.  According to Toguyeni 
 and Banse (2012): 


a.  There  is  risk  of  local  buckling  (wrinkling)  of  the  liner  pipe  when  the  mechanically 
 lined pipe is in reeling process or global plastic deformation in bending; 


b.  In  case  of  no  internal  pressure  applied,  the  straightening  process  of  the  lined  pipe 
 lowers the magnitude of wrinkles but it cannot remove them completely; 


c.  The  interfacial  contact  stress or gripping  force between the carbon steel pipe and the 
 CRA liner is reduces the magnitude of wrinkles but it cannot rule out the formation of 
 the wrinkles; 


d.  Applying  of  minimum  30  bar  of  internal  pressure  in  reeling  process  prevents  the 
 development of wrinkles. 



2.2  ECA for Pipeline Girth Welds in Reeling Installation 


Engineering Critical  Assessment (ECA)  and workmanship criteria are two acceptance  levels 
 for  welding  flaws.  The  workmanship  acceptance  levels  for  welding  flaws  in  pipeline  girth 
 welds can be  found  in  several guidelines such as  BS 4515-1, API 1104 and DNV-OS-F101. 


These acceptance levels are not fitness-for purpose defect limits, but it clarifies what a “good 
 welder”  should  be  able  to  accomplish.  Furthermore, ECA  applies  the  fracture  mechanics  in 
 order to ensure the weld integrity on a rational basis. 


Mostly  the  ECA  procedures  were  not  applied  in  the  older  onshore  and  offshore  pipelines. 


Lately,  the  ECA  has  been  conducted  widely  since  the  latest  pipeline  designs  are  introduced 
 higher complexities such as high-temperatures and pressures, plastic strain during installation, 
 deep  water  installation,  and  aggressive  internal  conditions.  Other  reason  is  the  use  of 
 transition  technology  application  from  the  radiography  to  the  Automatic  Ultrasonic  Test ing 
 (AUT).  This  is  used  as  the  main  inspection  method  during  construction  and  it  produces  the 
 flaw sizing and information of location in 2-dimension (Macdonald and Cheaitani, 2010). 


In the present industry practice, ECA is carried out along the subsea pipeline design work in 
 order to  analyze the acceptable  flaws size  in the girth weld. The ECA  is carried out through 
 all  the  phases  of  pipeline’s  life  cycle  from  the  installation  until  the  end  of  the  design  life. 


Furthermore, the  fracture  mechanics  based  ECA  is  also used  to  evaluate the acceptable  flaw 
 sizes in structures i.e. “to demonstrate fitness-for-purpose”. 


Usually  defects  exist  initially  in  the  girth  welds  during  the  pipeline  fabrication.  The  main 
purpose  of  applying  ECA  in  the  reeled  rigid  pipeline  is  to  determine  the  largest  bounding 
envelope of initial defect sizes (for depth and length of defect) that could be accepted for the 
given loading history in pipeline design life. 



(31)The basic procedure is to assume the existence of certain defect size in the girth welds and to 
 carry out the ECA in order to ensure these defects are acceptable without resulting in fracture 
 during the loading history of pipeline.  


As  the  basis  of  ECA,  fracture  mechanics  provides  criticality  predictions  of  structures  with 
 existing crack like defects, given: 


1.  Geometry (size, orientation and location of cracks, geometry of structure, etc.); 


2.  Material  properties  (tensile  yield  and  strength,  stress  strain  curve,  weld  metal 
 mismatch, fracture toughness, tearing resistance, etc.);  


3.  Total  loading  history  (from  initial  spooling  onto  vessel  to  end  of  design  life 
 conditions). 


Steel structures that have a particular minimum ductility, such as rigid pipelines with existing 
 defects in the girth welds, could fail by fracture during reeling installation. The failure during 
 reeling installation can be induced by many mechanisms: 


1.  Extreme tearing during single action of high axial load (spooling/reeling); 


2.  Cyclic  tearing,  or  so-called  ‘tear-fatigue’,  during  the  repeated  actions  of  high  axial 
 load (spooling/reeling/straightening cycles) in plastic range; 


3.  High  cycle  fatigue  or  cyclic  growth  of  cracks  during  higher  frequency  smaller 
 amplitude cyclic loading (installation hold periods on vessel) in the elastic range. 


In  case  of  seamless  rigid  pipelines,  preventing  possible  failure  due  to  fracture  is  mainly 
 concentrated  in  the  girth  welds.  As  was  mentioned  in  the  work  from  Subsea7  (2011),  there 
 need to be considered several features such as: 


  The basic geometry and material data; 


  Misalignment at the girth welds; 


  Effect of weld residual stress; 


  Evolution of stress-strain curve of parent material under reeling cycles; 


  The effect of internal pressure. 


2.2.1  Main Loading Condition on Rigid Pipeline in Reeling Installation 
 Two main load conditions that a rigid pipeline usually experiences during reeling installation 
 are described below. Each of these loadings has large different characteristics with associated 
 pipeline responses (Subsea7, 2011).  


1. Initial  spooling  onto  vessel  at  spool  base,  and  subsequent  offshore  reeling  off  with 
 straightening on vessel, and installation.  


In  the  spooling  on  and  reeling  off  stages,  pipeline  is  subjected  to  the  high  curvature 
associated with plastic deformation of the pipe material.  This initiates hoop stresses in the 
pipe  due  to  small  level  of  ovalisation.  Also,  during  these  stages,  the  cyclic  tearing 
mechanism takes place  in the defects. Therefore, prediction and assessment of this cyclic 
tearing of the defects is the  most important objective of the ECA. It  should also be noted 



(32)that  there  are  significant  changes  in  the  material  stress-strain  behavior  and  in  the  weld 
 residual stresses during these stages. 


2. Installation fatigue during hold periods on vessel. 


Fatigue during  hold periods  is  induced  by wave  loading on  vessel and pipeline.  It  causes 
 relatively high frequency fluctuations in the pipe axial stresses just below the clamp on the 
 vessel. This situation happen when pipeline  is  needed to  be held on the vessel  for certain 
 period of time. Long exposure to this loading condition has to be avoided as it would cause 
 excessive  cyclic  growth  of  the  defects.  The  main  characteristics  of  the  loading  are  high 
 cycle, low amplitude, loading in the elastic range. 


2.2.2  Engineering Critical Assessment (ECA) Codes 


The code,  BS  7910 outlines  procedures  in detail regarding  how to  carry out the Engineering 
 Critical Assessment. The procedures are mainly stress based and the codes could not directly 
 be applied to the strain-based situations. As a general standard, BS7910 is also supplemented 
 by additional guidance in pipeline design codes and standards. 


The  design  code,  DNV-RP-F108  was  established  to  provide  guidelines  for  ECAs  of  girth 
 welds  subjected  to  cyclic  plastic  strains  during  installation.  It  introduced  the  constraint 
 matched  Single  Edge  Notch  Tension  (SENT)  fracture  mechanics  specimen  design.  SENT 
 specimen developed for pipeline girth welds assessment. 


The  code,  DNV-OS-F101  provides  additional  guidelines  for  operation  and  installation 
 methods,  involving  plastic  strain  in  the  pipeline,  such  as  reeling  which  introduce  several 
 cycles of tensile and compressive plastic deformation.  


In  accordance  with  DNV-OS-F101,  Section  5  D1100  (Fracture  and  supplementary 
 requirement  P),  it  is  stated  that  pipeline  systems  shall  have  adequate  resistance  to  unstable 
 fracture. Table  2.2  summarizes  the  requirements  of  unstable  fracture  against  the  safety  as 
 described in Table 5-10 from Section 5 D1100, DNV-OS-F101. The parameters1,nomandpin 
 the table are referred as total nominal strain and accumulated plastic strain, respectively.  


Supplementary  requirement  (P)  refers  to  line  pipe  for  plastic  deformation  (Section  7  I300, 
 DNV-OS-F101).  The  main  objective  of  supplementary  requirement  (P)  is  to  ensure  that  the 
 material  has  sufficient  properties  after  being  subject  to  plastic  deformation,  and  that  the 
 material has sufficient ductility.  


Section  10E  from  DNV-OS-F101  (check)  gives  additional  requirements  for  pipeline 
installation methods that involve plastic deformation (e.g. reeling) (Macdonald and Cheaitani, 
2010). 



(33)Table 2.2   Requirement to Unstable Fracture1) (Ref., DNV-OS-F101)
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2.3  ECA for Girth Welds in Clad and Lined Pipes 


In  the  subsea  gathering  systems,  Subsea  flowlines  that  transport  highly  corrosive 
 hydrocarbons  are  typically  built  from  carbon  manganese  (CMn)  steel  linepipe  or  Corrosion 
 Resistant  Alloy  (CRA)  material.  There  are  two  typical  material  selection  strategies  for  this 
 type of situation: 


a.  Carbon  steel  linepipe  designed  with  thicker  wall  thickness  as  a  corrosion  allowance: 


The  objective  of  thicker  wall  thickness  is  to  compensate  the  thickness  loss  due  to 
 corrosion  over  the  design  life  of  the  flowline.  It  is  often  combined  with  mitigating 
 method to reduce the loss of wall thickness. 


b.  Clad or Lined pipes that  are basically CMn steel linepipe with  internal  layer of CRA 
 material: For both clad and lined pipes, there is no need for additional wall thickness 
 for corrosion allowance. The CRA layer in the  clad pipe is metallurgically bonded to 
 the  carbon  steel  substrate;  on  the  other  hand  the  CRA  layer  in  Lined  pipes  is 
 mechanically bonded in place within the parent pipe. 


Clad and Lined pipes carry a big challenge in terms of design and welding. The weld features 
 in these types of pipeline are typically more complex than in rigid C-Mn flowlines. This fact 
 is  reflected  in  the  difficulty  in  conducting  ECAs  using  existing  codes  and  standard 
 (Macdonald and Cheaitani, 2010). 


2.3.1  Girth Welding of Clad and Lined Pipes 


Girth welds in typical solid carbon steel pipelines with no internal cladding or lining by CRA 
layer  are  always  made  of  weld  consumables  with  characteristics  of  maintaining  full 



(34)overmatch  of  yield  and  tensile  strength  over  the  parent  pipe.  This  technique  has  been 
 considered  advantageous  to  protect  the  girth  weld  and  the  existing  small  defects  that  are 
 induced during welding under loading conditions involving high plastic deformation. 


The  full  strength  overmatching  of  weld  consumable  over  the  parent  pipe  will  avoid  strain 
 localization  in  the  weld  and  lower  the  amplitude  of  loading  on  local  defects  in  the  welds. 


However,  the  tearing  resistance  and  fracture  toughness  of  the  weld  consumable  is  typically 
 lower than that of parent pipe. 


Metallurgically  clad  or  mechanically  bonded  internal  thin  layers  of  CRA  are  normally  butt 
 welded using weld consumables of the same CRA material. The most of CRA materials have 
 lower  yield  strength  but  with  significantly  higher  work  hardening  compared  to  the  carbon 
 steel of parent pipe that can be assumed to be up to X65 grade. The typical ranges of “cross-
 over”  strain  level  will  vary  between  2%  and  5%.  Above  this  strain  level  the  CRA  material 
 overmatches the carbon parent pipe. This situation is called partial overmatching (mismatch) 
 of the parent pipe by the weld consumable (Sriskandarajah, Bedrossian, and Ngai, 2012). 


According  to  DNV-JIP  Lined  and  Clad  Pipelines  (2013),  there  are  three  different  types  of 
 weld strength mismatches: 


1.  Weld Overmatch 


The filler weld is identified as overmatch if all of the criteria below are fulfilled (Figure 
 2.4): 


a) The  tensile  stress-strain  curve  of  the  weld  filler  metal  crosses  the  stress-strain 
 curve of the parent pipe material before 0.5% strain (YSw > YSpp); 


b) The  tensile  strength  of  the  weld  filler  metal  is  more  than  15%  higher  than  the 
 tensile strength of the parent pipe material (TSw > 1.15*TSpp); 


c) The strain value at TS (Tensile Strength) is higher for the weld filler metal than the 
 strain  value  at  TS  for  the  parent  pipe  material  (if  the  stress-strain  curves  do  not 
 show  the  TS  of  the  weld  metal,  it  is  acceptable  to  estimate  the  remaining  stress-
 strain curve based on the test machine displacement). 


Figure 2.4   Weld over-match definition (Ref., DNV, JIP Lined and Clad Pipelines, Phase 3, 2013).



(35)2.  Weld Partially Overmatch 


The filler weld is identified as partially overmatch if all of the criteria below are fulfilled 
 (Figure 2.5): 


a) The yield strength of the CRA girth weld is at least 0.85 times the yield strength of 
 the parent pipe material; 


b) The  tensile  stress-strain  curve  of  the  weld  filler  metal  crosses  the  stress-strain 
 curve  of  the  parent  pipe  after  0.5%  strain  but  before  the  TS  of  the  parent  pipe  is 
 reached and before a strain level of 5%; 


c) The tensile strength of the filler weld metal (TSw) is at least 10% higher than the TS 
 of the parent pipe material (TSpp); 


d) The strain at TS is higher for the weld filler metal (if the stress-strain curves do not 
 show  the  TS  of  the  weld  metal,  it  is  acceptable  to  estimate  the  remaining  stress-
 strain curve based on the test machine displacement); 


Figure 2.5   Weld partially over-matches definition (Ref., DNV, JIP Lined and Clad Pipelines, Phase 
 3, 2013).


3.  Weld Under-match 


The  girth  weld  metal  identified  as  weld  under-match  when  it  does  not  fulfilled  either 
 overmatch or partially overmatch. 


Where, 


YSw =  Yield strength of the weld filler metal, 
 YSpp =  Yield strength of the parent pipe material, 
 TSw =  Tensile strength of the weld filler metal, 
 TSpp =  Tensile strength of the parent pipe material, 


W
 TS,


 =  Strain value at tensile strength of the weld filler metal, 


PP
 TS,


 =  Strain value at tensile strength of the parent pipe material, 


C =  strain  where  stress-strain curve of the weld  filler metal crosses the stress-
strain curve of the parent pipe, 



(36)C =  Stress where stress-strain curve of the weld filler metal crosses the stress-
 strain curve of the parent pipe. 


Figure 2.6 illustrates the definition of different region of girth weld in clad and lined pipe. 


Figure 2.6   Illustration of different region in clad and lined pipe (Ref., DNV, JIP Lined and Clad 
 Pipelines, Phase 3, 2013). 


2.3.2  ECA Procedures for Clad and Lined Pipes 


According to DNV-JIP Lined and Clad Pipelines (2013), the ECA-analysis for clad and lined 
 pipes can be categorized into: 


Category 1 ECA:  


The first category is based on the analytical solutions and does not need the FE-based fracture 
 mechanics.  The  category  1  ECA  adopts  conservative  approach  to  construct  the  Failure 
 Assessment  Diagram.  The  conservative  approach  is  based  on  a  lower  bound  stress-strain 
 curve. 


Category 2 ECA: 


The  second  category  is  based  on  the  conventional  ECA  procedures  which  are  presented  in 
 DNV-OS-F101. However, in this category fracture mechanics based FE analysis is carried out 
 to compare the crack driving force from the new developed stress-strain curve. 


The  new  developed  stress-strain  curve  is  addressed  as  the  equivalent  stress-strain  curve. 


Typically  it  is  acceptable  to  adjust  the  crack  driving  force  with  other  process  such  as 
 establishing the appropriate reference stress solution to modify the shape of the FAD curve or 
 assigning the safety factor to determine the conservative crack driving force calculation. 


If  the  procedures  above  are  used  it  should  be  verified  that  it  does  not  give  potentially  non-
conservative  results.  The  traditional  ECA  approach  in  accordance  with  DNV-OS-F101  is 



(37)acceptable to carry out when it shown that for given flaw sizes the crack driving force for the 
 models representing the “worst case” stress strain curves for all material are smaller than the 
 models where only the parent pipe tensile properties are defined. 


Category 3 ECA: 


The  3D  FE  fracture  mechanics  analyses  are  used  to  represent  the  maximum  allowable  flaw 
 sizes  in  Category  3  ECA.  Hence  a  specific  and  chosen  “worst  case”  well  geometry  and 
 misalignment  shall  be  illustrated  in  the  FE  model.  The  summary  for  requirements  and 
 methodology of ECA categories for girth welds in pipes with liner or clad can be seen  below 
 in Table 2.3. 


Table 2.3   Girth Weld Integrity Assessment Procedures during Installation for Pipelines with 
 CRA Cladding/Liner (Ref., DNV, JIP Lined and Clad Pipelines Phase 3, 2013)


Girth Weld Classification  Installation 


“Undermatch”  Only category 3 ECA is acceptable 


“Overmatch” 


Category 1 shall be used to verify the “workmanship” NDT 
 acceptance criteria for the root for strains below 0.4% 


(tearing shall be evaluated) 
 For region A and B: Appendix A of 


DNV-OS-F101 is applicable. ECA shall be performed if 
 εl,nom exceeds 0.4% 


For Region C: Category 1, 2 or 3 ECA shall be performed if 
 εl,nom exceeds 0.4% 


“Partially overmatch” 


Category 1 shall be used to verify the “workmanship” NDT 
 acceptance criteria for the root for strains below 0.4% 


(tearing shall be evaluated) 
 Category 2 or 3 ECA shall be used if 


εl,nom exceeds 0.4%. Tearing analyses 


shall always be assessed for region C 


The  first  category  of  ECA  is  only  used  to  verify  that  the  “workmanship”  NDT  acceptance 
 criterion  is  acceptable  for  load  cases  where  the  installation  maximum  applied  strain  during 
 installation is less than 0.4%. 


a)  Stress-strain characteristics used in the FE fracture mechanics analysis 


The  applied  stress-strain  characteristics  in  the  FE  analysis  are  important  and  the 
characteristics  are to  be  described  depending  on  chosen  load  case  and the  location  of  the 
defect in the weld joint. The illustration of various materials which  are typically involved 
in lined and clad pipelines can be seen in Figure 2.7. 



(38)Figure 2.7   Illustration of various materials typically involved in lined and clad pipelines 
 (Ref., DNV, JIP Lined and Clad Pipelines, Phase 3, 2013).


In Clad Pipe: 


PP  = Parent Pipe 
 FW = Filler Weld 
 C  = Clad Layer 
 RH  = Root/hot passes 
 In Lined Pipe: 


PP  = Parent Pipe 
 FW = Filler Weld 
 C  = Clad Layer 
 RH  = Root/hot passes 
 OW = Overlay Weld 


The stress-strain characteristics applied in the FE analysis shall be determined according to 
Table  2.4  for clad pipelines and according to Table  2.5  for lined pipelines. The guidance 
to  determine  the  upper-bound  and  lower-bound  material  characteristics  are  specified 
below. 



(39)Table 2.4   Stress-Strain Curves Used In Category 2 ECA FE, Clad Pipe (Ref., DNV, JIP Lined 
 and Clad Pipelines Phase 3, 2013)


Flaws in weld region A and B  Flaws in weld region C 


Strain<0.25% or stress-
 based 


(Optional) 


Strain>0.25% or strain-
 based 


Strain<0.25% or stress-
 based 


(Optional) 


Strain>0.25%  


(strain-based) 


PP: lower-bound1) PP: upper-bound3) PP: lower-bound3) PP: upper-bound3)
 FW: lower-bound2),4) FW: lower-bound2),4) FW: lower-bound2),4) FW: lower-bound2)
 C: mean-curve4) C: lower-bound2),4) C: lower-bound2),4) C: upper-bound5)
 RH: mean curve2),4) RH: lower-bound2),4) RH: lower-bound2),4) RH: lower-bound2)
 1)  Lower-bound is either a curve fitted through SMSY or SMTS with reasonable shape based on stress-strain 


curves established from testing or in accordance with DNV-OS-F101. 


2)  Lower-bound is fitted curve through the lower yield stress out of five and the lowest tensile strength out of the 
 same five tests. The shape of the curve shall still represent the material reasonably. 


3)  The upper-bound curve shall be determined in accordance with DNV-OS-F101 


4)  It is acceptable to use the same curve for the filler weld, the clad and the root/hot passes as long as the curve 
 is representing a lower-bound curve 


5)  The upper-bound curve is fitted through the highest yield stress out of five tests and the minimum tensile 
 strength out of the same 5 tests. The shape of the curve shall still represent the material reasonably 


Table 2.5   Stress-Strain Curves Used In Category 2 ECA FE, Lined Pipe (Ref., DNV, JIP Lined 
 and Clad Pipelines Phase 3, 2013)


Flaws in weld region A and B  Flaws in weld region C 


Strain<0.25% or 
 stress-based 


(Optional) 


Strain>0.25% or 
 strain-based 


Strain<0.25% or 
 stress-based 


(Optional) 


Strain>0.25%  


(strain-based) 


PP: lower-bound1) PP: upper-bound3) PP: lower-bound1) PP: upper-bound3)
 FW: lower-bound2),4) FW: lower-bound2) FW: lower-bound2),4) FW: lower-bound2),6)


L: mean-curve4) L: lower-bound2) L: lower-bound2),4) L: upper-bound6)
 RH: mean curve,4) RH: lower-bound2) RH: lower-bound2),4) RH: lower-bound2),6)
 OW: mean curve,4) OW: lower-bound2) OW: lower-bound2),4) OW: upper-bound5)
 1)  Lower-bound is either a curve fitted through SMSY or SMTS with reasonable shape based on stress-strain 


curves established from testing or in accordance with DNV-OS-F101. 


2)  Lower-bound is fitted curve through the lower yield stress out of five and the lowest tensile strength out of the 
 same five tests. The shape of the curve shall still represent the material reasonably. 


3)  The upper-bound curve shall be determined in accordance with DNV-OS-F101 


4)  It is acceptable to use the same curve for the filler weld, the clad and the root/hot passes as long as the curve 
 is representing a lower-bound curve 


5)  The upper-bound curve is fitted through the highest yield stress out of five tests and the minimum tensile 
 strength out of the same 5 tests. The shape of the curve shall still represent the material reasonably 


6)  It is acceptable to use the same curve for the filler weld, the liner material and the root/hot passes as long as 
the curve represents a lower-bound curve for the materials 
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