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ABSTRACT

The new Canadian limit states pipeline design 

standard (CSA Z662-96, Appendix C - Limit States 

Design) incorporates deformation or strain-based 
design criteria to prevent pipe rupture and or buckling 

and limit ovality due to bending. These criteria are 

different and in some instances, much more 
conservative than those contained in the Canadian 
offshore pipeline design standard (chapter 11 o f CSA 

Z662-96) and similar standards used in other 
countries. This study was completed to review the 
ovality, buckling (including wrinkling) and rupture 

criteria included in current Canadian pipeline design 

standards (CSA Z662-96) and define its basic 
differences with respect to other standards.

The deformation or strain based design criteria 
formulations in Z662 are compared with those 
contained in design standards, industry association 

recommendations and classification society rules 
from Norway, Britain, Germany, Australia and the 

USA to illustrate their differences and relative levels 
of conservatism. In addition, current and on-going 

research efforts were reviewed to identify the state-of- 
the-art in pipeline strain-based design, since this 

research could form the basis for future amendments 

to existing pipeline design standards.
Based on the findings o f this review, 

recommended changes to the limit states pipeline 
design formulation are given to better reflect the 
strain-based (non-linear or post-yield) design and 
assessment approaches included in the Canadian 
offshore or foreign pipeline design approaches. In 
addition, an analytical basis for pipeline ovality and 
buckling design criteria are recommended.

INTRODUCTION

Existing design standards, including the 

Canadian Standards Association Oil and Gas Pipeline 

Systems standard (CSA Z662-96), perform structural 
design based primarily on yield strength based 

criteria. This approach to design was considered 

acceptable for steels with a well defined yield point 
and a significant amount o f post yield ductility and
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strength. The behavior o f these steels could be 

reasonably modeled as an elastic-perfectly plastic 
material, similar to that shown in Figure 1(a).

Pipeline design criteria and material 

specifications based almost solely on steel yield 
strength drove the steel production industry to 

develop alloying and or controlled rolling processes 
capable of supplying higher yield strength steels. As 
a result, modem steels display stress-strain behaviors 

similar to those shown in Figure 1(b), which are 
markedly different than their predecessors (Figure 
1(a)). The mechanical behavior feature which 

differentiates the modem steels from their 
predecessors is the lack o f a well defmed yield point. 
The lack of a yield point has necessitated the use of 
fictitious yield point measures (i.e. 0.2% offset or

0.5% strain under load).

F ig u re  1 (a ): Y ie ld  F ig u re  1 (b ): M o d e m  

P o in t D e fin itio n  S te e l B e h a v io r

A drive towards more economic designs and a 
better understanding of the pipe materials led to the 
development of design criteria based on inelastic 
(post yield) failure. The implementation of post yield 
stress design approaches has been accomplished in 

the form of a delayed yield type criteria. While this 
design approach accounts for the observed difference 
between a pipe’s actual failure stress and the 
material’s yield strength, it does not acknowledge the 

difference between material ductilities.
The two materials, whose stress strain behaviors 

are shown in Figure 1(b), both have the same yield 
and ultimate strengths and thus flow stresses, 
although they display quite different post-yield
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behaviors. T h e  difference betw een  these tw o 

m aterials is th e ir  ductility  w hich can  be represented 

by th e ir uniform  stra ins (strain  a t the m axim um  load, 

U T S) o r the ir w o rk  hardening characteristics (load 

c a n y in g  capacity  increase per un it p lastic  strain).

A n acknow ledgm ent o f  the need  to  ensure 

ductility  and to  b e tte r d istinguish betw een  steels w ith 

d iffering  w ork  harden ing  behaviors, has led to  the 

inclusion o f  add itional design  and m aterial 

specification  requirem ents w hich  consider a 

m ateria l’s ductility  expressed  in  term s o f  m inim um 

m aterial tensile s tra in  a t failure (to tal elongation), 

m axim um  yield  to  tensile  ra tio  an d  or m axim um  

allow able design  strain .

A variety  o f  stra in  o r ductility  based design 

criteria  have been  developed  by  researchers and 

incorporated  in to  design  standards. F o r exam ple, the 

current draft o f  the C SA  O il and  G as Pipeline 

System s design  standard  - lim it states design 

requirem ents (C S A -Z 662, A ppend ix  C ) and  the 

N orw egian , D e t N o rsk e  V eritas (D N V ) Rules for 

Subm arine P ip e lin es-1981, both  incorporate  different 

strain-based design  criteria. In the D N V  rules the 

allow able tensile  strain  is lim ited to  a  m axim um  o f  

2% , w hile, A ppend ix  C o f  C SA -Z 662 limits the 

tensile strain  to  0 .5% . T he D N V  strain  lim itation is a  

function o f  th e  p ipe  geom etry  (d iam eter and 

thickness) and  strain  history, w hereas, the Z662 

requirem ent is essentially  an  arb itrary  and 

conservative value  w hich is constan t for all pipe 

configurations.

Review Scope

The objective o f  this paper is to  review  strain- 

based design lim its app licab le  to  pipelines, current 

research efforts in th is a rea and com pare these with 

the requirem ents included in the cu rren t edition o f  the 

C anadian O il an d  G as Pipeline System  lim it states 

design requirem ents (C SA -Z 662, A ppendix  C). In 

o rder to  evaluate and  com pare the appropriateness o f  

the strain-based design  criteria  ap p lied  to  C anadian

pipelines, strain  based  design  c rite ria  research and the 

design standards listed in T able  1 w ere reviewed.

Strain o r deform ation  b ased  design criteria are 

generally  p resen ted  in term s o f  design  requirem ents 

which are intended to  p rec lude  the follow ing three 

lim it states: (1) ovality, (2 ) buck ling  and, (3) rupture. 

P ipe w rinkling is view ed as a  form  o f  buckling caused 

by pipe flexural deform ation  in th is  review.

T he rev iew  reported  here  is lim ited to  the 

application  o f  these design  lim it states based on  the 

assum ption o f  a  defect-free hom ogeneous p ipe 

m aterial. It should  be n o ted  tha t although m ost o f  the 

current p ipeline design  standards are m oving tow ards 

a lim it states form at, w hich  w ould  deal explicitly  

with each o f  the above lim it states. C urrent 

w orkm anship requirem ents sim ply  restrict the 

physical m anifestations o f  these lim it states.

CSA-Z662 STRAIN-BASED DESIGN CRITERIA  

CSA-Z662

The curren t oil and gas p ipeline  design criteria  

(Z 662-96) only  allow s elastic  p ipeline design. Pipe 

w all stresses m ust rem ain  below  the m inim um  

specified y ield  stress o f  the p ip e  m aterial. Since 

elastic strains are  generally  trea ted  as being directly  

proportional to  elastic stresses, the stress criteria  

outlined in this standard  could  b e  rew ritten in term s 

o f  strain. T he only  d irec t references to  strain  or 

deform ation lim its are g iven in clause 6.2.3 dealing  

w ith m axim um  allow able co ld  bend  deflection and 

clause 6.3.3 w hich  lim its the m axim um  allow able 

dent depth.

The 1.5° m axim um  allow able cold bend 

deflection  w ith in  an  axial d istance  equal to  the p ipe 

outside diam eter, for p ipes w ith outside diam eters 

greater than 323.9m m , is in tended  to  prevent 

com pressive failures (e.g ., buckling , w rinkling or 

ovality) and im plies a  m axim um  allow able nom inal 

strain  o f  1.31% .

Table 1: Scope o f Design Standard Review

O rig in P ip e lin e O ffsh o re  P ip e lin es M a te r ia ls

C anada C SA  Z662-96 

C SA  Z662-96 A pp. C

C SA  Z662-96 Section 11 C SA  Z 2 4 5 .1-93 

C SA  Z 662-96

N orw ay D N V  -1982* D N V -1982*

B ritain BS 8010: Part 1: 1993 BS 8010: P art 3: 1993 BS 8010: P a rt 2: 1993

G erm any G L -C o d e  I I I /4 -  1995*

A ustralia A S 2885-1987 AS 1958-1981 AS 2018-1981

USA A SM E  PD  V oi. 55* 

A SM E  PD  V ol. 69* 

A PI 5L: 1991*

A PI RP 1111-1993*

* N ote: These are rules o f  p ractice  p roduced  by industry associations and  classification  societies.
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CSA-Z662 Section 11-O ffshore P ipelines

In an effort to  harm onize the o ffshore and 

onshore pipeline design  standards, the previously  

stand  a lo n e  offshore p ipeline design s tandard  w as 

included as  Section  11 o f  C S A -Z 662-I994 .

T h e  construction  and installation requirem ents 

(cl. 11 .2 .4 .2 .1 .1 .2) lim it the perm issib le installation  

strain  (e lastic  plus p lastic ) in the p ipe w all, in any 

p lane o f  o rientation , to  a  m axim um  o f  0 .025  (2.5% ). 

This stra in  criteria, sta ted  in term s o f  a  p rincipal 

strain  w hich  considers all o f  d ie strain  com ponents 

(hoop , longitudinal, shear), is included to  perm it reel 

barge p ipe laying an d  considers the ex tra  restrain t 

against buckling  afforded  by the tension  on  the line 

w hen it is being placed. I t is im plicit in  this 

requirem ent tha t the base  m aterial and  w eld m etal a re  

hom ogeneous and free o f  any significant flaw s. E ven 

though a  m axim um  to ta l strain  o f  2 .5%  is perm itted, 

the no tes a ttached to  th is design  c rite ria  clearly  

indicate that o ther lim it states such as buckling  o r 

ovality  m ay contro l the design  o f  the p ipe. In 

addition, the appropriateness o f  the p ipe base  o r w eld 

m aterials fo r th is re latively  high strain  application  

m ust be dem onstrated , and  the m echanical and 

geom etric effects o f  the installation process m ust be 

considered  in  the design  and  analysis o f  the p ipe fo r 

o ther installation  and operational lim it states.

F o r typical operational o r  design  loads th e  design 

strength criteria  are based  on an  effective stress 

form ulation (cl. 1 1.2.4.2.3.1) w hich m ust be less than  

an elastic  allow able stress (cl. 11.2.4.2.3.3). This 

effective stress form ulation (H ilber, V on M ises and 

H encky y ield  criterion) p rov ides the designer w ith a  

rational and effective criterion  fo r evaluating  the 

com plex m ulti-axial stress states associated  w ith 

pipeline design.

T he effects o f  in frequent, strain  contro lled  

loading due to  frost heave, subsidence, o r 

earthquake are  com pared against a  2 .5%  strain  lim it 

(cl. 11,2 .4 .2.2.4), in any p lane o f  o rientation  in the 

p ipe w all, less any strain  residual from  installation. 

This deform ation  allow ance for infrequent and 

po ten tia lly  severe load  events allow s p lastic ity  w hen 

other lim it states are no t vio lated  and  includes die 

residual strains associated  w ith  the installation 

process. I f  th is design condition  is u sed  in an  ECA 

(E ngineering  Critical A ssessm ent) situation , care 

should be  taken here to  include the residual strains 

from sim ilar previous events w hich induced plastic 

deform ations. This requirem ent is necessary  since the 

total perm anent deform ation a m aterial m ay  sustain is 

lim ited and  cum ulative over the life o f  the pipe 

structure. In addition, the effects o f  repeated  high 

strain loads on  the m aterial and geom etric properties

o f  th e  p ipe structure should  be  recognized  in the 

application  o f  subsequent structural analysis.

CSA-Z662 Appendix C - D raft Version

Rupture. T he lim it s ta tes form ulation  o f  the 

C anadian  p ipeline design  s tandard , A ppendix C, 

allow s both elastic  (cl. C 5 .2 ) and  p lastic  (cl. C 5.3) 

analysis techniques to  be u sed  in the design  or 

analysis o f  pipeline system s. A lthough  both  elastic 

and  plastic  design  are allow ed, n o  m ateria l resistance 

factors are proposed  fo r lim it sta tes o ther than those 

associated  w ith  m aterial y ield ing . T he non-linear 

stress-strain  behavior o f  p ipeline  steels are 

represented  by R am berg-O sgood  o r  a  bi-linear 

m ateria l m odels including tem pera ture  de-rating 

factors.

T he lim it states fo rm ulation  precludes pipeline 

rup ture  w ith a  stra in-based c rite ria  (cl. C 6.3 .1) 

lim iting the tensile  stress due to  p rim ary  or secondary 

loads to  70%  o f  a  p ipe w all o r  w eldm ent critical 

tensile strain . T he critical tensile  strain  is taken as

0 .75%  unless fracture m echanics approaches o r 

physical testing are used  to  estab lish  a  higher critical 

strain  lim it tak ing into accoun t flaw s and 

m etallurgical dam age in the w elds an d  heat-affected  

zones. The nom inal c ritical stra in  lim it o f  0 .75%  

ensures that the design o f  p ipeline  system s rem ain 

elastic , unless m ore deta iled  m eans o f  ju stify in g  a 

h igher critical strain  are  used , by virtue o f  the fact 

tha t a  strain  lim it o f  0 .0075  x 0 .7  (<t>E e,“ ") equals

0 .005 , the nom inal y ield  stra in  generally  used  by 

industry. U nfortunately, no gu idance  is g iven on the 

ex ten t o r size o f  physical o r m etallurgical dam age 

w hich  m ust be  considered  in w hat am ounts to  a 

dam age to leran t design approach . It is not specified  

w hether the critical strain  deriv ed  from  fracture 

m echanics based  analyses is the local (crack  tip ) o r 

nom inal critical strain.

This lim it state fails to  p roperly  d ifferentiate 

betw een longitudinal, hoop  and  princ ipal strains. For 

instance the strain  lim its, based  on som e prelim inary 

w ork  by FTL and  G raville  A ssociates [11] tow ards 

th e  developm ent o f  a stra in -based  ligam ent extension 

m odel indicated  that the longitudinal o r  hoo p  failure 

stra ins a t defects w ould be very  d ifferen t and  thus 

should  no t be assum ed to  be  the sam e. T herefore, it 

is suggested tha t the no te  ind ica ting  that experience 

gained  from  reel barge opera tion  (e,"1“  < e,cm =  2 .5% ) 

should  only be  applied  to  the longitudinal 

deform ation  o f  “defect-free” p ip e  system s.

Buckling. T he lim it state u sed  in A ppendix  C  to 

p rec lude  local buckling  (cl. C 6 .3 .3 .2 ) is a  strain- 

b ased  lim it on the longitudinal o r  hoop  com pressive
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strain  to  80%  o f  th e  critica l buckling  strain . The 

critical com pressive s tra in  capacity  o f  th e  p ipe wall, 

e ," 11 , m ay be d e term ined  through analy tic m ethods 

and  o r  physical tests , tak ing  into account internal and 

external pressure, th e  effect o f  line depressurization, 

initial im perfections, residual stresses an d  the shape 

o f  the m aterial stress-stra in  curve. W hen prim ary 

loads dom inate the behav io r, the u ltim ate longitudinal 

com pressive strain  is tak en  as the stra in  coincident 

w ith  the attainm ent o f  peak  load  capacity  o f  the 

m em ber o r m ay  b e  estim ated  using  the follow ing 

em pirical form ula:

e cc r i t= 0 .5 —  -0 .0 0 2 5  +  3000 
C D \

( P i —P e ) D Y

2 tE ,

Ovality. T he lim it sta te  equation  used to  lim it 

ovality  due to  bending, A«, (cl C 6 .3 .3 .3) w here:

Aq  = 2
f D  - D  • ^‘-'m ax ‘-'m in  

P fn a x  +  P m in  J

S A 0
crit

is a  characterization  o f  th e  grea test accep tab le  p ipe 

deform ation. T he critica l o r lim it ovality  m ay be 

taken as 0.03 o r determ ined  th rough  detailed  analysis 

and o r physical testing  w hich  take into account 

in ternal and ex ternal p ressure, initial im perfections, 

residual stresses and  the shape o f  the m aterial stress- 

strain  curve. W hen it can  be  show n th a t prem ature 

collapse w ill no t o ccur as a  resu lt o f  excessive 

deform ation, the critical ovality  deform ation  m ay be 

increased up to  0 .06 o r a  value derive analy tically  or

experim entally , such tha t unhindered passage o f  

in ternal inspection  devices is still assured.

COMPARISON OF STRAIN-BASED DESIGN 

CRITERIA

A  review  o f  p ipeline design  standards from 

various countries and  on-going technical 

investigations, w hich m ay serve as the basis for 

further code developm ents, is used  to  dem onstrate 

the application  o f  strain  b ased  failure criteria  and 

highlight a reas fo r im provem ent in the Canadian 

pipeline lim it states design standard. T he discussion 

is presen ted  in term s o f  the three prim ary lim it states: 

ovality , rupture and  buckling. It should be noted that 

w hile the general trend  in code developm ent is 

tow ards lim it states design , not all o f  the review ed 

standards have been updated  to  a  lim it states form at 

and thus w ill no t explicitly  handle  each lim it state.

Ovalitv

W hen all o f  the stra in-based ovality  criteria are 

com pared, see T ab le  2 , it is noted that design 

standards lim it ovality  using  one o r m ore o f  the 

follow ing th ree  general approaches:

* A  general requirem ent tha t ovality  should not

prom ote structural failure o r affect pipeline 

operation  including m aintenance and inspection

* Lim it the m axim um  ovality  to  a fixed percentage

* P rovide a m eans o f  calculating  ovality and 

relating  its effects to  o ther ultim ate lim it states 

(i.e. buckling, y ield ing) o r serviceability  lim it 

states (i.e. inspectability  o r flow  restriction).

Table 2: Pipe Ovality Limit Comparison (in percent)

S o u rc e R ef.

P ip e  O D  [m m ]

323.8 | 353 .6  | 406 .4  | 457  | 507

CSA  Z662 [1] G eneral In tegrity  /  O perational R equirem ent

CSA  Z 662 - Sec 11 [1] G eneral In tegrity  /  O perational R equirem ent

C SA  Z662 - A pp. C  * [1] 3.0 (6 .0)

D N V [3] 2 .0

BSi [4] G eneral Integrity  /  O perational R equirem ent

GL [5] G eneral Integrity  /  O perational R equirem ent

s a a t [6,7] 2.5

A PI* [8] 6.2 5.5 5.8 5.9 6.1

M urray et. al.* [10] 4.3 4.7 5.3 5.9 6.5

* N um ber in b rackets indicates upper bound  o f  behavior i f  it can  be dem onstrated  that the behavior does not

affect pipeline opera tion  o r m aintenance o r prom ote failure.

1 A lso refers to A PI L im its

: Inferred from  m inim um  cold  bend rad ius using a  10mm w all th ickness and the BSi ovality  form ulation.

* O vality  w hich p roduces the y ield  level hoop stresses in the pipe, assum ing a y ield strength  o f  480M Pa

(70ksi) and  a w all th ickness o f  10mm.
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Most standards, including Z662, incorporate the 

general requirement that the designer ensure that 

ovality does not cause operational problems or 
promote failure. This approach is acceptable in that it 

leaves the means o f evaluating the extent and effects 
of ovality up to the user.

Design requirements which limit ovality to a 
single fixed percentage for all pipes are more 
conservative for pipes with lower D/t ratios (smaller 
diameter or thicker walled) or higher strength. Those 

design standards which currently provide a range of 
ovality limits consider only pipe diameter as a 

significant factor influencing ovality and thus do not 

allow users to optimize their design in terms o f wall 

thickness or material strength.
Only BS8010 includes a means of estim ating  

ovality, but does not indicate the maximum allowable 
limit. This formulation may be used to relate die 
minimum bend radius and pipe D/t ratio to the 

resulting ovality as shown in Figure 2. This figure 
describes the relationship between pipe geometry, 

bend radius and the degree of ovality which is 

produced, but does not help in predicting the 
interaction between the degree o f ovality and the 

stresses it creates.

Figure 2: Ovality as  a  function of 

P ip e  M in im u m  B end R ad ius  and  D /t R atio

The formulation presented by Murray e t  al.[10] 
identifies a means of assessing the hoop stress 

associated with the ovality process (a,) which may be 

compared to the yield stress (ay) to develop a limit 
state equation o f the form:

X ( J o  ^  ( } )  ( T y

where X and <|> are the appropriate partial safety 

factors. Alternatively, the longitudinal bending 

strain and hoop ovality strain may be combined to

compare with the 2.5% allowable principal strain 
requirement presented in Appendix C of CSA Z662.

In addition, the degree to which ovality affects 
other limit states (i.e., buckling, yielding, etc.) should 

be considered. Based on Walker’s [9] work, 30% of 

the total ovality should be expected to remain after 
the flexural load is removed from the pipe.

Approaches like those presented above enable 

the inclusion of ovality as a strength and or stability 
limit state, but its inclusion would not alleviate the 
necessity to also incorporate a statement which 

requires the designer to ensure that pipeline 
maintenance (internal inspection) is not affected by 

the degree of pipe ovality.

Rupture.

When all o f the strain-based rupture criteria are 

compared, see Table 3, it is noted that design 
standard rupture limits, with the exception of CSA 
Z662-Appendix C, take one of the following three 

general forms:

• No explicit strain limit since the design approach
is strictly elastic, therefore, stresses and strains 

are directly proportional
• Limit the maximum effective or principal strain to

a fixed percentage
• Provide individual limits for strains in the hoop

and longitudinal directions.

In a general design situation, there is no

significant benefit or operational reason for gross 
section pipe strains in the hoop direction to exceed 
the yield strain. In comparison, longitudinal strains 

due to pipe bending either due to installation or in- 

service events (i.e., unexpected soil movement) may 
warrant the use of the post yield capacity o f the pipe 

material. Based on this reasoning design standards 
which permit non-linear design practice imply either 
an effective or principal strain approach or set 
individual limits on strains in the hoop and 
longitudinal directions. When individual limits are 
set for the hoop and longitudinal strains, the hoop 

strain is limited to the yield strain, prior to the 
application of the material partial safety factor, while 
plasticity is allowed in the longitudinal direction to 

allow relatively large bending deformations.
When the relatively high bending strains in the 

longitudinal direction are permitted, attention should 
be paid to the resulting secondary effects including: 
ovality, material property changes, promotion of 
buckling, girth weld deformation leading to ductility 

concerns and the other affected limit states should 

consider these effects.
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T a b le  3 : P ip e  R u p tu r e  S t r a in  L im it C o m p a r i s o n

S o u rc e R ef. S tra in  L im it

C SA  Z 662 [1] N o Explicit Lim it (E lastic  A nalysis)

C SA  Z 662 - S ec 11 * [1] 2 .5%  Principal S train

C SA  Z 662  - A p p . C T [1] 0.53%  (2.5% )

D N V 1 [3] 0 .2%  (2 .0% ) Plastic Longitudinal S trains

B Si ** [4] 0 .1%  Plastic E quivalent S train

G L TT [5] D /t D ependent Longitudinal S trains <  1.0%  

o r <  1.5%  for contro lled  deform ation  

o r <  2 .0%  for local discontinuities

SA A [6.7] N o Explicit Lim it (E lastic A nalysis)

A PI [8] N o E xplicit Lim it (E lastic A nalysis)

G raville  et. al. [11] ehm"  =  0.1838 - 0.1783 CTy/au

* A pplies to  installation  an d  o r  infrequent loads

t V alue in b rackets is a  suggested  m axim um  based  on observed pipe behavior w hich m ay b e  used  i f  it is

show n tha t it w ill n o t prom ote  failure o r  in terfere w ith pipeline operation.

* 0 .2%  residual longitudinal stra ins b u t allow s 2 .0%  local longitudinal strains.

** reference zero  strain  level d o es not include any residual strains from construction , installation  or 

p ressu re  testing . T his s tra in  lim it is strictly  fo r operating  pressures and therm al strains. 

tf  allow s h igher longitudinal stra in  levels fo r disp lacem ent controlled deform ations and  local strain  

concentrations.

** Instability  hoo p  strain  due to  p ipe internal pressure.

Buckling.

W hen all o f  the stra in -based  buckling  criteria  are 

com pared, see T able  4 , it is no ted  tha t design 

standard buckling  o r w rinkling  form ulations are 

expressed  in one o f  the fo llow ing three general 

form ats:

• N o  explicit strain  lim it since th e  design  approach  

is strictly  elastic , therefore, stresses an d  strains 

are directly  proportional.

• L im it the m axim um  effective o r  p rincipal stra in  to  

a fixed percentage

• P rovide individual lim its for stra ins in  the hoop 

and longitudinal d irections.

S ince there are so m any analytical m odels 

p redicting  the local and beam  like buckling  behav io r 

o f  p ipe  sections, m ost design  standards allow  the 

designer the freedom  to  se lec t the m ost appropriate  

approach. In addition , buckling  is a  p ip e  failure 

m ode w hich is prim arily  governed  b y  the geom etry  o f  

the p ipe (i.e. D /t ra tio ) and  occurs in the elastic  

behavior range o f  the p ipe m aterial. F o r th is reason, 

w ith the exception o f  those p ipe sections w hich have 

low D /t ratios, buckling  w ill be an  elastic  failure 

m ode w hich could  be  m odeled  w ith equal valid ity  in 

term s o f  the m aterial stress o r strain.

T w o buckling lim it sta te  features w hich should  

be o f  in terest are the considera tion  o f  initial p ipe 

ovality  and d irect m eans o f  estim ating  the strain  

w hich will initiate w rinkling. T h e  initial ovality

consideration in a  buckling  form ulation is o f  

significance i f  the p ipe has p rev iously  experienced a 

flexural load resulting  in perm anent deform ations 

w hether due to  installation o r an infrequent 

(unforeseen) load scenario. T he residual ovality  w ill 

reduce the residual com pressive strength  o f  the p ipe 

section. T he buckling  lim it sta te  in the B ritish 

standard includes a m inim um  initial ovality , to  

account for p ipe out o f  roundness w hich corresponds 

to  industry fabrication tolerances.

CONCLUSIONS AND RECOMMENDATIONS  

O vality

O vality is considered  to  be prim arily  a 

serviceability lim it state in th a t it m ay  restric t the 

operation  and/or inspection (p igg ing) o f  the p ipeline. 

A  secondary effect o f  ovality  is its potential to 

prom ote buckling and  or p ipe  rup ture , thus degrading 

the structural in tegrity o f  th e  pipe.

It is felt that w ith the understanding o f  the p ipe 

ovality  process afforded  by analytical and 

experim ental studies w hich have produced  predictive 

m odels, ovality criteria  expressed  in term s o f  a  fixed 

percentage for all p ipes should  be revised. T his 

revision  is necessary to  acknow ledge the influences o f  

p ipe geom etry, flexural loads o r deform ations, p ipe 

m echanical properties and initial ovality  (out o f  

roundness) on the ovality  o f  a p ipe  section.
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fable 4: Buckling Strain Limit Comparison

S o u rc e Ref. S tra in  L im it

C SA  Z 662 [1] N o  explic it lim it (elastic  analysis)

C SA  Z 662  • Sec 11 [1] N o explic it lim it (elastic  an alysis)

C SA  Z 662  -  A pp. H  * [1] L ocal buckling  &  w rink ling

D N V t [31 N o  explic it lim it (elastic  an alysis)

B S i [4] Flexural &  axial load  buckling  inc lud ing  ovality

G L [5] Sam e lim it as rupture c rite ria

SAA [6,7] N o explic it lim it (elastic  analysis)

A PI [8] N o  explicit lim it (elastic  an alysis)

W alker [9] A nalytical function o f  D /t and in itia l ovality

M urray  et. al. [10] W rinkling strain  lim it to  p reven t co a tin g  loss

L angner [12] Em pirical strain  form ulation in  te rm s o f  D /t

* A nalytical form ulation  fo r local buckling  an d  a  requirem ent to  preclude w rinkling. M ay  exceed  buckling 

lim it w ith  sufficient p ro o f  th a t p ipe integrity  and serviceability  w ill not be  affected .

f Includes interaction  form ula to  consider com bined buckling m odes. B uckling  form ula tions are  included in 

an ap p end ix  as recom m ended lim it states.

T he rev ised  ovality  crite ria  cou ld  take the form  

o f  a  lim it state equation  govern ing  the response o f  the 

pipe to  various load  scenarios. A n alternative 

approach w ould  be to  form ulate a  lim it state in term s 

o f  flexural stra in  by assum ing a y ie ld  strain o f  0.5%  

and an initial ou t o f  roundness consistent w ith p ipe 

fabrication to lerances. T h e  resulting  perm anent 

ovality  lim it sta te  w ould  be  expressed  in  term s o f  the 

applied  flexural strain  and  p ipe  geom etry. T he 

form ulations presen ted  by  M u n a y  e t  al. o r  B S 8010 

w ould be a su itable basis fo r the developm ent o f  th is 

new ovality  criteria.

I f  an ovality  lim it state form ulation is 

undesirable, th e  curren t w orkm anship  criteria  should  

be review ed to  consider p ipe  geom etry.

Rupture

T he C SA  Z662 Section 11 strain-based design 

rupture criteria, allow s a sim ilar am ount o f  stra in  as 

other design approaches form ulated  in a  sim ilar 

fashion (i.e. effective or p rincipal stress criteria). I f  

the lim it states appendix is to  ad o p t th is lim it on 

principal strain , the current w ord ing  o f  the strain- 

based rup ture  criteria  should b e  revised.

C onsideration  should  b e  g iven  to  the alternative 

design approach  w hich lim its th e  hoo p  stress o r  strain  

to  the y ield  level but allow s 2  to  2 .5%  total strain  in 

the longitudinal d irection. T he application  o f  a 

design criteria  such as th is m ight be lim ited  to  

installation and  to  infrequent load o r  deform ation  

events.

In addition , care should be  taken  to  identify  the 

point in a  p ip e ’s life-cycle a t w hich the reference

strain  is assum ed to  b e  zero . I t is recom m ended tha t 

the baseline fo r p lastic  s tra in  accum ulation  be 

identified as the co n d itio n  o f  the p ipe p rio r to  

installation. T his assum ption  m akes the m ateria l 

p roperties used  in the d esign  approach  consistent w ith 

the p ip e  m echanical p ro p e rtie s  w hich  are m easured  

im m ediately p rio r to  installa tion .

Pipeline standards w h ich  allow  p o st yield  design, 

should  require  the p ipe  m ateria l p roperties (Y /T , 

e longation  and toughness) a f te r  plastic  deform ation  to  

rem ain  in  com pliance w ith  m in im um  specified  levels 

and  n o t p rom ote failure. T h e  ab ility  o f  p ipe m ateria ls 

to  m eet this requ irem ent sh o u ld  b e  investigated.

Buckling

In the design  o f  p ip e lin e  system s a varie ty  o f  

buckling  m odes (e.g ., co lum n (E uler) buckling, local 

buckling , w rinkling, e tc .) should  b e  considered , 

depending  on the p ipe  load ing  and  initial geom etry. 

M any buckling  failure c rite ria  are  available to  ensure 

these m odes o f  failure d o  n o t m anifest them selves. 

Indiv idual lim it sta te  eq u a tio n s w ill consider som e o r  

a ll o f  the follow ing effec ts, depending on  the 

application  fo r w hich they  w ere  developed:

• axial deform ations a n d  o r  loads,

• initial p ipe d efo rm ations (e .g . ovality),

• flexural deform ations a n d  o r  loads,

• p ipe  longitudinal curvature ,

• internal pressure,

• external p ipe p ressu re , and

• m ateria l p roperties (e .g . SM Y S , w ork hardened

properties).
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It w ould  be  desirable to  have a  variety  o f  

buckling  lim it sta te  equations available to  incorporate 

varying levels o f  detail and conservatism  in the 

design  process. S ince it m ay n o t be  realistic to  expect 

a  design  s tandard  to  include a  selection  o f  crite ria  for 

an indiv idual lim it state, the designer should  be 

requ ired  to  co n sid er all form s o f  buckling  an d  be 

referred  to  sources o f  inform ation  on  a  variety  o f  

buckling  criteria.

T he o ffshore p ipeline design  requirem ents should  

be m erged w ith the onshore lim it states pipeline 

design  requirem ents to ensure a consistent design 

approach.

D efect A cceptance or ECA

T he design  o f  p ipeline system s assum es tha t the 

p ipelines are  hom ogenous and  defect-free and 

therefore m ay o n ly  consider average strain  levels. 

O nce defects o r m ateria l inhom ogeneities (e.g ., under 

o r over-m atching w elds) are  recognized, failure 

criteria  m ay no longer be b ased  on average strains, 

they m ust co n sid er local stra ins o r strain  

concentrations. T h e  strain-based assessm ent o f  p ipe 

m aterial and geom etric  discontinuities deserve further 

attention  to  ensure a  consistent approach  to  their 

assessm ent.
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