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(2)This thesis work is performed to study and understand the pipeline global response as a result of trawl 
 gears  pull-over  loads  triggering  lateral  buckling  on  high  temperature/high  pressure  subsea  pipeline.  The 
 external  interference  from  trawl  gears  pull-over  loads  may  create  substantial  imperfection  or  out-of-
 straightness  on  the  pipeline  to  trigger  lateral  buckling.  The  pull-over  loads  also  may  induce  excessive 
 bending moments and strains in the buckle region. 


To be able to understand the global response of the pipeline under pull-over loading condition, a finite 
 element analysis is carried out based on DNV OS F101 [1], DNV RP F110 [2] and DNV RP F111 [1] . The 
 analysis  is  carried  out  using  general  finite  element  analysis  software  ANSYS  v13.  Nonlinear-transient 
 analysis is used to incorporate the non-linear effects, such as the nonlinearities of pipeline material, and the 
 response of a structure under the action of pull-over time-dependent loads.


The finite element analysis covers two period of duration i.e. during pull-over loads duration and after 
 pull-over loads duration. The analysis during pull-over loads duration deals with the pipeline global response 
 as a result of trawl gears pull-over loads. The pipeline is subjected to substantial horizontal and vertical pull-
 over  forces  from  the  trawl  gears.  The  pull-over  forces  are  applied  based  on  force-time  history  as 
 recommended in DNV RP F111 [3].       


  This  thesis  work  also  study  the  pipeline  post  buckling  condition.  After  pull-over  loads  duration,  the 
 pipeline global response may be different. The analysis is carried out for additional 5 seconds from the end 
 of pull-over loads duration. In this period, the pull-over loads are no longer applied. The pipeline may expand 
 further more caused by temperature and pressure loads on pipeline.   


There are four (4) types of trawl gear considered in the analysis i.e. polyvalent and rectangular trawl 
 gear, industrial v-board, beam trawl and clump weight. All the trawl gears data are taken from DNV RP F111 
 [3].  The  thesis  work  calculates  the  pull-over  loads  and  durations  from  all  type  of  trawl  gears.  In  the  finite 
 element  analysis,  only  the  pull-over  loads  from  polyvalent  and  rectangular  trawl  gear  are  used  as  this  is 
 considered to adequately represent the cases.  


The finite element analysis of trawl gear pull-over shows the trawl gears pull-over loads induces lateral 
 buckling on pipeline. The pipeline deform laterally at the pull-over loads location. High bending moments and 
 strain occur at the apex of the buckle. The DNV displacement condition code check shows that the integrity 
 of  the  pipeline  is  not  satisfy  the  safety  level  hence  the  pipeline  cannot  withstand  the  trawl  gears  pull-over 
 loads.  


The  analysis  with  variation  of  operating  temperature  and  pressure  should  be  carried  out  as  further 
 works.  The  further  works  shall  also  take  into  account  a  full  comparison  of  lateral  and  axial  soil  friction 
 combination. This way, a more accurate result can be obtained and better conclusion can be verified.    


  


Keywords:  Lateral  buckling,  HP/HT  subsea  pipeline,  Trawl  gears,  Pull-over  loads,  finite  element  analysis, 
 ANSYS.
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(4)Abbreviations 
 BE   Best Estimate 
 DNV  Det Norske Veritas 
 FEA  Finite Element Analysis 
 LB  Lower Bound 


OOS  Out-of-Straightness 
 OD  Outside Diameter 
 OS  Offshore Standard 
 RP  Recommended Practice 


SMYS  Specified Minimum Yield Strength 
 UB  Upper Bound


Symbols 


CF  Coefficient of pull-over force 
 CT  Coefficient of pull-over duration
 D  Diameter 


E  Young’s modulus of the steel pipe 
 FP  Maximum pull-over load on pipe in 


horizontal direction 


fT  Annual trawling frequency per relevant 
 pipeline section 


FT  Characteristic pull-over load 


FZ   Maximum pull-over load on pipe in vertical 
 direction 


H  Residual lay tension 
 I  Second moment of area 


kb   Trawl gear bending board stiffness 
 ki   Trawl gear in plane stiffness 
 Mb Bending moment 


Na Axial force 
 Pe External pressure 
 Pi Internal pressure 
 S  Effective axial force 


t  Pipe wall thickness 
 Tamb  Ambient Temperature 
 Top  Operating Temperature 
 TP Pull-over duration 


Zs Section modulus of the steel pipe 
 αh Maximum allowed yield to tensile ratio 
 αgw Girth weld factor 


αt Coefficientthermal expansion 
 ααααu   Material strength factor  


δp Displacement of the pipe at the point of 
 interaction 


∆T  Temperature difference 
 εendcap Strain due to end cap effect 
 εpoisson Strain due to Poisson’s effect 
 εt  Thermal strain 


γγγγε Strain resistance factor 
 γγγγm Material resistance factor  
 γγγγ Safety class resistance factor  



Nomenclature



(5)µa Coefficient of axial soil friction 
 µl Coefficient of lateral soil friction 
 σh  Hoop stress 


σl  Longitudinal stress 


σla Longitudinal stress due to axial stress 
 σlb Longitudinal stress  due  to  bending 


moment


σlc Longitudinalstress due to end cap effect 
 σlh Longitudinalstress due to Poisson’s Effect 
 σlt Longitudinal  stress  due  to  temperature 


difference 
v Poisson’s ratio
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(15)Generally, submarine pipeline will be trenched and buried to restrain it and prevent buckling. However, 
 in  deeper  water,  trenching  and  burying  is  less  practical  and  with  the  higher  operating  pressures  and 
 temperatures that we often experience in deepwater developments, this solution simply does not work. The 
 pipeline is left on the seabed and allowed to buckle laterally.  


Even  though lateral  buckling  can  be  a  safe  way  to  accommodate  expansion created  by  temperature 
 and  pressure  loads,  but  detailed  analysis  should  be  taken  to  control  the  buckles.  Uncontrolled  lateral 
 buckling  can  lead  to  excessive  plastic  deformation  of  the  pipe  or  fatigue  failure  in  operation  due  to 
 continuous heat-up and cool-down cycles [10]. 


There  are  several  ways  to  mitigate  or  accommodate  the  lateral  buckling.  Some  of  them  that  are 
 commonly used in the industry are [10]: 


a)  Snake-Lay Configuration 


Snake lay configuration is used to introduce horizontal imperfection to the pipeline. The pipeline is laid 
 in the form of curves of given radius of curvature at predetermined location. The crown of the snake 
 then behaves as a large curvature expansion spool while the pitch dictates the amount of pipe feed-in 
 at the crown. 


Figure 1 -  4 Snake Lay Configuration [10] 


b)  Mid-line expansion spools 


The  spool  is  modeled  in  ‘U’  shape  with  thermal  expansion  imposed  to  both  ends  of  the  spool.  The 
 expansion spool acts as compression relief points.  


Figure 1 -  5 Typical Mid-line Expansion Spool [10] 


c)  Vertical triggers/sleepers 


To  initiate  a  lateral  buckle,  the  initial  vertical  out-of-straightness  (OSS)  is  used.  A  sleeper,  pre-laid 
across  the  route  of  the  pipeline.  The  sleeper  would  rise  and  support  the  pipeline  off  the  seabed  to 
create  vertical  OSS.  The  elevated  pipeline  above  the  sleeper  also  has  benefit  of  reduction  in  lateral 
frictional resistance.  



(16)Figure 1 -  6 Vertical Trigger/Sleeper [10]  


1.2.2.  Trawling Gears 


Nowdays,  trawling  is  commonly  used  in  the  commercial  fishing  industry  especially  in  the  North  Sea 
 and  the  Norwegian  Sea.  Figure  1  -    7  shows  the  illustration  of  trawling  activity.  The  trawling  method  is  an 
 active fishing technique by pulls a trawl gears through the water behind one or more fishing boats. The trawl 
 nets  are  dragged  along  the  seabed  or  in  midwater  at  a  specified  depth.  Two  or  more  trawl  nets  can  be 
 operated simultaneously (double-rig and multi-rig) [20].  


The heaviest twin trawls equipment used in the Barents Sea and outside Greenland has typical mass 
 up to 9-10 tonnes based on 2005 data [3]. This equipment may also use in the North Sea and the Norwegian 
 Sea. While, the largest trawl board in the North Sea and the Norwegian Sea has mass about 4000kg in the 
 same year.    


There are many variants of trawling gears. The local traditions, bottom sea conditions and the capacity 
 and size of trawling boats are governing the variation of trawling gears [20]. The main trawl gears commonly 
 use in the North Sea and the Norwegian Sea are conventional otter trawl gear and beam trawl gear [3]. The 
 otter trawls use trawl boards to keep open the trawl net. While, the beam trawl use transverse beams.  


Figure 1 -  7 Illustration of Fishing Activity using Trawl Gears [18]. 


Beam trawl is the simplest of trawls. The transverse beam which is made by steel or wood, keeps a 
funnel  shaped  trawl  net  open.  The  transverse  beam  is  mounted  on  steel  blades  called  shoes  or  on  heavy 
rubber wheels [17]. The outriggersor booms are used to tow the trawl. These outriggers are fastened to, or 
at  the  foot  of  the  mast  and  extend  out  over  the  sides  of  the  vessel  during  fishing  operations.  The  beam 



(17)trawling  method  uses  a  very  strong  outrigger  boom  in  each  side.  Each  outrigger  boom  tows  a  beam  trawl 
 [20]. Beam trawls mainly used on sandy flat seabed in the Southern North Sea.   


Figure 1 -  8 Typical Beam Trawl Shoe [3]. 


Figure 1 -  9 Beam Trawl and Components [22]. 


The  otter  trawl  has  several  types  of  trawls  boards.  The  trawl  boards  are  shown  as  point  A  and  B  in 
 Figure 1 -  7. The size of the trawl board depends on the type of the trawl net being used. The common types 
 of trawl boards based on DNV RP F111 [3] are: 


a)  Polyvalent and Rectangular trawl board 


The  polyvalent  and  rectangular  trawl  boards  have  a  curved  surface  with  an  oval  shape.  This 
 construction of the trawl boars improves the ability to slide over the obstacles. The complex geometry 
 of these trawl gear type cause high costs to fabricate. These types of trawl board have been found to 
 give the highest loads on pipeline [3]. Figure 1 -  10 shows those two typical trawl boards.  


Figure 1 -  10 Polyvalent and Rectangular Trawl Boards [22]. 
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(18)b)  V-shaped board 


V-shape board has a knuckle line in the longitudinal direction. This knuckle line gives different attack 
 lines of the hydrodynamic lift forces on the upper and lower part. This type of trawl gear is easy to use 
 and maintain. The V-board also has good ability on spreading the trawl net [22].   


Figure 1 -  11 Steel V-board [22] 


The other type of trawling is twin rig trawling. The twin rig trawling used two set of nets side by side 
 and a clump weight. The clump weight is a heavy weight that designed to roll rather than be dragged along 
 the  sea  bottom  [22].  The  clump  weight  can  consist  of  short  lengths  of  chain  cables  shackled  together  or 
 custom made device. There are two common types of clump weight i.e. bobbin type and roller type.   


Figure 1 -  12 Typical Clump Weight [22]. 



1.3.  Study Objectives 


Most  of  the  deepwater  subsea  pipelines  are  laid  directly  on  the  seabed  without  a  concrete  weight 
 coating depending on the pipeline on-bottom stability. In combination also with the lower resistance provided 
 by  the  soil  on  the  seabed,  the  restrained  high  temperature/high  pressure  subsea  pipeline  is  susceptible  to 
 movement in lateral direction as a result of temperature and pressure driven loads.   


In  some  area,  such  as  in  North  Sea,  unburied  pipelines,  even  temporarily,  can  be  subjected  to 
frequent  crossing  of  bottom  trawl/fishing  gears.  Hence,  these  unburied  pipelines  are  susceptible  to  the 
combined effect of lateral buckling and trawling/fishing gear interaction under operating conditions. The trawl 
gears normally hit and drag over the pipeline on the seabed and giving it a short impact. In some cases, the 
trawl gears may actually get hooked under the pipeline and move it along with the trawl equipment, leading 
to a very severe loading situation.  



(19)The objectives of this thesis work is to study and understand the relevant pipeline global response as 
 a  result  of  trawl  gear  pull-over  loads  on  high  temperature/high  pressure  subsea  pipelines.  The  interaction 
 between  pipeline  and  trawl  gears  highly  susceptible  to  lateral  buckling.  The  trawl  gears  pull-over  loads 
 induce  substantial  horizontal  (lateral)  and  vertical  force  on  pipeline.  The  pipeline  may  deform  globally  and 
 trigger lateral buckling during pull-over loads duration. The pipeline also may continue to expand and buckle 
 further after pull-over loads duration.   


To  be  able study  and  understand  the global response  of  the  pipeline  under  the  trawl  gears pull-over 
loading  condition,  a  finite  element  analysis  is  carried  out.  The  analysis  is  carried  out  using  general  finite 
element analysis software ANSYS v13 based on DNV OS F101 [1], DNV RP F110 [2], DNV RP F111 [3] and 
Subsea 7 Lateral Buckling Analysis Design Guideline [7].  



(20)
2.1.  General 


The  following  chapter  covers  the  theoretical  backgrounds  for  the  areas  that  need  to  be  considered 
 when  carrying  out  the  analysis.  Most  important  subjects  related  to  the  analysis  are  the  temperature  and 
 pressure loading on the pipeline. This section also gives brief explanation on lateral buckling phenomenon, 
 i.e. buckle modes and forces. 


The trawl gears pull-over loads are also important in this analysis. The formulae used to calculate the 
 pull-over loads are described in this chapter.  



2.2.  Stresses in Pipeline 


2.2.1.  Hoop Stress (σh) 


The pipe is assumed as thin-wall pipe since the ratio of D/t is greater than 20 from [5]. If the internal 
 pressure,  P,  exist,  the  action  of  radial  force  distributed  around  the  circumference  will  produce  a 
 circumferential or hoop stress, σh, given by:  


 


2
 where:  σh  = hoop stress 


D  = internal diameter 
 T  = wall thickness 
 P  = net internal pressure 


For  deeper  water  pipeline,  the  effect  of  external  pressure  should  be  also  considered.  Hence,  the 
 equation for hoop stress is [5]: 


  


2
 where:  D  = nominal outside diameter of the pipe 


Pe  = external pressure 
 2.2.2.  Longitudinal Stress (σl) 


The  longitudinal  stress
( ) σ
l ,  is  defined  as  the  axial  stress  experienced  by  the  pipe  wall.  The 
 longitudinal  stress,  consists  of  stresses  due  to  end  cap  effect( ) σ
lc ,  hoop  stress  (Poisson’s  effect) ( ) σ
lh , 

bending stress
( ) σ
lb , axial stress( ) σ
la  and thermal stress( ) σ
lt [7].  

a)  End Cap Effect (σlc) 


From [5], the longitudinal stress due to end cap effect 
( ) σ
lc is calculated as follow: 


Chapter 2 Theoretical Background



(21)  
 4
 where:  σl  = longitudinal stress 


D  = internal diameter 
 t  = wall thickness 
 P  = net internal pressure 
 b)  Hoop Stress (Poisson’s Effect) (σlh) 


The longitudinal stress due to hoop stress (Poisson’s effect)
( ) σ
lh , is calculated as follow based on [5]: 

  . 
 where:  σh  = hoop stress 


v  = Poisson’s ratio, 0.3 for steel pipe 


If  the  pipe  is  under  restrained  condition,  the  end  cap  force  is  countered  by  the  restraining  force. 


Therefore  no  longitudinal  stress  from  end  cap  effect  will  occur.  In  the  other  hand,  the  longitudinal 
 stress due to Poisson’s effect will present [6]. The stresses due to internal pressure in thin-wall pipes 
 are illustrated below. 


Figure 2 - 1 Stresses due to internal pressure in thin-wall pipes [5]. 


c)  Bending Stress (σlb) 


From [6], the longitudinal stress due to bending stress
( ) σ
lb  is calculated as follow: 

 
 
 where:  Mb = bending moment 


Zs  = section modulus of the steel pipe 


=  






(22)d)  Axial Stress (σla) 


From [6], the longitudinal stress due to axial stress
( ) σ
la , is calculated as follow: 

 





where:  Na  = axial force 


As  = cross sectional area of the steel pipe,  !


" 


e)  Thermal Stress (σlt) 


In the restrained condition, the prevention of expansion gives rise to the compressive stresses, but the 
 longitudinal strain is zero. The compressive stress,#, generated by the restrained expansion is given 
 by [5]:  


#  $#. %. ∆'
 where:  E  = Young’s modulus of the steel pipe 


The stresses are acting axially. The negative sign on the thermal stress reflects that the pipe is under 
 compressive for a positive temperature increase under restrained conditions.  


Figure 2 - 2 Longitudinal stress components [5]. 


f)  Total Longitudinal stress 


From  [5],  the  total  longitudinal  stress  can  be  determined  using  the  following  equation.  It  should  be 
 ensured that sign conventions are utilized when employing this equation, i.e. tensile stress is positive. 


 ( ( ( ( #


2.2.3.  Combined Stress (σl) 


The  combined  stress  is  determined  differently  depending  on  the  code/standards  utilized.  The 
 combined stress shall meet the following requirement [3]: 


)(   * +,.-.-
where:  F3  = Combined stress design factor  



(23)
2.3.  Hydrodynamic loads 


The pipeline resting on seabed is subjected to the hydrodynamic forces. The hydrodynamic forces on 
 the seabed are functions of the wave and current climate. The waves can be either locally generated wind 
 waves  or  swell  and  the  currents  can  be  tidal  currents,  as  e.g.  in  the  southern  North  Sea,  or  circulation 
 currents prevalent in some deepwater.  


The  recommended  practice  DNV  RP  F110  [2]  recommends  that  the  hydrodynamic  forces  not  to  be 
 included in the pull-over analysis. The hydrodynamic forces may reduce the lateral pipe-soil resistance due 
 to lift effects.  



2.4.  Pipeline Expansion 


Pipelines  operating  at  temperature  above  the  ambient  temperature  will  tend  to  expand,  both  radially 
 and  longitudinally,  due  to thermal  and pressure  loading.  The  pipeline expansion will  occur at  pipeline  ends 
 under  unrestrained  condition.  There  are  three  main  reasons  contributing  to  end  forces  and  expansions 
 leading  to  lateral  buckling  are  temperature  (thermal),  pressure  -  end  cap  effect  and  pressure  -  Poisson 
 contraction [6].  


2.4.1.  Thermal Strain (εthermal) 


In the unrestrained condition, the thermal strain will present due to temperature difference between the 
 maximum  operating  temperature  and  the  minimum  installation  temperature.  The  longitudinal  strain  is 
 proportional to the magnitude of the temperature difference [5]. The temperature rise causes an expansion 
 due to the thermal strain but the longitudinal thermal stress is zero. The thermal strain, 0#, is given by: 


0# $#. ∆'


where:  αt = coefficient thermal expansion (1.17x10-5 /deg Celsius) 


∆T  = temperature difference relative to as laid (°C) 


2.4.2.   Pressure Strain (εpressure) 


There are two potential effects on strain due to pressure loads: 


a)  End Cap Effect 


The  differential  pressure  loading  across  the  pipe  wall  induces  axial  loadings  which  contribute  to  the 
 expansion of the pipeline, i.e. compression. The strain at pipeline due to end cap effect if neglect the 
 external pressure, is [6]: 


012 3  . 
 4. %


where:  P  = differential internal pressure across the pipe wall 
 D  = internal diameter 


t  = pipe wall thickness 
 b)  Poisson Effect 


The  internal  pressure  induces  hoop  stress  and  corresponding  circumferential  strain.  The 
circumferential  expansion/strain  gives  axial  contraction  on  pipeline.  The  hoop  expansion  causes  a 
longitudinal contraction of the pipe, i.e. the pipe expands in the hoop direction and the Poisson effect 



(24)results in an axial contraction (opposite to end cap pressure effect). Under unrestrained condition, the 
 expansion/strain due to Poisson effect is [6]: 


034 41  .


%
 where:  σh  = hoop stress 


v  = Poisson’s ratio of steel pipe 
 2.4.3.  Combined Strain (εtotal) 


Hence, the combined thermal and pressure strains for unrestrained case is given by [6]: 


0#4#  $. ∆' (


2 .1  26


%


2.4.4.  Restraining/Anchor Force  


A pipeline may experience fully restrained. The force required to fully restrain the pipeline is a result of 
 the thermal, end cap and Poisson effect. This force is known also known as the anchor force or restrained 
 axial force, and given by [6]: 


+7   #. %. $. ∆' (. 8. 


4 1  2
 where:  P  = Internal pressure difference relative to as laid 


D  = internal diameter 


Asteel = cross sectional area of the steel pipe 


= 8


If  the  residual  lay  tension,  H  from  laying  operation  is  taken  into  account,  hence  the  total  restrained 
 axial force, S for a totally restrained pipeline is given by [1]: 


-  9  +7
 -  9  : #. %. $. ∆' (. 8. 
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  where:  S  =  effective  axial  force  (negative  sign  indicates  compression,  positive  sign  indicates 
 tensile) 


H  = residual lay tension 


The  effective  axial  force  close  to  the  pipeline  end  is  reduced  from  maximum  of  the  total  restrained 
 axial  force  due  to  expansion.  The  reduction  is  governed  by  the  axial  friction  between  the  pipe  and  the 
 seabed. If the total axial friction is sufficient to constrain the pipeline fully, it is called a “short” pipeline.  


For a sufficiently “long” pipeline, the build-up frictional resistance will exceed the axial force required to 
fully constrain the pipeline and some part of the pipeline will be fully constrained. The typical effective forces 
along the pipeline for short and long pipeline are shown below. The equilibrium point where the friction force 
changes direction and equal to restraining force is known as a virtual anchor point, hence no axial expansion 
occurs.   



(25)    Figure 2 - 3 Typical Effective Axial Force Diagrams [7] 


2.4.5.  Soil Frictional Resistance Force 


Expansion  along  the  pipeline  length  is  restrained  by  axial  friction  between  the  pipe  and  seabed 
 causing axial compressive forces to develop in the pipeline system. Frictional strain only acts in response to 
 expansion  movement.  This  builds  up  a  compressive  strain  opposing  the  net  tensile  strain  effects  resulting 
 from temperature and pressure effects. Hence, a high resistance will give higher forces close to the end and 
 potential triggering buckles. The frictional resistance provided by the seabed soil can be calculated based on 
 the operational submerged weight along the pipeline length. This is given by [6]: 


+<=    >. ?@


where:  Ffric  = frictional resistance force 


µ  = coefficient of friction between the pipe and seabed 
 Ws  = pipe submerged weight include the content 


This thesis only considers for the pipeline laid on the seabed, hence buried and trenched pipeline are 
 not discussed. 


2.4.6.  Pipeline End Expansion 


The  expansion  can  be  calculated  by  integrating  the  pipe  strain  between  the  free  end  and  the  fixed 
 anchor point [8]. Strain in the pipe is due to the difference between the applied axial force and the frictional 
 resistance.  Taking an anchor point at the hot end and the cool end of the pipe the following expressions can 
 be derived based on the relationship, ε = σ/ E [8]. 


A4#  B +7C  +<= C


% ·  # EC


FGH
 IJKLMNOP


A42  B +7C  +<= C


% ·  # EC
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 FGKQR


  



(26)where:  Fax(x)    = resultant effective axial force 
 FFric (x)   = friction restraint along full beam 
 Lancpt(x1)  = hot end anchor point (KP) 
 Lancpt(x2)  = cold end anchor point (KP) 
 KP0    = pipeline start KP 


KPn-1       = end of pipeline KP 
 δhot    = hot end expansion 
 δcold   = cold end expansion 



2.5.  Lateral Buckling 


The  frictional  resistance  from  the  interaction between  pipe  and soil  and  the  flexibility  of  the  pipe  end 
 will restrain the expansion along the pipeline. Under restrained condition, a compressive axial force will arise 
 on  pipeline.  The  magnitude  of  the  compressive  axial  force  depends  on  the  extent  of  constraint  applied  to 
 oppose  the  expansion  [10].  To  release  the  compressive  axial  force,  the  pipe  will  deform  into  a  new  shape 
 and obtain a new equilibrium state by seeking a large deflection. This structural response of the pipeline is 
 called buckling and the amount of load to initiate buckling is the critical buckling load. A buckle of originally 
 straight  pipeline  is  similar  to  the  bending  deformation  occurring  in  the  elastic  (Euler)  buckling  of  a  column 
 that loaded axially [9].  


The pipeline response under compression depends on the level of the compression developed under 
 the  thermal  loading.  A  high  effective  axial  compressive  force  can  cause  the  pipeline  to  buckle  laterally  or 
 vertically.  The  lateral  buckle  mode  occurs  at  a  lower  axial  load  than  vertical  mode  [9].  Hence,  the  lateral 
 buckling is dominant unless sufficient lateral resistant is provided by trenching for example.   


For  pipeline  that  is  exposed  on  the  seabed,  lateral  buckling  will  occur  naturally  at  interval  along  the 
 pipeline if the effective axial compressive force is sufficient for the pipe to buckle. There are several factors 
 govern  the  lateral  buckle  to  occur,  such  as  pressure  and  temperature,  pipe  weight,  pipe-soil  interaction 
 (frictional resistance), initial imperfection from the lay process due to vessel motion, wave or current loading, 
 imperfection caused by seabed variations and  external interference e.g. trawl impact and pull-over. 


2.5.1.  Buckle Modes  


The buckle is considered as a sequence of half-wave. The pipeline can buckle into either symmetric or 
asymmetric modes, where the symmetric is referred to an axis drawn through the centre of the buckle and 
perpendicular  to  the original  centerline of  the  pipeline  [11].  Experimental work performed  by  Hobbs  [9]  has 
found  that  pipeline  can  buckle  into  different  lateral  mode  shapes.  The  most  common  lateral  buckle  modes 
from modes 1 to modes 4 are shown in Figure 2 - 4. 
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