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ABSTRACT 

Fitness for purpose techniques for the evaluation of defects in pipeline giah welds as 

described in Appendix K of the CSA 2662 have proven to be overly conservative for high 

applied strains. Conventional Linrit loads, including CSA 2662, were not consistent in 

assessing the plastic collapse of surface defects. The effect of crack geornetry was not 

successfully accounted for using availabb k t  loads. 

The full pipe subject to remote bending was simpüned to obtain a better understanding of 

plastic collapse behaviour. An extensive program combining analytical, experimental and 

numerical study was performed for ail simplified geometries. As a result of detailed f i t e  

element analyses, a plastic collapse solution was introduced and compared with available 

experimental data. 

The ligament fdure criteria, which was introduced for tende and single edge notch tension 

(SENT) specirnen analyses, provided good agreement wit h experirnental data for wide plate 

specimens and full pipes. In generai, it was observed that geornetries with shallow surface 

cracks produced high plastic collapse loads even when the cracks were long. Deep and long 

cracks produced much lower plastic coiiapse loads, and the occmed by ligament necking. 

A plastic collapse solution for surface defects in pipeline gnth welds was proposed and 

showed sigruficant improvement over existing solutions for assessing such surface defects. 

The proposed plastic collapse solutions for wide plates and fidl pipes provided better, more 

consistent agreement with experimental data than available conventional Limit load 

solutions, and, above all, these solutions reflect the physical behaviour of pipeline defects. 

This rnethod should be used to investigate defect interactions and embedded cracks. 
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Chapter 1 

Introduction 

Pipelines are one of the most convenient and cost effective ways of transporting natural 

energy resources, such as gases and oils, over long distances. In North America, Western 

Europe, Australia and Asia, large diameter high pressure pipelines are in operation and 

under construction to convey hjdrocarbon energy rnanp thousands of kilomeaes. The 

Alaskan Naturd Gas Transportation System (ANGTS) alone operates more than 6400 h 

of line pipe of diameters nom 1067 to 1422 mm and largely of X70 grade steel (Hale, 

1980). The Polar Gas and Arctic Islands systems in Canada are of sirnilar scale. In Europe, 

the pipelines f?om the Yamai peninsula in northem Russia to Germany and Austria are close 

to 5000 km and predominantly 1422 mm in diameter. In Australia, pipelines conveybg 

natural gas fiom the Northwest Shelf to Western Australia cover 1470 km with a diarneter 

of fkom 660 to 813 mm. 

Since the mid-1950s. large scale natural gas development in western Canada induced the 

construction of the TransCanada Pipeline system and Alberta Gas Trunk Line system for 

transporting naturai gas fiom Alberta The pipeline systems of these and other transmission 

companies have continued to expand as reserves and markets have grown. Furthemore, 



recent expIoration has proven large natural gas reserves in the Arctic regions and off the 

east Coast. These fiontier regions are under investigation, and future Canadian natural gas 

exploration and developrnent are likely to be concentrated in these areas. The size of proven 

natural gas reserves in conventionai areas and the potential of arctic areas will result in a 

continuhg high level of gas pipeline construction activity in Canada. 

With an increasing number of pipelines required for the energy transportafion industry, it 

becornes increasingly critical to operate them with minimal maintenance over long periods 

to justQ the high capital cost. The failure of linepipe can result in damage to the 

environment and the public as well as high repair costs. Detection, characterisation and 

assessment of flaws in pipeline girth welds are required to prevent the fdure of linepipe. 

The assessment of the integrity of pipelines has k e n  pursued over the last decade, and has 

resulted in a nurnber of standards specifjmg failure prevention criteria. This research is 

intended to r ehe  existing tlaw assessment procedures for underground pipelines. 

Assessment of cracked components is made both at the design stage and during service. A 

structure may lx considered to contain hypotheticd crack-like defects during the design 

stage, or rnay be found to have real cracks during non-destructive examination while in 

service. In both situations, the crack resistance of the component has to be eval~ated. A 

number of methods have k e n  established for the assessment of defects. In 1980, the 

publication of BSI-PD6493:1980, Guidance on some methoak for the derivatim of 

acceptable levels of defects in fusion welded joints, made it possible to undertake an 

engineering critical assessment of defects in welds. The method was based on a fracture 

rnechanics rnethodology with an independent plastic collapse cntenon based on defect 

recategorization. This method has been widely accepted as a conservative assessment 

(Denys, 1992, Scott, 1993). 



The recategorization rules of BSI PD6493:1980 were found to be overly conservative for 

pipeline geomaies. For this nason, an experirnental program was undertaken to develop 

procedures for assessing defects in line pipe girth welds at the University of Waterloo (Pick 

et al, 1980) and the Welding Institute of Canada (Gbver et aL, 1981; Glover and Coote. 

1983). Together they conducted an extensive series of fuil-scale pipe bending tests. As a 

result, an alternative &th weld acceptance standard based on these ernpirical results was 

developed and incorporated in Appendix K of CSA-2184 (1986). Appendix K provides 

empirical adjustments to BSI PD6493:1980 for fkacture to achieve a consistent level of 

conservatism and replaces the recategorization d e s  with an empirical plastic collapse 

cntena Appendix K., however, remains overly conservative for high levels of longitudinal 

main (Scott, 1993, Denys, 1993). A re£ïned analysis of defect behaviour in pipelines wül 

provide a greater understanding of fdwe rnechanisms, and d o w  modification of the failure 

criterion to fit pipeline geometry more accurately. 

The failure mode of a cracked structure can be a combination of fracture and plastic 

collapse. If a naterial is brittle, then failure of a cracked structure is dominated by ~acture. 

As the material toughness increases, the failure mode changes to plastic flow connolled. 

that is, plastic collapse. In denving tolerable sizes of defects to prevent failure, 

consideration must be given to both fiacture and plastic coiiapse. 

Most standards used to measure nacture toughness have been established on the basis of 

bending loading, which gives the most severe condition. For example, ASTM E813 (1987) 

recornmends the use of a single edge notch bending (SENB) specirnen or a compact tension 

(cT) specirnen to measure fiacture properties. While a pipeline rnay be subject to global 

bending, the local loading on a defect can be considered uniaxial tension if the defect is 

smaL A crack subjected to uniaxial tension is Iess severe than that subjected to bending, 

and wiil withstand a higher load before fiacture. Therefore, a hcture critenon based on 



bending rnay be overly conservative for small defects in pipelines. This efiéct has k e n  

observed and interpreted (O'Dowd and Shih, 1992) in ternis of constraint. The efforts to 

irnprave fracture prevention standards by considering the effects of constraint have resulted 

in the development of several rnethodologies for quantification of constraint, Le., the J-T 

andysis and the J-Q analysû, for fÎacture assessment. However, no consideration has k e n  

given to a revised plastic colIapse critenon for pipeline failure assessment. 

Constraint c m  be dehned as the deformation conditions applied to a defect in a structure, 

for example, loading and local geometry. The constraint in a kacture test specirnen (Figure 

1.1) can be discussed in terms of in-plane constra.int (radiai or thickness direction) and out- 

of-plane constraint (circuderential or width direction). Out-of-plane constraint is 

dependent on the width of the specimen, and two extremes are represented by plane saah 

and plane stress. Since the defect in an actual pipeline can be considered to be in a plane 

strain situation, fracture toughness specirnens must satisQ the plane strain condition. In- 

plane constraint depends on the loading condition, strain hardening and geomtry. Bending 

loads provide a higher hydrostatic stress at the crack-tip than tensile loading, that is, higher 

in-plane constraint. A deeply cracked specimen &O provides higher in-plane constraint 

compared to a shallow cracked specimen. From the view point of continuum mechanics, 

fracture is pronoted by higher levels of hydrostatic stress at the crack-tip (higher 

constraint) which results in crack tearing, while plastic collapse is governed by the 

deviatoric stress and the amount of crack ligament yielding. For plastic coliapse, failure 

occurs through plastic fiow without any significant crack t e a ~ g .  Since the level of in-plane 

constraint is important in interpreting the faiiure mechanisrns of a cracked structure, an 

investigation of constraint effects in assessing defects must be p e r f o d  for both fkacture 

and plastic collapse modes of failure. 



Constraint effects on fiacture assessrnent have k e n  studied by several researchers and have 

k e n  successfully quantifid These results were reviewed and studied in association with 

pipeline geomeaies by the author (1993). The author's (1993) investigation of out-of-plane 

constraht for fiacture assessment involved th-dimensional finite element analyses for 

various widths of single edge notch bending or tension specimens. Several parameters were 

reviewed for the quantification of width effects. The author (1993) obtained the size 

requirernents to satisQ plane strain conditions for X70 pipehe materiad. The quantification 

of in-plane constraint for fracture control was obtained by undertaking two-dimensional 

plane strain finite element analyses for various crack depths of single edge notch tension and 

single edge notch bending specirnens. When a geometry has sufficient constraint, the crack 

tip stress fields cm be described by a single parameter expression, based on the J-integral. 

over a suitable range near the crack tip. In cases where this is not possible. a second 

parameter can be introduced to provide an improved description of crack tip stress fields. 

Two parameters that have been used with sorne success are the elastic T-stress and the Q- 

stress. These parameters have k e n  quantifed for some test geometries as a function of 

crack geometry. Since the J-T analysis is based on an elastic T-stress, the validity is 

confined to small-scale yielding. O'Dowd and Shih (1991) have suggested that the J-Q 

analysis can be extended to quanti@ in-plane constraint for large-scde yielding. 

Investigations of in-plane constraint in pipeline defects have been performed by Martin 

(1991) and the author (1993, 1997) by conducting two-dimensional finite element analyses 

to predict the J-integral and the crack tip stress fields using the finite element program 

ABAQUS ( I I K S ,  1996). Manin (1991) used the modified J-T analysis (J-Fr andysis) for 

the quantification of in-plane constraint, and thereby extended the J-T andysis to large- 

scale yielding. Martin tabulated the T-stress and expressions for the stress field based on Fr 

as a function of crack geometry for tension and bending specirnens. The author (1993) 

performed a J-Q analysis for the same geometry, and also tabulated Q values as a function 



of crack geornetry and load. The author (1993) &O provided a fkacture assessrnent method 

using Q by modifying the failure assessment diagram 

The effect of constraint on plastic coUapse has only been studïed qualitatively on the basis 

of a physical interpretation (Brocks et al., 1989). However, it has been revealed that deeply 

cracked SENB specimens (higher in-plane constraint) withstand higher maximum loads 

(Zhang and Lin, 1990). The sarne trend was &O observeci in double edge notched tension 

(DENT) specimens (Kussrnaul et al., 1992). Brocks and Schmitt (1993) conducted finite 

element calculations for various specimens to obtain the limit load. They concluded that 

high-constraint specimens (ie., CI', DENT specimens) gave higher limit loads compared to 

conventional limit loads. The same trend has also k e n  obsemed experirnentally for single 

edge notched tension (SENT) specirmns (Lambert et aL. 1993). With increasing crack 

depth. the maximum net-section stress at failure tends to increase. From these results, it is 

evident that the local crack-tip constraint a e c t s  the global plastic flow behaviour. 

However, the effects of constraint on plastic collapse due to crack geometry have not k e n  

clearly defined for a surface crack in a pipeline structure. 

One of the most popular steel grades used for natural gas conveying pipeline systerns is 

CSA Grade 483 or API 5L Grade X70, a low alloy carbon steel. This is a weldable 

structural steel with a minimum yield strength of 483 M ' a  and a minimum ultirnate suength 

of 565 MPa. Grade 483 iine pipe is rnanufactured fkom a controlled rolled £kit skelp. The 

r o h g  process of pipeline steel plate results in an anisotropic structure, and the ciifference in 

cooling rate between the surface and the nid-section produces an inhomogeneous structure 

through the thickness. In most assessment procedures currently available, these 

inhomogeneous and anisotropic characteristics have not been considered. 



As cornputers have becorne faster, cheaper, more powerful and more widely available, the 

number of problem addressed numerically has grown exponentially. The £inite element 

method (FEM) is the most widely employed numerical method for the solution of fracture 

mechanics problems and can be employed in the standard manner or modifieci to account for 

the singular nature of the near crack-tip fields. In spite of difflculties in designing an 

optimal m s h  for accurate results, the FEM has k e n  widely used and irnplemented 

cornmercidy (ADINA. NASTRAN, ABAQUS, etc.), and has been widely used for the 

solution of non-linea. f?acture pro blems. Pro blems involving material inhomogeneity, 

anisotropy and large deformation, can be addressed accurately ushg the FEM. Therefore, 

the FEM has ken used extensively to solve specific fkacture problems. 

It is the intent of this thesis to study the effect of crack-tip constraint on plastic flow 

behaviour for a circumferential surface crack in a pipeline. The microstnictural 

characteristics of the pipeline steel have k e n  thoroughly investigated Li ternis of the volume 

fkaction of the constituents, grain sizes and rnicrohardness measurements. The parameters 

O btained were employed in the FEM analyses. 

FEM analyses have k e n  conducted on various geometries simulating a pipeline containing a 

surface crack. As shown in Figure 1.2, a full pipe containing a circurnferential surface crack 

which is subject to remote bending c m  be modelled as a wide plate subject to local uniaxial 

tension. The failure behaviour of the ligament of a surface crack can be modeiied using an 

SENT specimen. The research initiated with SENT specimens involved both nurnerical and 

experirnentd analyses of their behaviour. The nurnerical analyses for SENT specimens were 

intended to develop a method for the quantification of in-plane constra.int for the prediction 

of plastic collapse. Material properties obtained fîom microstructural investigation and 

tende tests have been appiied to the FEM analyses. The rnethods developed based on 

SENT specimens to assess cons~aint and microstnictural e f f i t s  have been adapted to wide 



plates, and compared to experimental results. Lambert (1992, 1993) conducted a series of 

tests on fracture toughness specimens (SENT and SENB) and mini wide plates. The results 

of these tests have been used in the present thesis to validate the finite element analysis. 

With further numerical analyses of line pipe, the method has been employed to mo- the 

plastic collapse criteria for pipeline failure assessment. A fitness-for-purpo se type failure 

cnterion for a cracked pipeline has been presented on the basis of the FEM analyses 

resoIving the effects of crack geornemy. 

Scope of the Thesis 

In the following chapters, the results fkom this research will be presented. Chapter 2 

discusses the current assessment procedures used to evaluate pipeline defects. The chapter 

reviews plastic colIapse solutions for SENT specimens, wide plates and full pipes. Current 

solutions are compared to experimcntal data produced by Lambert (1991, 1993). 

Limitations of these defect assessrnent guidelines are highüghted. 

In Chapter 3, microscopie observations of Grade 483 (X70) pipeline steel are presented 

dong with tensile test results. Specimcns were prepared fiom two hepipe steels (thickness 

of 8.4 mm and 13.4 mm) provided by NOVA Gas Transmission Ltd. Microstnictural 

parameters including grain size, micro hardness numbers and second phase volume f?ac tio n 

are presented for both pipes. Tensile testing was used to assess the inhomogeneity of 

pipeline steel in the thickness direction. Also, anisotropic parameters were measured in 

conjunction with the tensile properties. Microstructural parameters presented in this chapter 

were used in the microstructure based finite element analyses conducted in this thesis. 



Chapter 4 covers the plastic collapse behaviour of SENT s p e c k n s  in te- of both 

numerical and experimental analyses. Conventional f i t e  elernent analyses conducted with 

material parameters obtained fkom Chapter 3 are presented along with test data. 

The plastic collapse behaviour of wide plates is presented in Chapter 5. FEM analyses 

performed for various crack geometries are presented in comparison to test results 

(Lambert, 1993). A plastic coliapse critenon based on ligament necking is introduced. The 

effect of crack geometry on pIastic collapse in wide plates has been presented in ternis of a 

geometry correction factor based on extensive finite element analyses. 

Chapter 6 presents FEM analyses results for full pipes subject to remote bending along with 

full pipe test results by Coote et a1 (1981). A plastic coilapse solution based on extensive 

finite element analyses is introduced. The effect of crack geometry on plastic cokpse is 

presented in comparison with currently available plastic collapse solutions. 

The thesis is concluded in Chapter 7. A surnmary, major conclusions of the present work 

and recommendations for future research are presented. 



Chapter 2 

Background 

The present research is focused on circurrderential defects in base rnetal in iinepipes under 

remote bending. In service, bending moments placed on the cross section of a linepipe 

result in a local tensile swess. A wide plate subjected to tension c m  sirnulate the load on a 

cracked area of pipeline as shown in Figure 1.2. The wide plate containkg a surface crack 

can in tum be sirnplified to an SENT specirnen loaded in tension. Lambert (1991, 1993) 

perfonned an extensive experimentai program to help establish design cnteria for girth weld 

defects in natural gas pipelines to serve as a guideline for defect acceptability. The test 

program was carried out for SENB, SENT and mini wide plate specimens. The present 

research includes numericd analyses simulating these SENT specimens and wide plates. The 

results are used to build a plastic collapse database for circumferential surface defects in 

pipelines. 

In this chapter, plastic collapse solutions for test specimens (SENB and SENT), wide plates 

and full-scale pipeline structures are reviewed. Cornparisons between current solutions and 

test results will be made in the followhg Chapters. 



If a cracked specinien of adequate toughness is subjected to tension, plaçticity will develop at the 

crack tip and spread through the specima The mximum load canying cap- WU be reached 

when continuous plastic fiow occurs without M e r  inrrease in load This failure behaviour is 

defined as plastic cohpse. 

For siniplicity, most plastic collapse solutions assum ri@-perféctly plastic material behaviour. 

To be conservative, any main hardening can be ignored, and the material yield stress can be used 

in this modeL Altematively, a higher 'flow' smss may be used to approximately account for 

strain hardening. Generally, the flow stress is a fiction of both the geomtry and dK materid In 

practice, however, the flow smss is a s s u d  to be a material property. Most standards 

r e c o m n d  a specific definition for flow stress. 

The proper selection of £iow stress is cnicial in determinhg the plastic collapse load of a 

structure. For femtic steek, the flow smss is usudy taken as the average of the yield and tensile 

sûzngth of the rnateriaL For pipeline applications, flow stress of fi + 68.7 MPa (IO ksi) is 

usualiy used; this was determined based on full scaie pipe experimnts (Wilkowski and Eiber, 

1978). Erdogan (1982) suggests a flow stress of fi + 0.8 (ci - ) for pipeline steels without 

welds. This definition could lead to non-consemative estirnates for materials with a high yield to 

tensiIe ratio. 

Continuum Mechanics Approach to Plastic Collapse 

Commonly, lirnit analysis is used to define a lower bound and an upper bound solution for plastic 

collapse. A lower bound limit load is obtained from a staticdy admissible stress field s a m g  

equilibriurn, and an upper bound is O btained fiom a lcinerratcdy admissible saain fieid satisfying 

compatibility and the flow rule. Usuaily, the lower bound limit load is used as a conservative 



estimate of the load carrying capacity of a structure. The review by Miller (1988) provides a 

Iarge number of lower bound Iirriit Ioad solutions. 

For a geomw which is too cornplcated for the calculation of a plastic limù load, such as a plate 

with an eccentric embedded crack under in-plane bending, an elasticaIly cadculated stress in a 

generalised plate mode1 cm be used By undertaking an elastic analysis of the defect-fhe 

structure, the tensik, bending and shear stress resultants at the cross-section contaking the flaw 

are obtained. Combining these stress resultants with plastic Mt load solutions for cracked 

plates, a limü solution for a structure, which is generalised as a two-dirriemional phte, cm be 

obtained Miller (1988) surranarises a wide range of such plate solutions for both plane stress 

and plane stmin. 

One of the most popular methods to calculate upper bound plastic lirrat loads makes use of slip 

line field theory. If the maximum shear smss (Tresca) failure theory is used for a rigid non- 

hardening plastic material, deformation wiU occur dong discrete iines at 4 5 O  to the direction of 

the principal stress; these are called slip lines. The material between the slip lines remains rigid 

and moves as a solid block. The solution cm be obtained by calculating the load at which 

stresses dong the slip lines reach the shear yield stress and a kinematically admissible smss field 

is created. 

F i t e  elemnt anaIysis is &O a usefui niethod to calculate limit loads. A lower bound limit load 

iscalculated by applyhg srnail displacement theory with an elastic- (or rigid-) perfectly plastic 

material modeL The Mt load is obtained fiom the point at which yieIding spreads across the 

uncracked ligament. An upper bound limit load cm also be calculated by considering the tme 

behaviour of the s ~ ~ c t u r e  calculating the eIastic-plastic material defoxmation, including suain 

hardening, and incorporating large changes to the geomtry. 



The phtic collapse solutions can also be obtained by testing scale models of the Dawed 

structure. This rriethod @es solutions hvolving empirical constants representing test results. By 

the nature of this mthod, these solutions are considered to be the most accurate, but the range 

of variables c m  be Mted and testing c m  be expensive. Sc& e&ts must also be considered. 

Plastic collapse solutions cunently in use for cfacked pipelines subject to rernote bending are 

derived fiom limit load analyses (PD6-493, 1991, CEGB/R6, 1988), or derived fkorn empirical 

results (Willoughby, 1982; CSA 2622, 1994). In the foilowing sections, plastic cohpse 

solutions for test specirnens, wide plates and pipeline structures will be presented 

2.1 Limit Analysis 

There are two basic assumptions in deriving the limit load for structures: the matenal is 

assurned to be perfectly plastic without strain hardening or softening, and the structure is 

assumed to obey srnail defomtion theory, that is, changes in geometry d u ~ g  defomtion 

are assumed negiigible. 

Under these assumptions, there are three basic relations that must be satisfied for the 

deformation of a structure. They are equilibrium, the constitutive relation and compatibility. 

While the lower bound solution is based on the equilibnum equations and the chosen yield 

cntenon, the upper bound solution is based on the compatibility equations and the flow rule 

associated with the yield critenon. The complete or exact solution must satisQ ail three 

requirements: equilibnum, compatibility, and the constitutive relations. 



2.2 The Lower and Upper Bound Theorems 

The Lower Bound Theorem 

Since small deformation is assumed, the virtual work principal can be used. For a body of 

volume V and total surface area S (Figure 2.1), the principle of virtual work can be stated as 

follows: 

The lefi hand side of this equation represents the work done by the surface or external 

forces, and the nght hand side is the plastic work dissipated to create an incrernent of plastic 

strain. In thiç equation, Ti represents the surface tractions, u, the corresponding 

displacement, and o, and &, represent the intemal stresses and strains. This equation can be 

rewritten using T,*, the fictitious surface stresses acting on the surface of the real body, and, 

aj the rnatching fictitious stress field satisfjmg equilibrium, 

Equation (2.2) can now be divided into two surfaces as follows: 



where S represents the total surface m a ,  SU the surface subject to disphcement and Sr the 

surface subject to tractions. Equation (2.1 1) can also be rewritten as 

Combining equation (2.12) and (2.13) gives 

Subuacting equation (2.4) from (2.5) results in 

According to the maximum principle work, the nght hand side must be greater or equd to 

zero. Therefore, equation (2.6) becornes 

Equation (2.7) represents the lower bound theorem This equation States that if a body 

satisfies the yielding condition and has small displacements, the work done by the actual 

forces or surface tractions on Su is greater than, or equal to, the work done by the surface 

tractions that satisQ the staticdy admissible stress field. 



The Upper Bound Theorem 

The viruial work principle c m  be written in tenns of a kinematically admissible 

displacernent incrernent field dv* and the actual stress field dui Figure 2.2): 

w here de$ is the assurned plastic strain increment , dv' deno tes the tangential dirplacement 

incrernent discontinuity on a surface SD', and q is the shearing stress component of ou in the 

direction of the displacement incrernent discontinuity. 

From the rnaxirnum work principle, 

Applying equation (2.9) to (2.8): 

where k is the yield stress and k > q. The surface area can be divided into two areas, Su and 

SP This gives 



Therefore, equation (2.10) becomes 

Equation (2.12) is generaiiy known as the upper bound theorem It States that the rate of 

work done by the unknown surface tractions on SU is less than or equal to the rate of 

intend energy dissipated in the kinernatically adrnissibIe velocity field. 

2.3 Slip-Line Field Theory 

Slip-he field theory is based on the assumption of non-homogeneous plane suain 

deformation of a ngid perfectly plastic isotropie material. Whiie these assumptions do not 

exactly match industrial materials, this theory gives a good approximation to the maximum 

Ioad carrying capacity of structures. Since the slip-line field solution is detemllned by 

considering the kinernatically admissible veiocity field, it is usually considered an upper- 

bound lirnit Ioad. 

The non-zero strains for a mode1 of plane strain ngid plastic body are given by 



From the Levy-Mises relations (Levy, 187 1, Mises, 19 13)- the stress-strain relations cari be 

written as 

where d;l is a scalar measuring the plastic flow rate. Since cf&, = O ,  the thûd line of 

equation (2.14) yields 

With this condition, the von Mises yield critenon becornes 

where 7, is the applied shear stress and k is the shear yield stress. The equilibrium equations 

are 

These three equations (equations (2.16) and (2.17)) can provide the solutions for three 

unknowns, 4, 0, and r,. These three equations are sufficient to give the stress disaibution 



in cases where the boundary conditions are given only in ternis of stresses. Such problems 

are known as statically determinate. However, if the boundary conditions are specified in 

terms of displacements or velocities, the stress-saain relations must also be used to solve 

the probIern 

The state of stress at any point may be represented in the form of Mohr's circle diagram as 

shown in Figure 2.3. The corresponding Mohr circle diagram for the strain-rates is shown 

in Figure 2.4. The directions of maximum shear stress, indicated by points A and B in 

Figure 2.3, coincide with the directions of maximum shear strain-rate (A and B of Figure 

2.4). Such directions are fkee of extension or compression. These directions forrn two 

orthogonal families of curves which are known as slip-lines. 

A schernatic illustration of these slip lines is shown in Figure 2.5 for a s d  curviiinear 

element. The slip-line field solution can k obtained by &awing the two familes of slip- 

lines (a and p) and calculating the state of stresses. 

One of the simplest ways of deriving the slip-lines is based on the equations of equilibnum 

(equation (2.17)). From the Mohr circle diagram (Figure 2.3), the stress components of 

equation (2.17) c m  be expressed in t e m  of the mean (or hydrostatic) stress, p, and the 

yield shear stress, k, as 

Differentiating and substituting equation (2.18) into (2.17). the equilibrium conditions 

become 



Since the axes can be taken to represent any arbitrary direction, equation (2.19) can be 

simplified by taking & = 0, piving: 

Upon integration, equation (2.20) finally becornes 

p +2k# =Cl i.e., constant dong an a - ihe 
(2.21) 

p - 2 k q  =C, i.e., constant dong a p - iine 

Equations (2.21) are known as the Hencky (1923) equations, and are equivalent to the 

equilibrium equations for a plane strain hilly plastic body. 

These equations, however, are not sufficient to solve a problem when the boundary 

conditions are described by displacements or velocities, Supplernentary velocity equations 

are required. Since the principal axes of stress and of plastic strain increment coincide, the 

maximum shear velocity lines and the velocity sliplines are the same as the maximum shear 

stress lines and the stress slip-lines. From Figure 2.6, the velocities in the slip directions can 

be written as 



Taking the x axis to be # = O, equation (2.22) yields 

Since the n o d  strain rates are zero dong the slip-hes. 

035 o)r 

and simiIarIy, 

Equations (2.24) and (2.25) are known as the compatibility equations for the velocities due 

to Geiringer (1930). 

2.4 Plastic Collapse Solutions for Test Specimens 

The test specirrY:ns to be considered in this section are single edge notched bending (SEM)  and 

tension speciniens (SENT) tested with nxed grips (Figure 2.7). 



2.4.1 SENB Specimen 

For SENB specimns, the hnit load, PL, can be expressed as (Milier, 1988) 

where is the flow stress, and B, b and S are given in Figure 2.7. Green and Hundry (1956) 

denved an a value of 1.21 for ah > 0.18 for plane stress using the Tresca yieId criterion. For 

plane strain, von Mises will give 1.155 Eimes the Tresca bit load (Mïller, 1988) using slip-line 

field theory. ïhe EPRI handbook (Kumar et a l ,  1981) proposes an a value of 1.456 for plane 

saaui and 1 .O72 for plane smss. Miller (1988) recorrimends a = 1.41 for plane strain for use in 

CEGB/R6 (1988). 

Chen et aL (1978) proposed an analyticd solution for PL based on slip line field theory for 

deeply notched specirnens (ait > 05). Chell and Spink (1977) perfomied tests to ve* the 

proposed equation by Chen et a l  (1978) and suggested an empirical equation to correct this 

solution. Zhang and Lin (1990) investigated the equation for shallow cracks (alt < 05) by 
conducting experirnental and nmrical  analyses, and found that Chen et al's equation was not 

valid for shallow cracks. They proposed an empirical equation to calculate a for shallow cracks 

(0.05 < alt ~ 0 5 )  which was given by 

Wu et al. (1990) also proposed empirical equations on the bais  of test results for both shallow 

and deep cracks: 



a: = [I . f 99 + 0.096(a l t)] for a l t  >0.172 

a = [1.125+0.3892(a/ t)-2238(a i f ) ' ]  for 0.021 c a l t  c 0.172 (2.28) 

Zhang and Lin (1990), Kumar et al (1981) and Miller's (1988) a values are plotted and 

compared in Figure 2.8. 

Faucher zt aL (1992) p e r f o h  an exper-ntal investigation of the effect of specimen 

g e o m q  (crack depth and the effixt of side grooves) on the fhcture toughness of the sam: line 

pipe steel used in the present program, Grade 483 (X70). The maximum load results were 

compared with available iimit load solutions. It was observed that the geomtries bearing higher 

out-of-plane constra.int (Le, side-grooved speciniens) gave a higher maximum load carrying 

capacity. Most specimens failed near, or over the liniit load suggested by Miller (1 988). The 

results are presented in Table 2.1 and Figure 2.8. Lambert (1993) ako carried out a series of 

tests with SENB specimns made from the sarm X70 iine pipe. The test results are sumniarized 

in Table 2.2 and Figure 2.8 dong with Faucher et aL's (1992) results. 

2.4.2 SENT - Fixed Grips 

Lower-B ound Load 

Since both ends of the SENT specimen are resaained not to rotate due to the fixed grips, 

no bending effect is present. If neither the stress concentration due to the crack-tip nor the 

strain hardening of the material are considered, the lower bound load for an SENT 

specimen can be detemined kom stress equilibnum as: 



where oo is the material yield stress. In equation (2.29), the Tresca yield condition was 

adopted. For von Mises plane strain, PL should be multiplied by 1.155. A schernatic 

iUustration of the lower-bound solution is given in Fgure 2.9. 

Upper-Bound Load 

In order to determine the upper-bound limit load, a deformation failure mode must be 

assumed that satisfies the compatibility condition. An SENT specimen caii be divided into 

three rigid parts, a, b and c (Figure 2.10). At failtue, part c moves toward the crack fkont 

side, and results in necking. If the relative velocity dong the sliding planes AB and AC k. 

6, the rate of separation of part a and c is 26 s ina  as shown in Figure 2.10. Applying the 

upper-bound theorem in temis of energy, 

2k8 - (t - a)B P, d s i n a  = 
cosa  

where k is the shear yield stress. The left hand side of equation (2.20) is the rate of external 

energy applkd due to Pu and the nght hand side of equation (2.30) is the rate of intemal 

energy dissipation over the two sliding surfaces AB and AC. Equation (2.30) can be 

rewritten: 

Pu = 
2k(t - a)B 

sin 2 t ~  



In equation (2.31), Pu has a maximum value when a = 4.59 Then, 

based on the Tresca yield criterion. 

No te that equation (2.32), the upper bound load, is equal to the lower bound load given by 

equation (2.29). Thus, the denved solution is the complete iimit load for an SENT 

specirnen. 

For S E M  specirnens with fued grips, Milier (1988) suggested the linnt load using equation 

(2.32) for Tresca plane sûess. The plane strah Mises solution is 1.155 tirnes the Tresca solution. 

2.5 Wide PIates in Tension 

In the case of a small defect in a pipehe, the local loading cm be considered to be remote 

tension. nius, surface cracked wide plates in tension having a surface aack can be used to 

predict the local failure of a pipeline. For this reason, the investigation of failure behaviour on 

wide plates has been widely studied. 

Comors and Hellen (1983) peifomied tests on mild steel (Grade 40, ay = 293 AdPa,  ai^ = 420 

MPa) plates CO ntaining surface defects of either rectangular, or part-circular s hape w hich were 

produced by spark erosion machining. They concluded that the maximum net-section SES$, at 

ligament fi-acture, which was preceded by sipnincant plastic defomtion of the plate, was p a t e r  

than the material yield stress. It has been observed that with increasing ügamnt thickness, the 

ligamnt failure load approached the plastic coihpse load based on ultimate stress. This 



behaviour has been explaineci in t e m  of saain hardening. While the tendency of increasing 

maximum net-section stress with deaeasing crack size was evident for rectangular defects. it 

was not observed for semi-circular defects. In the5 analysis, the test nsults were interpreted in 

ternis of global paraneters, e.g., maximum noniinal or net-section stress. The stress or strain 

disiribution across the ligarrient was not considered. 

Denys (1992) undertook wide plate tests to d e t e d e  the failure behaviour of surface breaking 

weld metal roo t cracks in t hick- walled large diamter pipelines. Twelve tensile-Ioaded, fatigue 

pre-cracked, 450 mm wide curved spechns were tested. Surface cracks werc introduced in the 

middle of the welds. The fdure mode of the wide plates wa characterised by three r e g h s ;  

elastic-plastic hcture, net-sec tion yielding and gross-section yielding. Six test spechens 

containhg surface cracks in the slightiy overmatched welds f a M  by either elastic-plastic 

hcture (nominal stress at failure < yield stress) or net-section yielding (net-section fdure stress 

z yield smss. and gross-sectional failure stress < yield stress). He observed that the f d m  mode 

of the welded wide plates was very sensitive to microstmcture. crack size (in pariicular crack 

depth). and the relative difference between weld and pipe mtal yield strength. He concluded 

that the dominant factor causing elastic-plastic k t u r e  was the very low toughness of the root 

pass. Fracture initiation was not fkom the deepest point of the crack but fkom the low toughness 

roo t pas. Therefore, he recomnded consideration of the variation in weld toughness through 

the thickness based on the microstructure. However, no consideration of the crack ligament was 

given. 

Lambert (1993) tested a number of wide plates containhg various sizes of surface cracks under 

tensile loadhg in X70 pipeIine steeL The conûguration of these mini-wide-plate specimns is 

given in Figure 2.1 1 (ksek. 1992). A surface defect was introduced using a jewellers slitting 

saw and pre-fatigued under four-point bending. No evidence of ductile tearing was observed 

&om any ç p e c h n  tested. 



There are several plastic collapse soIutions currently in use for surface cracked wide plates in 

tension, 

The PD 6493: 198 1 analysis of plastic collapse consemative~y assunies an infînitely long surface 

defect and that coilapse occurs when the net stress on the ligament beneath the deféct reaches 

the £iow stress. For tension Ioads, the PD6493: 1980 plastic cohpse solution can be expressed 

as 

w here 

t = plate icnll thickness 

a - - height or depth of the crack 

= nominal applied stress at fai Iure 

a = flowstress 

Since the PD6493: 1980 plastic collapse solution does not use the load carrying capaciîy of the 

uncracked side iigamnts, equation (2.34) is very consemative for short surface defects. In 1991, 

PD 6493: 199 1 hplernented a revised phtic collapse solution using net-section yielding. 



The Net-section Yielding Solution (PD6493:1991) 

The net-section yieiding solution (PD6493:1991) assurries that the crack l i g m n t  area can 

sustain a Ioad comsponding to the point of material plastic flow (conservatively this point can be 

assumed as a yielding stress, or practicaiiy assumd as a material flow stress). This assumption is 

acceptabk if the rmteriaI is sufnciently tough, and if there are negligibk bending effects in the 

loading (Le., rigid restraht). Plastic cohpse will occur when te& loading leads to a net- 

section smss equal to the material flow smss. 

For a semi-eEpticai surface crack in a wide plate, the net-section yielding solution is given by 

where Wd is the plate width. Since this solution £Ùüy utilises the crack i i g m n t  area as defect- 

kee without any correction for crack-tip plasticity, the prediction rnay not be conservative. 

The plastic collapse solutions in the R6 procedure provide an aiiowance for the uncracked 

ligmnts on either side of short surface cracks or dekts. The R6 mthod a s s u r e s  that the 

defmt is semi-elliptical in shape and that the stresses on the defect are redistributed over a Iength 

equal to the d e f a  length, c, plus the wall thickness, f. The plastic collapst solution is given by 

(Miller, 198 8): 



It should be noted that th& solution is vaüd for oltc > 0.1 and rigid restra.int of the ends of the 

s p e c h n  is assumed. 

2.6 Pipeline Structures Subject to Remote Bending 

The foUowing are plastic collapse solutions for pipeline structures c m n t l y  in use. 

Net-Section Collapse Solution (Miller, 1988) 

Miller (1988) presents the K t  load for a pamal circurrderential crack in a pipe as shown in 

Figure 2.12. The global plastic collapse solution in tenns of a p p M  bending rnomnt is: 

This equation asswies that the defect is at the most critical position (12 o'clock), and that the 

neutral axis does not intersect the flaw. This net-section collapse solution assums that the crack 

ligament area can sustain a load corresponding to the material flow stress. Both CEGB/R6 

(1988) and PD6493:1991 recommend the use of this net-section collapse solution. 

The Willoughby Piastic Collapse Solution 

The Wfioughby plastic coliapse solution is given by (Wiloughby, 1982): 



Equation (2.38) has a sirrolar form to the net-section yiekiing solution (equation (2.35)). The 

constant, 0.8 in equation (2.38), has been derived nom expehnta l  &ta (Woughby, 1982) 

using a lower bound to test results. This value gives an approxhate safety fztor of 2 on defect 

length or depth for high toughness materialS. The application of equation (2.38) is iimited to alt 

< 0.8. 

The CSA 2662 Plastic Collapse Solution 

The University of Waterloo (Pick et ai, 1980) and the Welding Institute of Canada (Glover et al 

198 1) p e r f o d  a series of full scale tests to investigate the behaviour of intenor surface defects 

in girth welds of large diameter gas line pipe. Erdogan (1982) and Wfiowski and Eiber (1980) 

conducted similar testing. Coo te et aL (1986) s e  the resdts of al i  these tests. 

Wükowski and Eiber (1980) proposed that fdm of pipelines in bending can be considered in 

three regiries: brittie fracture, elastic-plastic k t u r e  and net-section plastic collapse. Material 

that is sufficiently tough to avoid hcture will fd by net-section collapse. Wilkowslo et ai. 

(1987) proposed an empkicai screening criterion to detexmine whether the Mm mode of a 

component will be by net-section coiiapse. According to this criterion, net-section coUapse 

occurs only when the plastic zone starîing fiom the end of a crack reaches the neutral axis of the 

pipe. For larger diamter pipes containing a crack mialler than 10% of the circumkrence, it is 

unIikely that net-section coUapse wiU occur based on this criterion 

The majonty of failures of full scale pipe tests show elastic-plastic hcnire with large degrees of 

plasticity. Worswick et aL (198 1) proposed a ligarrient instability mode1 predicting Mure when 



the l i g m n t  below the defect bacorries funy plastic. Worswick (1981) modified the ligarrient 

instabiliîy rnodel by applying a correction in tems of crack length to reduce the scatter in 

experirriental results. CSA 2184 (1986) adopted an aIternative iigdnient instabiiity rnodeL This 

model cm be found in the renumbered CSA Standard CSA 2622, Appendix K In this approach, 

fdure is a s s d  to occur when piasdnty in the section extends to 10% of the pipe 

circderence. In order to achieve a minimum factor of saféty of 1.5 based on stress, a factor of 

2.0 was appüed on defect depth and 2.5 on defect length The maximum depth of the defect was 

aiso resn-icted to 50% of the wd pipe thiclmess and the kngth to 10% of the circwrderence. 

These limitations were i q o s e d  due to the limits on the test data used to develop the modeL 

The CSA 2622 (1994) plastic coUapse solution provides a simple equation to calculate a 

maximum allowable crack length: 

where ou is the specified minimum yield strength (SMYS). This equation can be inverted to 

obtain the maximum aLiowable stress (plastic coliapse solution) as a function of defect size. 

Note that equation (2.40) conrains au instead of 0,. 



Chapter 3 

Material Properties 

AU s p e c k n s  were cut fiom parent material obtained kom two short pipe sections of 8.4 or 

13.4 mm thickness 762 mm diameter pipe supplied by NOVA Gas Transmission L td  The 

pipe was produced by Stelpipe using double arc subrnerged longitudinal seam welding of a 

controiled rolled skelp. The low alloy carbon steel pipe material corresponded to CAN3- 

2245.1 Grade 483 or API SL Grade X70. CAN3-2245.1 Grade 483 h e  pipe is used 

prhcipally for conveying natural gas, including gas  ansm mission in Arctic areas. 

Pipes for gas transport made to CAN3-2245.1 (or API X70) specifications are mostly made 

as controlled roIied lo w aiIo y carbon steels with a special treatment to produce a fine femte 

grain size. Grade 483 line pipe, therefore, provides strength, toughness and weldabüity 

which are crucial to natural gas transportation pipeline systems. The mechanical property 

requirements for the CSA and API standards are given in Table 3.1. 

The chernical composition limits for CSA and API are shown in Table 3.2. Linepipes can be 

classified by the manufacturing process. Manufacturing processes used for h e  pipe include 

forming steel plate in the U-O process followed by expansion, and r o h g  steel strip on 



continuous miUs into spiral pipe. The microstructure of linepipe is infiuenced by the addition 

of alloying elements and by the manufacturing process. 

3.1 Microstructural Observations 

Microstructural observations were made of samples taken £kom both pipes (8.4 and 13.4 

mm thickness). Specknens were polished and etched to observe the microstructure in three 

orientations. Microhardness masurements were used to determine the through-thickness 

hardness variation. 

3.1.1 Specimen Preparaüon 

Sarnples used for the investigation of the microstructure were taken nom both 8.4 mm and 

13.4 mm thickness pipes. In order to make observations of the three orthogonal planes. 

three samples were cut fiom each pipe as shown in Figure 3.1. A low-speed band saw was 

used to cut samples using cutting fluid to prevent excessive heating during sectionhg 

(ASMJ990a). AU samples were mounted in bakelite and a series of grinding steps using 

successively finer grit silicon carbide papers were camed out on the mounted samples. The 

ground samples were polished using 1.0-pm &O3 and 0.3-pm A b 0 3  consecutively on a 

medium-nap cloth ushg a low-speed polishing wheeL The specimens were etched 

immediately after final polishhg. To reveal the femte grains, 2% Nital (2% H N a  in 

ethanol) was used as the etchant (ASM handbook, 1990a). The etching t h e  was 15 

seconds, and specirnens were immediately washed with methmol to prevent excessive 

reaction between the etchant and the surface. 



3.1.2 General Observations 

A photomicrograph taken fiom a typical specimen is given in Figure 3.2. The 

microstructure consists of recrystalized femte (a), accicular ferrite (b) and carbon nch 

microconstituents (b). The femte grains were very small(4-6 pz) and equiaxed. Accicular 

femte, which boks Iüie tom white rags, was found inside the dark carbon rich region. The 

carbon rich rnicroconstituents were either upper bainite or lower pearlite. It was not 

possible to resolve those rnicroconstituents using the optical microscope done. Thiç 

microstructure is typical of control-rolled low dey carbon steel Grade 483 (X70) plate 

(Sage, 1981; Warren et aL, 1981). 

Since the controiled r o h g  process takes tirne and occurs over a wide temperature range, 

the microstructures developed in the final product are always heterogeneous and complex 

(Warren et aL, 198 1). The microsuuctures observed £rom the T. R and C planes are given 

in Rgures 3.3 to 3.5. The microstructure observed on the T plane (Figure 3.3) shows no 

directional segregation of the carbon nch rnicroconstituents. However, the microstructure 

observed on the C plane (Figure 3.4) and R plane show a banded segregation of the carbon 

rich microconstituents, which strings out in the rolling direction (longitudianl direction). 

This banded segregation of carbon rich microconstituents is typical of a rolled steel plate. 

As shown in Figures 3.4 and 3.5. banding by severe segregation of the second phase at the 

center of the plate is observed f?om both pipes on the C and R planes. This carbon-rich 

centerline is typical of hot-roiled plate, and is usually a result of segregation in the ingot 

(ASM Handbook, 1991a). 



The grain s k  was measured for both pipes using the Java system (JAVA. 1991). The 

results are sumrnarised in Table 3.3. The ferrite grain size at the surface (within 1 rmm of 

each surface) was slightly s d e r  than that at the mid-section for both pipes. The density of 

the carbon nch rnicroconstituents at the surface was also higher than at the rnid-section. 

This seems to be a result of the di&rence in cooling rate between the surface and the mid- 

section. Woodhead (1981) reported this effect of cooling rate on ferrite grain s i x  for X70 

pipeline steek. and noted that slow cooling resulted in ferrite grain growth. The weU known 

Hall-Petch (Hd, 1951; Petch, 1953) relationship gives an inverse relationship between the 

rnaterial yield strength and grain size. The dinerence in yield strength between the surface 

and mid-section wiU be discussed later based on tensile tests and micro-hardness 

measurements. 

The volume fiaction of carbon nch rnicroconstituents was rneasured rnanudy using the 

JAVA system This was close to 10% for both the mid-section and the surfaces as 

sumrnarized in Table 3.4. While the number of carbon rich rnicroconstituents at the mid- 

section was lower, the size of carbon rich microconstituents at the mid-section was larger 

thm that at the surface, and thus the voIume fraction was s i m k  in the two areas. 

3.2 Microhardness Testing 

Since the geometry considered in this research involves a circumferential crack, the 

microstructural inhomogeneity in the thickness direction must be addressed. For plastic 

colhpse analyses, material tensile properties are required. Le., the stress-strain curve. 

Therefore, iihomogeniety was investigated in terms of the tensile properties. 

It is weil known that hardness testing is a convenient way to obtain approxirnate ultimate 

tensile properties for rnetallic materiah. There art well-established relations between tensile 



properties and hardness values for low-aIioy carbon steels (ASM Handbook, 1% lb). To 

examine the effect of microstructural Merences in the thickness direction, Vickers 

microhardness testing was used A Shirnadzu HMV-2000 micro hardness tester, which is 

equipped with a microprocessor-controiled, digital nad-out display that automatically 

converted fiorn fiIar units to hardness values, was used for these rneasurements- The load 

was set to 200 gf as recommended for Iow-doy carbon steek in the ASM Handbook 

(1991b). 

The Vickers hardness values in the thickness direction were measured at Ieast 3 tirnes for 

both 8.4 and 13.4 mm thickness samples. Hardness measurements were taken fkom the 

surface to the center using 0.2 mm intervals, large enough to avoid any effect of residual 

stresses due to previous indentations. Figures 3.6 and 3.7 show the hardness values through 

the thickness for 8.4 and 13.4 mm specimens, respectively. 

Figure 3.6 shows the variation in the hardness values for a 8.4 mm thickness specimen. The 

distance, r, fkom the surface was non-dhmnsionalized by dividing by the thickness, t. Since 

the variation in hardness near the outside surface was of major concern in this program, five 

more sets of measurements were made fiom the outside surface to the rnid-section. The 

hardness measurements close to the outside surface (within 20% of the thickness from the 

surface) gave higher values compared to those rneasured near the rnid-section. The 

hardness gradually decreased and became uniform through the mid-section, then was 

slightly elevated near the inside surface. Results for for both surfaces and rnid-section are 

presented in Tables 3.5 and 3.6. 

These hardness results are consistent with earlier observations of the grain s k  variation 

through the thickness. With decreasing grain size, the strength of the material increases. 

Therefore, the gradua1 decrease in hardness with increasing distance fiom the surface is 



Uely caused by the dinerence in femte grain size produced by different coohg  rates 

between the surface and mid-section. 

Figure 3.7 shows the hardness rneasurernents fkom the 13.4 mm thick specimen. The 

decrease in hardness was more obvious than for the 8.4 mm specimen. The variation in 

cooling rate in the through-thickness direction for the thick specirnen is likely less severe. 

Figures 3.8 and 3.9 show the e s th t ed  tensile strength fiom the hardness masurements 

using the conversion table for low-ailoy carbon steel (ASM Handbook, 1991b). Average 

tensile strengths were 702 and 673 MPa for 8.4 and 13.4 mm thickness specirnens, 

respectively. which gives 4% higher strength for 8.4 mm pipe. Results for for both surfaces 

and rnid-section are prescnted in Tables 3.7 and 3.8. Average values obtained within 5%. 

10% and 20% of the thickness kom the surface are given dong with values £rom the 

corresponding rnid-section. The results wiil be discussed in the following section dong with 

the tensile test results. 

3.3 TensiIe Tests 

Based on the observed Lihomogeneity in the thickness direction fiom the rnicrohardness 

testing (Section 3.2), tensile tests were designed to quanti@ the difference in tensile saength 

between the surfaces and the rnid-section. Two sets of tensile test specimens were prepared, 

one each for 8.4 mm and 13.4 mm thickness pipes. AU specimens were machined with a 60 

mm gage length in the pipe axial direction (rolling direction) to accommodate a 2 inch (50.8 

mm) extensorneter for strain rneasurement. A set of tensile test specimens consisted of full- 

thickness specimens (circular andlor rectangular cross-section), mid-section specirnens 

(circular and rectangular cross-section), and inside and outside surface specimens. The 

thickness of the surface specimens was restricted to no Iess than 20% of the thickness due 



to machining difnculties. Five to six speckns  were rnachined for each specimen type to 

assess repeatability. The specimen dimensions are given in Figures 3.10 and 3.1 1 for 8.4 

and 13.4 mm thickness pipes, respectively. 

A hydraulic Instror. (mode1 4206) testing machine was used for al l  tests. The strain rate was 

0.001/sec. A PC-based program was used to coilect stress-strain data using a 2 inch 

extensorneter (Instron) and a built in load celL Figure 3.12 shows the test specimen under 

test. 

3.3.1 Tensile Test Results 

The yield stress was obtained using a 0.2% saah offset line, and the tensile strength was 

measured nom the point of maximum Ioad. Average tensile properties for each specimen 

configuration based on at Ieast 5 samples in each case are presented in Tables 3.9 and 3.10 

for 8.4 and 13.4 mm thick matenal, respectively. 

True stresses, o, were calculated using the following relation: 

where 



P and & are the applied load and initial cross section area, and I and lo are the current and 

initial gauge lengths, respectively. True strain was O btained from the relationship: 

Equations (3.2) and (3.3) are based on a constant volume assumption during deformation, 

and are valid until necking occurs. 

The m e  stress-strain relationship was fit to the Ramberg-Osgood relation: 

whcre a and n are cuve fitting parameters. 

8.4 mm thickness pipe 

Full-thickness specimen (8 mm x 8 mm cross-section area) tensile tests gave a yield 

strength of 540 MPa and a 670 MPa tensile strength. with a modulus of elasticity of 210 

GPa. The actual results are shown in Figure 3.13. Faucher et al. (1992) tested the same 8.4 

mm thickness Grade 483 pipeline steel, and obtained yield and tensile strengths of 537 and 

640 MPa, respectively, which are in good agreement with the present results. Since the 

specified minimum yield strength and tensile strength for Grade 483 pipeline steel (API 

X70) are 483 MPa and 565 MPa, respectively (ASM Metals Handbook, 1992a, CAN3- 

2245.1, 1992). bo th yield and tensile strengths are weli above this minimum requirernent. 



Two types of specimens were prepared to obtain the stress-strain cuve from the Md- 

section, one with a rectanguiar (5 mm x 5 mm) and the other with a circular @ = 5 r m )  

cross-section. The stress-strain curves fiom these tests are shown in Figures 3.14 and 3.15 

in cornparison with the correspondhg full-thickness specimen results. S tress-strain curves 

rectangular tensile specimens (5 mm x 5 mm) were slightly lower (about 2% between 1 and 

3 % strain) than the full-thickness specimens test results. This result is consistent with the 

microhardness test results given in Section 3.2. 

Figure 3.16 shows stress-strain cuves for the outside surface test specimens (outer 20% of 

the thichess). The average stress was about 8% higher than the full-thickness test results. 

This tendency is consistent with the results from the rnicrohardness measurements. Stress- 

strain c w e s  obtained fkom the inside surface test specimens (inner 20% of the thickness, 

Figure 3.17) were also slightly higher (2.5%) than the full-thickness test results as expected 

fiom the microhardness measurements. 

13.4 mm Thickness Pipe 

Tensile tests with fuii-thickness specirnens (13.4 mm x 8 mm iectangular cross-section) 

gave an average yield strength of 500 MPa and an average tensile strength of 640 MPa, 

with an elastic modulus of 210 GPa. Figure 3.18 shows the m e  stress - true strain c w e s  

obtained fiom these tests. The average yield strength is 8% Iower than for the 8.4 mm 

thickness pipe. The 13.4 mm thickness pipe consists of coarser femte than the 8.4 mm 

thickness pipe. This dinerence Li femte grain size is likely responsible for the lower strength 

in the 13.4 mm thickness pipe. Warren et ai. (198 1) investigated X70 pipeline steels made 

of 0.45% V steel with two Merent phte thicknesses (13 mm and 20 mm), and observed 

that the thicker plate, which contained coarser fenite, had lower yield and tensile strengths. 

In the present case, both yield and tensile strengths were above the minimum requirement 



specified by API and CSA standards (ASM Met& Handbook, 1992a, CAN3-2245.1, 

1992). 

True stress - true main c w e s  obtained fkom mid-section specimen testing are shown in 

Figures 3.19 and 3.20 for rectangular (8 mm x 8 mm cross-section) and circular @ = 8 mm) 

specimens, respectively. The average s a s s  was slightly lower (2%) than the full-thickness 

test results as expected from the rnicrohardness measurements. 

Figures 3.21 and 3.22 show true stress - m e  stain c w e s  for outside surface specimens 

(outer 20% of the thickness) and inside surface specimens (inner 204 of the thickness), 

respectively. The average true stress fiom ihe outside surface specimens was about 6% 

higher than for the full-thickness specimens. The inside surface specimen results were about 

2% higher. These results are consistent with the rnicrohardness measurements. 

In subsequent FEM analyses, the tme stress - mie suain curves shown in Figures 3.23 and 

3.24 for the 8.4 and 13.4 mm specirnens, respectively, were used. 

3.4 Orthotropic Characteristics 

Rolled steel plate usually produces orthotropic characteristics. That is, the matenai 

possesses symmetry about three orthogonal planes which are oriented at 90° to each other. 

While the von-Mises stress function is used universdy for isotropic materiah, Hill's stress 

hinction is widely accepted for use in anisotropic (and onhonopic) materid analyses. 



3.4.1 Hill's Stress Potentials for Anisotropic Metai Plasticity 

Hill's stress function is an extension of the Mises stress function. The function includes 6 

parameters which accommodate anisotropic behaviour. The function is given by 

in ternis of rectangular (Cartesian) stress components, where F, G, H, L, M. N are Hill's 

stress potentials which are constants to be obtained £iom tende tests in different 

orientations. 7'hey are defked using 

L=- '[% - =- 2;; * 
2 7, 

M = -  - =- 
3 ( i  )' ZR:, 2 7 ;s  



where GO is the reference yield stress obtained nom a tensile test in one direction, and 

- - 
O0 . Direct, 8,, , o,, 5,. and shear, Tl?,, , 7, , T,, yield strengths are obtained in the '=O =J3 

0 1 1  
(RI, = - *R= =- CE 9 etc.). 

0 0  0 0  

Using the above stress potentials, the flow rule becornes 

where, from the definition off above, 

Assuming that the elastic snain rates are small compared to the plastic strain rates, the 

plastic incompressibility condition gives 

Therefore, it is possible to obtain the 6 stress function parameters (potentials) in t e m  of 

strains which are available fiom tensile testing. 



3.4.2 Transverse Anisotropy in Rolled Steel Plate 

In the manufacture of rolled steel plate, an anisotropic microstructure is usuaUy expected. 

Consider 1 and 2 to be the rolling and cross directions in the plane of the steel plate and 3 

the thichess direction. The roUing process, as observed for the Grade 483 pipeline steel 

usually produces an isotropie structure in ternis of strength in the 1-2 plane but has a 

different strength in the thickness (3) direction. This is n o d y  referred to as transverse 

atzisotropy. 

This anisotropic structure c m  be considered as orthotropic, havhg three orthogonal axes 

which conespond to the rolling direction, the cross direction and the thickness direction. 

For such orthotropic structures, materid constants required for HUS stress function can be 

derived by p e r f o h g  tensile tests only in the roiLing and cross directions. 

For a tensile test performed in the rolling direction, the fiow rule given by equations (3.7) 

and (3.9) gives the foUo wing relationship between the incrernental strain ratios: 

on the assumption of relatively srnail elastic saains. Then, the so-called r-value, the ratio of 

width (cross direction) to thickness s ~ a i n ,  is defined by 

For a tende test p e r f o d  in the cross direction, the incrernental strain ratios can k 

denved in a similar way. 



and 

By using rl and r2, which c m  be measured kom tensile tests, the parameters required for 

Hill's stress function cm be obtained. 

A transverse anisotropic material gives n = 1-2. And fiom equation (3.6). 

R,, = R, = 1 

and by relating equations (3.1 1) and (3.6) 

3.4.3 Results 

Since the microstructures in the r o h g  and cross directions were obsewed to be similar, ai l  

parameters were calculated on the basis of transverse anisoaopy. The values for n were 

calculated using the strains rneasured nom both the uniformly d e f o m d  region and the 

necked region during a post mortem examination of the tensile test specimens used in 



Section 3.3. R33 values were derived from the tensile test data in the rolling direction using 

equation (3.15). AU of the results are surnmarized in Tables 3.11 and 3.12 dong with 

average strain rneasured fkom tensile specirmns. A significant clifference in the thickness 

direction was observed, indicated here by R33 values diEferent koom 1. 

The anisotropic parameters are very sensitive to the rneasured strains. It was diacult to 

obtain an accurate measurement of strain in the unifonrily deformed cross-section because 

the arnount of strain was so s m a l l  As a resuk, the parameters show considerable scatter. 

However, the measurements fiom the necked area were more consistent since this area 

experienced much higher strain. It is thus recommended to use pararneters obtained kom 

the necked area. For the purposes of subsequent FEM analysis, an average value for R33 of 

0.93 was used for the 8.4 mm thick material, and 0.87 for the 13.4 mm thick material. 

3.5 Tensile Test Simulation 

A tensüe specimen represents a simple geometry which permits a direct cornparison 

between finite element analysis and experimental results. By simulahg the tensile test with 

the tinite element method, suitable numerical methods and options for plastic collapse 

analysis cm be obtained. The results of numerical analysis of an elastic-plastic component 

are Muenced by mesh design, plasticity theory, and the algorithm used to obtain the non- 

linear solution. In these tensile test simulations, plasticity theories and numerical methods 

for plastic collapse were investigated for application to subsequent finite element analyses of 

cracked specimens and components. 

Material m e  stress - true strain data used for the finite elernent analyses were taken nom 

the data presented in section 3.3.1, Figures 3.29 and 3.30. 



3.5.1 Modelling a Tensile Specimen 

Two typical tensile test specimens having rectangular cross sections, an 8 mm x 8 mm full- 

thickness specimen (8.4 mm thickness material) and an 8 mm x 13 mm full-thickness 

specirnen (13.4 mm thickness material), wert chosen nom the tensile test matrix. Half of a 

tensile specirnen was modelled with 160, 20-node quadratic iso-parametric brick elements 

which use a reduced Gaussian integzation schem (C3D20R), as shown in Figure 3.25. The 

full thiclcness of the specimen was modelied to accommodate inhomogeneity in the 

thickness direction. Since the purpose of the analysis was to simulate plastic coIlapse 

including necking, the rnesh was designed with 160 elements, enough to accommodate local 

deformation. The grip was modelled using fixed boundary conditions at the top of 

specirnen, and displacernent control was applied to sirnulate the actual tensile test. Due to 

this loading condition, necking was expected at the bottom surface of the specimen (Figure 

3.25), which bears the least constraint. The size of the elements was reduced at the bottom 

of the specirnen to allow for more significant geometry changes in the area where necking 

was expected. Since the material behaviour was elastic-plastic, a non-hear static andysis 

was chosen. ABAQUS uses Newton's method to solve the non-linear equilibrium equations. 

Plastic coliapse is an instability problem, where the load (or stress) may decrease with 

increasing displacement (or strain) after the point of necking. The modified Riks method 

(Crisfield, 1981) is an algonthrn which allows an effective solution in such cases. ABAQUS 

(HKS, 1996) provides the modified Riks aigonthrn for solvbg non-linear static pro blerns as 

an option. This option was used for the following plastic coIlapse analyses. 

ABAQUS provides m e  stresses and strains at each integration point in each elernent, and 

reaction forces and displacements at each node. In order to compare the finite element 

analysis results directly with the actual tende test, the engineering stress was calculated by 



dividing the vertical components of the reaction forces acting at the bottom of the mode1 

with the initial net-section area. The engineering strain was obtained ushg the displacement 

for the node rnatching the actual extensometer location. Then, the true stress and mie strain 

were obtained from the relation given by equations (3.1) and (3.3). 

AU analyses were perfomd using the incrernental theory of plasticity coupled with large 

displacernent deformatio n and the modifiecl Riks algorithm 

3.5.2 Point of Instability 

The tensile test simulation predicted a point of instability where the maximum load was 

reached as shown in Figure 3.26. M e r  this point, the engineering stress decreased with 

increasing displacernent (the unloading process), representing negative stiffiess due to the 

non-linear change in geometry. The load applied at this point c m  then be considered as a 

nurnerically detenriined maximum Ioad carrying capacity, that is, the plastic coUapse load. 

After instability occurs, specimen deformation becomes locaiised with increasing 

displacement. The deformed mesh after necking is shown in Figure 3.27. As shown in 

Figure 3.27, localisation at the bottom of the s p e c h n ,  which represents necking, is 

O bvious after the point of instability. Therefore, the instability point cm be considered an 

initiation point for nurnencally detemiined necking. 

In a numencai analysis of a tensile specimen, the condition for nccking can be derived based 

on continuum mechanics. The load applied to a tende specimen, P, is related to the true 

stress, 0, and instantaneous area, A, through 



Therefore 

dP = adA + Ada 

Necking occurs at the maximum Ioad, where dP = O. Equation (3.17) becomes 

Therefore, the me stress at maximum load is 

This condition can be applied to the Ramberg-Osgood relationship. For exarnple, from 

equation (3.4), 

where E,, = E -ce, is the plastic strain. Taking the derivative of equation (3.20) with 

respect to stra in gives 

Equating (3.20) and (3.21), 



Gives the following condition which must be satisfied at the onset of necking for a 

Ramberg-Osgood material: 

That is, the m e  plastic strain at the point of necking is numerically equal to the inverse of 

the strain hardening exponent, n, for a Ramberg-Osgood materid For our 8.4 mm thick 

material, n = 11.1, giving a me plastic strain at necking of 0.0897, and 0.093 for n = 10.9 

for our 13.4 mm thick materiai. These values were the same as these obtained in the finite 

element analyses. 

The fuite element analysis results for 8.4 and 13.4 mm thickness specimens are shown in 

Figures 3.28 and 3.29, respectively dong with the tensile test results. The f i t e  element 

analysis for the 8.4 mm thickness specimen predicts the necking at a true strain of 0.09 ( m e  

stress of 714 MPa). and is in good agreement with the test results. The f i t e  element 

analysis for the 13.4 mm thickness specimen gives the point of instability at a true main of 

0.093 ( m e  stress of 670 MPa). The tensile test gave a true strain of approximately 0.105 

( m e  stress of 680 MPa) at the initiation of necking. The difference between the two results 

was not signincant. 

In order to v e e  the numerical plastic collapse solution given by equation (3.2 3), materia 

with three dinerent n values of 5,20 and = and a yidd stress of 540 MPa were used with 

ls 

a 

the 8.4 mm thickness mesh. The engineering stress - strain c w e s  are shown in Figure 3.30. 



The engineering stress was used to check the maximum load point clearly. The maximum 

load occurnd at a true strain of I l n  for al cases as shown in Figure 3.30. The predicted 

true stress at maximum load for a l l  cases was the same as the input true stress 

correspondhg to a mie strain of Ifn.  It is thus clear that plastic cohpse is predicted based 

on equation (3.23). 

3.5.3 Plane Stress versus Plane Strain 

The incremental theory of plasticity, based on the Levy-Mises equations, defines the flow 

rule as 

where f(oij) is the isotropie yield function, and dA is the plastic cornpliance. For the von 

Mises critenon, equation (3.24) becornes 

where Sv represents the deviatonc stress components. This irnplies that the ratio of the 

current incremental plastic strain to the cment deviatoric stress is constant. An altemate 

f o m  of equation (3.25), in which is expressed in terms of the three principal stress 

components, is 



de, = d& -+(oz + (33  )] 
d&* = d;l.[02 -+(q +q)] 
de3 = &[03 - t (O, + o, )] 

It can be shown that in ternis of the effective stress, or, and effective suain, fi, dA = d d a -  

By applying this relation, equation (3.26) becomes 

For a plane stress analysis, 0, = = 0, and = 02. Therefore, the 02 and a must be 

equivalent to o. and a, respectively. A plane stress analysis will produce the sarne m e  

stress - me strain curve as the input 0, and & data. 

For plane strain conditions, = 0, and thus a = 0.502, and d a  = - d o  fiom equation 

(3.27). The von Mises effective stress in t e m  of the three principal stresses is given by 

Ushg cn = 0, rn = 0.5 42 in equation (3.28) gives a = 1.155 D ~ .  By applying these 

conditions to equation (3.27), Q becomes 



Since the rneasured strain is a, the resulting tnie strain in the plane strain case must be 14% 

less than the equivalent strain. At the same time, the rneasured tme stress (a) will be 1.155 

tirnes higher than for plane saess. For a Rarnberg-Osgood material, this decrease of m e  

strain (a) requires 1/(0.86)"" times higher true stress (a) to produce the same effective 

stress compared to the plane stress analysis. Combining these two effects, the true stress 

measured (m) from the plane strain analysis WU be 1.17 tirnes higher than that (a) of plane 

stress analysis for 8.4 mm thick material (n = 11.15). The factor is also approximately 1.17 

for 13.4 mm thick materiaL The plane strain anaiysis resulted in 1.17 times higher true stress 

- true straùi cuves than those of the plane stress analyses as shown in Figures 3.31 and 

3.32. 

For 8.4 mm thick material, the plane stress analysis showed the maximum load instability at 

a crue strain of 0.089, the same values as was observed in the tende test anaiysis. The plane 

strain analysis resulted in the maximum load at a true strair, of 0.077, 13.4% les  than the 

plane stress analysis. This is consistent with the arguments presented above. 

While both the plane stress and the plane strain rneshes have the same constraint throughout 

the width (the 1-direction in Figure 3.25), the tensiie test specimen rnesh made of 3-D solid 

elements has different constraint at the surface and the centre. This difference resdts in 

Iocaiised deformation after instability has occmed. The equivalent plastic strain contours 

at maximum stress are plotted for both the plane strain and the plane stress analyses (8.4 

mm thickness material) in Figure 3.33. Plastic strain was close to 0.089 through the width 

for both cases. The 3-D analysis sbowed a clifference in the plastic strains ktween the 

center and the surface after the instability had occurred (Figure 3.34). For aii cases, the 



instability occurred when the plastic strain reached 0.089 in the width direction as predicted 

analytically. Exactly the same behaviour was observed for the 13.4 mm thick material 

analysis. 

In order to investigate the effect of seah hardening, three Merent n values of 5, 20 and 0. 

(perfect plastic) were applied in both the plane strain and plane stress analyses. The 

resulting engineering stress - s& c w e s  are shown in Figure 3.35 dong with the results 

for n = 1 1.1. The perfect plastic rnaterial resulted in a 1.155 tirnes higher engineering stress 

at the point of instability for the plane strain analysis, which is consistent with the von-Mises 

rnaterial analysis mentioned above. The materials with n values of 5 or 20 resulted in a 19 % 

or 16 % difference, respectively, which are also consistent with the relationship given by 

equation (3.29). These results will be plotted as rimithg values as the crack depth becomes 

zero for SENT results to be presented in Chapter 4. 

3.5.4 Finite Elernent Analyses based on Microstructural Characteristics 

In the previous sections, rnicrostmctural analyses revealed inhomogeniety in the thickness 

direction, and also the orthotropic characteristics of the m a t e r s  These results were used in 

finite elernent analyses using ABAQUS. The same 3-D mesh which was used for the 

isotropic material analysis was modified to account for different material properties at the 

surface and rnid-section. This rnesh is shown in Figure 3.36. Based on the micro-hardness 

measurernents and tensile tests, the thickness was divided into surface regions (20% of the 

thickness) and the mid-section (60% of the thickness). The tme stress - tnte strain curves 

for the mid-section, inside and outside surfaces were obtained fiom Figures 3.23 and 3.24 

for the 8.4 and the 13.4 mm thick materials, respectively. 



As discussed in Section 3.4.1, the orthotropic behaviour of pipeline steel plate can be 

modeled in ternis of Hill's stress finction, which is an option in ABAQUS. R33 values 

obtained fkom the tensile tests (0.93 for the 8.4 mm thickness material and 0.87 for the 13.4 

mm thickness materid) were appiied in the present analysis. 

Figures 3.37 and 3.38 show the m e  stress - m e  strain curves resulting kom the 

microstructure based finite element analysis dong with the isotropic analysis results. The 

true stress - true strali curves fÎom the microstructure based anaiysis exactly coincide with 

the isotropic materiai analysis results and test results. This implies that the tnie stress - m e  

strain curves measured at the mid-section, inside and outside surface are reasonable. 

The point of instability was also at the sarne point as observed fYom the isotropic analysis. 

Since the tensile test specirnen only produces a uniaxial state of stress, the resulting m e  

stress - mie strain curve is independent of the Ra value until deformation becornes 

Iocalised. After the formation of necking produces stresses in aJi three directions, the 

deformed section produced more strain in the 1 direction than that for the isotropic analysis 

as shown in Figure 3.39. These same options were used in the microstructure based finite 

element analysis for SENT specimens. 

3.6 Summary 

B ased on microstructural investigations of Grade 483 pipeline steel, the follo wing 

observation can be made: 

The rolled steel plate used herein had transverse anisotropy. This implies that the 

strength properties are the sarne in the rolling and cross (circumferential) directions. but 



dBerent in the thickness direction. Quantification of these anisotm pic characteristics 

was achieved in t e m  of Hill's stress function. The anisotropic parameters measured 

fkom the tensile test specimens (Tables 3.1 1 and 3.12) were applied in the finite elernent 

analyses to be discussed in subsequent chapters. 

The inhomogeniety in the thickness direction was quantified by conducting micro- 

hardness tests and a senes of tende tests for both 8.4 and 13.4 mm thickness pipe. The 

results fYom both microhardness testing and tensile testing were in good agreement, and 

gave higher strengths at the outside and inside surfaces. The stress-strain curves 

resulting from these tensile tests, as shown in Figures 3.23 and 3.24 for both 8.4 and 

13.4 mm thickness pipes, were used in the finite elernent analyses to be discussed in 

subsequent chapters. 

A nnite element analysis was perfomd on tensile test specirnens to predict the plastic 

collapse behaviour. Necking was observed at a true strain of I ln.  The numencdy 

determlied point of necking was very close to the test results. Microstructure based 

finite element analyses were performed by applying inhomogeneity and orthovopic 

characteristics. The h i t e  element results were consistent with the corresponding tests. 



Chapter 4 

SENT Specimens 

An SENT specimen with fked grips sirnulates a surface crack without considering the effect 

of crack surface length or shape. An investigation of plastic collapse in SENT specimens 

was carried out as a fkst step in the analysis of the plastic collapse behaviour of a surface 

crack in a pipe. 

Lambert (1995) per fomd a series of SENT fracture tests, and found that high-constraint 

specimens (i.e., deep crack SENT) resulted in higher lûnit loads compared to low-consrraint 

specimens (Le., shallow crack SENT). With increasing crack depth, the maximum net- 

section stress was observed to increase. From these results, it is cIear that Iocal crack-tip 

constraint affects global plastic flow behaviour. 

In this chapter, the const.ra.int effects on plastic cohpse for SENT specimens wiU be 

discussed based on experimental and f i t e  element analysis results. Extensive finite elernent 

analyses have ken completed with material properties obtained fiom tensile tests and 

microstructural observations discussed in Chapter 3. 



4.1 Experimental Results 

SENT testing (Lambert, 1992, 1993) was conducted in two phases. In the fïrst phase, three 

dinerent configurations as illustrated in Figure 4.1 (12.5 mm wide (a), 25 mm wide (b), or 

25 mm wide with severe side grooves to produce a 12.5 mm wide net-section (c)) were 

designed to reveal the proper width satisfjhg plane st ra in  out-of-plane constraint. As a 

result of first phase testing, a i l  second phase specirnens were made 25 mm wide without 

side-grooves as illustrated in Figure 4.1 (b). Specimens were cut £rom both 8.4 and 13.4 

mm thickness pipes, and their axes were aligned with the longitudinal axis of the pipe, so 

that the cracks were in the L-S orientation. 

The test mauix, giving the actual specimen dimensions, the maximum nominal stress Ooad 

divided by uncracked area) and the correspondhg net-section stress (Ioad divided by 

ligament net-section area), is &en in Tables 4.1 and 4.2 for phase 1 and phase II tests, 

respectively. The failure mode for alrnost all specirnens was rupture or plastic cokpse 

preceded by severe necking at the net-section. A srnail arnount of ductile tearing prior to 

necking was observed in only two specimens, E3 and E6. However, the amount of crack 

growth was insigrilficant, and both specirnens faied after a significant amount of plastic 

defomtion Ied to necking at the ligament without further crack growth. These 

experimental results demonstrated that the failure of SENT specimens made of Grade 483 

steels was dominated by plastic collapse rather than fkactun. 

4.1.1 Failure Mechaaism 

The failure rnechanism observed in most SENT speckns  is illusnatecl in Figure 4.2. The 

specimen, loaded in tension, has insufticient hydrostatic stress at the crack-tip to cause a 



crack to tear through the ligament. With kicreasing load, therefore, the crack-tip blunts 

(rather than propagates) due to shear deformation dong the direction of maximum shear 

stress (Figure 4.2 (b)). The plastic strain increases without crack propagation. At maximum 

load, the increase in net-section stress caused by strain hardening is just offset by the 

decrease in load-canying area located between the two slip lines; this is referred to as 

geometric sofiening (Honeycombe, 1984). At this maximum load, necking occurs at the 

backside of the specirnen (Figure 4.2 (c)); that is, deformation becomes localiseci. Since a 

region with high hydrostatic stress delays plastic flow, cracked specimens in which the 

crack-tip region produces a significant hydrostatic stress field support a higher maximum 

net-section stress unless plastic behaviour is intempted by crack propagation. 

M e r  the initiation of necking, rapid ligament contraction fiom the backside of the 

specimen, between the two symrnetrical maximum shear stress phes ,  occurs without 

further increase in load (Figure 4.2 (d)). The reduced area expenences increasing strain, and 

higher net-section stresses. The stress concentration on the reduced area increases the 

hydrostatic stress at the crack-tip. The increased hydrostatic stress at the crack-tip, 

combined with high strain, d o w s  voids to nucleate, grow, and h d y  coalesce to produce 

tearing through the contracted ligament (Figure 4.2 (e)). This tearing process is 

accompanied by continuous ligament area contraction fiom the back side, and the final 

failure shape is at an angle rather than parailel to the fatigue pre-crack plane as shown in 

Figure 4.2 (0. 

As illustrated schematicdy in Figure 4.2 (0, the Bacture surface plane deviated fiom the 

pre-crack plane by about 30-35O. The % reduction in area of the fiacture surface was close 

to 70%. No difference was observed between shallow and deep cracked specimens. For 

most specimens, the fiacture surface was 5 t  and smooth which implies that the fracture 

occurred by a ductile tearing process. Figures 4.3 and 4.4 show details near the cracktip for 



the fiactured specimens with a/t = 0.25 (110) or 0.77 (J3). Only a smali amount of crack-tip 

blunting was observed prior to ductile tearing. No significant ductile crack growth which 

would Iead to ductile fkacture prior to necking was observed fiom either shailow or deep 

crack specimens. This @lies that the maximum load was obtained at the point of necking, 

which occurred prior to the ductile tearing process. 

Figure 4.5 shows the deformed microstructure in the thickness direction of fkactured 

specimen JI0 with off = 0.25. The microstructure in the ligament k at an angle to the 

loading line, perpendicular to the fiactured surface. The region which expenenced high 

strain thus produced a significant arnount of net-section reduction pnor to ductile tearing. 

A deeply cracked specimen, J6, showed a different failure mechanism: failure by shear slip 

dong the maximum shear stress plane with r.0 tearing. The net-section stress increased 

until shear bands formed dong the symmetrical maximum shear planes, and the specimen 

failed through one of these shear bands. n i e  resulting failure line between the two broken 

parts was not symrnetncal This is similar to the shearing off zone (cup and cone fiacture 

process) observed kom uniaxial tensile test specimens. In this case, while yielding in the 

ligament area was suppressed by high hydrostatic stresses, the material was tough enough 

to withstand failure until voids grew and coalesced. Final failwe occurred with a sudden 

shearing off through the shear band. These specimens carried higher net-section suesses due 

to the suppression of plastic flow. 

Several shallow cracked specimens, e.g., J1 and J2, faüed at unusudy high loads. They had 

unusud features on their fiacture surfaces, such as material inhomogeneity that intemipted 

fatigue pre-cracking or irregular fatigue pre-cracks that made net-section calculations 

difficult. 



4.1.2 Maximum Net-section Stress and Constraint 

Major design codes define the plastic collapse solution for SENT specimens as the point 

where the net-section saess reaches the material fiow stress. For an SENT specirnen, the 

net-section stress, GNS is defineci by 

where P is the applied load, t is the thickness, a is  the crack depth, and W is the width out 

of the plane. PD 6493:1991 recornmends the average of the yield and tensile suength for 

the flow stress. For pipeline steels, it is comrnon to use the yield stress plus 69 MPa (10 

ksi). The measured yield and tensile strengths for 8.4 mm thickness pipe were 540 and 660 

MPa, respectively, which gives an average of 600 MPa. For 13.4 mm thickness pipe, yield 

and tensile strengths of 500 and 640 MPa, giving an average of 570 MPa. In the present 

analysis, the flow stress was defined using the yield strength plus 69 MPa, giving 609 or 

569 MPa for 8.4 or 13.4 mm thick pipes, respectively. 

The maximum net-section stresses, nomialized by the appropriate flow stress for each 

SENT specimens, are presented in Figure 4.6. AU specimens failed at a higher maximum 

net-section stress than predicted using the conventional limit load. The nofmalized failme 

stress generally increases with nomialized crack depth. Those points which deviated fiom 

this increasing trend were exceptional. Specimens G6, G10 and J9 had load-displacement 

c w e s  which displayed excessive scatter due to equipment problerns, and produced lower 

maximum net-section stresses than the others. Specirnens J1 and J2 had irregular crack 

~ o n t s  as rnentioned earlier, which resulted in higher maximum net-section stresses 

CO mpared to the O then. These specimens were excluded fiom subsequent analyses. 



Ail side-grooved specimens resulted in an opposite tendency. That is, the maximum net- 

section stresses for low a/t spechns  were higher than those for high a/t spechnens. The 

severely side-grooved specimens used here exhibit much higher constraint. Since t his 

excessive constraint is unrealistic, side-grooved specimens were not included in the 

subsequent analyses. 

The differences in maximum net-section stresses as a function of ult ratio were analyzed in 

t e m  of the material inhomogeneity discussed in Chapter 3. As observed fiom both micro- 

hardness and tende tests, the materiai mid-section was sofier than the surface (outer 20 % 

of thickness). This dinerence in the thickness direction was considered by applying a 

different material flow stress to the mid-section and surface. Fiow stresses for each section 

were obtained by adding 69 MPa to the yield stresses listed in Tables 3.9 and 3.10. The 

ligament area was divided into sections as appropriate and the flow stresses for the ligament 

were obtained &om the section flow stresses and the mle of mixtures. The resuits are 

presented in Figure 4.7. This calculation invariably produced an increased material flow 

stress in the ligament area, which reduced the failure ratio for deep cracked specimens 

slightly and produced rnarginaliy better results. The maximum net-section stress still shows 

an increasing tendency with increasing alt ratio. Note that the biggest apparent reduction in 

scatter in this figure is due to the elhination of side-grooved and other specimens. 

The length of the crack fiont, which is the specimen width for an SENT specimen, is an 

important factor in characterizhg the out-of-plane constraint. A longer crack fiont more 

closely simulates a plane strain condition in the middle. The length of the crack ligament is 

also an important factor, because the shear iips at the crack surfaces are intluenced by the 

ligament length. In this case, a s d e r  ligament produces smaller shear lips, and results in 

higher constraint for the geometry. The ligament length also has an inverse relation to in- 



plane constraint. Therefore, a constraint parameter, Crp, is herein defined as the specimen 

width, W. divided by the specirnen ligament, b, 

The distribution of maximum net-section stresses as a function of this constraint parameter 

is given in Figure 4.8. The maximum net-section stresses were normalized by dividing bp 

the material ultimate stress. The ultimate stress was used so that the resulting curve fit 

would pass through unity at Wlb = O since this cm be considered representative of an 

uncracked tensile specirnen. nie rriaximum net-section stress increases with increasing CCP 

in an approximately h e a r  manner. The straight line shown in the Figure 4.8 was obtained 

using linear regression and had an R' value of 0.91. 

An empirical plastic collapse solution for SENT specimens was denved as a hinction of the 

constraint parameter defïned in equation (4.2). Test results for 12.5 and 25 mm-wide 

specimens were used. Based on the linear regression line Li Figure 4.8, the empirical plastic 

coiiapse solution (based on the nominal stress) is given by 

where A*= tB, and Anet= &a)B (net-section area). The term involving Wlb in the above 

equation is an empirical correction for the in-plane and the out-of-plane consnaint. 

Equation (4.3) provides a narrower band for the SENT test results compared to the 

conventional method as shown in Figure 4.9. While the conventional method is not capable 



of reflecting the effect of constraint observed fkom the SENT test, this ernpiricd solution 

provides good agreement with the test results. 

4.2 Finite Element Analyses 

In order to investigate constraint effects on plastic collapse for SENT specimens in terms of 

continuum mechanics, finite elernent analyses were perfomd using the finite elernent 

program ABAQUS, version 5.5 (HKS, 1996). 

In order to investigate constraint effects, two and three-dimensional finite element analyses 

were performed. Large displacement analyses using incremental pIasticity were used based 

on the previous tensile test simulations. The net-section stress and the load h e  

displacement (the displacernent over a 55 mm gage length), were used to compare the 

global deformation of specimens and to facilitate cornparison with experimental results. 

4.2.1 Two-dimensional Analyses 

Two-dimensional plane stress or plane strain finite element analyses were performed on four 

crack geomevies with crack depths, a/t, of 0.2, 0.4, 0.6 or 0.8, to investigate in-plane 

constra.int effects on plastic cohpse. The basic mesh design was adapted fiom the fracture 

analysis conducted as a part of the numerical program on the same SENT specimens by the 

author (Choi, 1993). A detailed of the mesh for a crack depth, alt, of 0.2 is shown in Figure 

4.10. Three other crack depths are sho wn in Figure 4.1 1. Because of symmeay, only the 

upper-half plane was modelled. 



The model was designed to use eight node iso-pararnetric quadrilateral elements with 

reduced integration. A reduced integration scheme was used because it usually yields more 

accurate results and reduces running time (HKS, 1996; Barlow, 1976). Reduced integration 

also removes one degree of constraint, therefore preventing locking associated with fuUy 

developed plastic £iow. When the purposc of the andysis is to a n a l p  crack tip stresses and 

strains, a very high level of mesh rehernent is required (McMeeking and Parks. 1979). 

However. a plastic collapse analysis should be performed with iarger crack tip elements 

compared to a fiacture analysis in order to aliow more deformation on the way to plastic 

collapse. The fan mesh around the crack-tip (Figure 4.10) was designed with 16 x 8 

elements in this case. Since it is advisable to begin with a f i t e  radius at the crack-tip when 

the crack-tip is subject to high plasticity, the mesh was designed with an initial blunt notch 

radius to ligament length ratio of 0.01. During loading, the crack tips blunted to rriaximum 

openings between 10 and 15 times their undeformed openings so that the initial notch radius 

had no effect on the results. 

Traction free boundary conditions were applied on the fiee surfaces and the initially blunted 

crack surface, while the node at the crack tip was restrained to remah on the Line of 

symmetry dong with a i l  other nodes through the crack ligament. An evenly distributed 

displacement was appiied at the edge of the specimen to model k e d  grip loading 

conditions, which does not allow the specirnen to rotate. A schematic illustration of the 

boundary conditions is given in Figure 4.12. 

Out-of-plane Constraint Effects - Plane Strain vs Plane Stress 

Results for 2-D plane s a a h  and plane stress analyses are shown in Figures 4.13 and 4.14 

for 8.4 mm and 13.4 mm thickness specimens (a/? = 0.25), respectively. Resulting maximum 

net-section stresses are summarized in Tables 4.3 and 4.4. 



The maximum net-section stress obtained firom the plane stress analysis for the 8.4 r m  

thick materiai was 29% less than that of the plane saain analysis. The 13.4 mm thick 

material produced a 28% difference between plane strain and plane stress analyses. 

The maximum net-section stress based on the plane stress andysis was 12% less than that of 

the 2-D plane stress bar analysis (658 MPa, Section 4.1) for the 8.4 mm thick rnateriaL Thh 

difference was caused by the stress concentration at the crack-tip. Since the plane stress 

mode1 cannot produce a hydrostatic state of stress, which delays plastic flow with increasing 

net-section stress, the concentrateci stress at the crack-tip area accelerates plasticity 

developrnent nom the crack-tip area toward the back side of the specimen. Therefore. the 

specimen initiated necking under a lower net-section stress compared to the bar analysis. 

In-plane Constraint Effects 

The effect of in-plane constraint was investigated in ternis of the maximum net-section 

stress. In order to extend the investigation of in-plane constra.int. two more crack 

georneuies, alt = 0.1 and 0.9, were added to the set of 8.4 mm thickness spechns  

analyzed. The maximum net-section stress was normalized by dividing by the yield strength, 

and is plotted versus a/t in Figure 4.15 for both plane strain and plane stress analyses. The 

results for uncracked tensile spechns  are plotted using alt = O. No significant effect of 

crack depth was observed for alt fiom 0.2 to 0.8. 

For plane straÿi  analyses, the average maximum net-section stress obtained fiom 8.4 mm 

thickness specimens (818 MPa) was slightly (6%) higher than the maximum net-section 

(engineering) stress O btained fkom the 2-D plane strain tensile s p e c k n  analysis (77 1 MPa, 

Section 4.2). This difference was caused by the crack-tip which creates a severe stress 

concentration. As observed fiom the plane saain tensile specimen andysis, the presence of a 



tensiie hydrostatic stress suppresses the development of plastic strain, and results in a higher 

net-section stress. However, the difference was only 6% for this situation. 

As reported based on the fracture anaiysis of SENT specimens (Choi, 1993), there is a 

significant in-plane constraint effezt on the stress field around the crack-tip. A shdow 

crack SENT specimen, e.g., alt = 0.2, produces a lower crack-tip mess field compared with 

a deeply cracked SENT specimen, e.g., a/t = 0.8. nie difference is caused by the lack of in- 

plane constraint observed for a shallow crack, which results in less hydrostatic stress around 

the crack-tip. However, the difference in hydrostatic stress becomes negiigibie with 

increasing plasticity. Under the same net-section stress which creates a small amount of 

plasticity at the crack tip, the deeply cracked specimen (ait = 0.8) produces a higher 

hydrostatic stress field than the shailow cracked specknen (ait = 0.2) as seen by Figures 

4.16 and 4.17. With increasing plasticity, however, the ciifference becomes insignificant as 

shown in Figures 4.18 and 4.19. Therefore, the maximum net-section stress, which was 

rneasured after plasticity fuUy developed through the net-section, was not influenced by the 

difference in in-plane constraint. The contour plots of equivalent plastic strain at the 

maximum net-section stress for, alt = 0.2. 0.4, 0.6 and 0.8, are shown in Figures 4.20,4.21, 

4.22 and 4.23 respectively. For ail four cases, the contour h e  of 0.089 has reached the 

back side of the specimen, that is, plasticity is hIly developed through the net-section. After 

this point, the net-section produced more plastic strain without increasing net-section stress, 

and necking initiated fiom the back side of specirri-n as shown in Figure 4.23. The results 

are consistent with the tensile specimen using plane strain and plane stress analyses. The 2- 

D f i t e  elernent andysis based on von-Mises material behaviour did not show any effect on 

the maximum net-section stress with ait ranges varying nom 0.2 to 0.8. 



The Strain Hardening Effect - Plane Strain vs Plane Stress 

Three different materials with n values of 5, 20 and were used with the same mesh (8.4 

mm thickness specimen) to investigate the saah hardening effect on the maximum net- 

section stress. The true stress - m i e  strain curves were produced using the Ramkrg- 

Osgood equation with a yield strength of 540 MPa for a l l  cases. The resulting maximum 

net-section stresses are given by Figure 4.24 as a function of ait. 

For plane strain, no in-plane constraint effect on the maximum net-section stresses was 

observed for ah ranging nom 0.1 to 0.9. While the perfect plastic material gave the same 

maximum net-section stress as the tensile specimen analysis, the three other materials 

showed a srnall difference (5 - 6%) between the tensile specimen p h e  strain analyses and 

the SENT plane strain analyses. The presence of the crack-tip created a 5 - 6% higher 

maximum net-section stress than for a plane strain tensile specimen analysis using a strain 

hardening material, but the strain hardening rate had no effect on this difference. 

The fdure mechanism of the plane stress SENT specimen was different korn the plane 

strain specimen. Figures 4.25 - 4.28 present von-Mises stress contour plots at the maximum 

net-section stress for ail cases. For the perfectly plastic material (Figure 4.25) the maximum 

net-section stress occurred when the plastic zone covered the ligament line starting at the 

crack-tip. The crack-tip created a stress concentration which produced plastic stralli; this 

developed dong the ligament line with increasing load. The maximum net-section stress 

(466 MPa) was 14 96 less than for a plane smss tensile specirnen (540 MPa) due to this 

crack-tip effect. For a material with n = 5, however, a more highly concentrated Mises 

stress was evident around the crack-tip. Since the material hardens with kicreasing Ioad the 

crack-tip area produced more plastic strain with no spreading of the plastic zone dong the 



ligament line. As observed fkom the deforrned mesh (Figure 4.28). the crack-tip saw a very 

large saah  which stretched the structure in the loading direction. The stress required to 

sath@ eqwtibrium with the applied load was produced primarily in the crack-tip area. The 

applied load reached the maximum value when the plastic strain in the crack-tip area 

became equivalent to the strain necessary for the load increment. 

Cornparhg Figures 4.25 - 4.28, the amount of strain at the crack-tip increased with 

decreasing n value. The rnaterial with n = 5 continuously hardens with increasing strain. 

and thus produced more strain than for a material with a higher n value. For this reason, 

long and thin crack-tip elements were required to accommodate the large straùis in the 

loading direction. Deep crack geomeaies (a/t = 0.6 and 0.8) with relatively srnail size 

elernents at the crack-tip resulted in slightly higher maximum net-section stresses. However, 

the red 3-D structure will produce strain in the 3-direction resulting Ki shear-lips rather than 

stretching as observed fiom the plane stress andysis. Therefore, the increasing tendency 

O bserved fYom deep cracks using a rnaterial with n = 5 was ignored. 

A decreasing maximum net-section stress with increasing a/t was clearly observed for plane 

stress analyses for a/t ranging fiom O to 0.2. As rnentioned above, the crack-tip initiates 

plastic strain development for the plane stress SENT specimen. However, the area govemed 

by the high stress concentration for a shailow cracked specimen (i.e., alt = 0.1) is relatively 

srnaIl compared with a deeply cracked specimens, and thus the structure produced higher 

net-section stresses at the point of instability. The difference between a/t = O and alt = 0.1 

increases with decreasing n value. According to this failure rnechanism, a high strain 

hardening material requires more plastic strain before it develops dong the ligament iine. 

Therefore, the presence of the crack-tip easily lowered the load carrying capacity of the 

ligament area. This tendency was consistent for all cases. 



4.2.2 Three-dimensional Analyses 

In order to simulate the defomtion of SENT specimens, three-dimensional finite element 

analyses were perfomed with four crack geornetrïes, alt = 0.2, 0.4, 0.6 and 0.8. The widrh 

of the specimen was set to 25 mm. A q u m r  of the specirrien was modelled using four 

layers of 3-D elements based on the 2-D SENT specimen mesh shown in Figure 4.29. The 

number of elernents in the 1-2 plane was reduced to muiimise this problem size. The 

minimum nurnber of elernents was chosen based on a preliminary analysis to ver@ the 

optimal number of elements without comprornising accuracy. The mesh consisted of 20- 

node quadratic iso-parametric brick elements with reduced Gaussian integration (C3D20R). 

The crack-tip was kiitially blunted to aiiow fiee movement of the crack-tip with increasing 

strain similar to the 2-D analysis. Numerical methods and material properties were adapted 

from the 2-D SENT analysis. The loading and boundary conditions were consistent with the 

2-D analyses and the experiments (fixed grip displacement control). 

The relation between net-section stress and Ioad-line displacement for a 8.4 mm thickness 

specirnen with a/t = 0.8 is shown in Figure 4.30 dong with plane strain and plane stress 

analyses results. The maximum net-section stresses are surnmarized in Tables 4.3 and 4.4 

for the 8.4 and 13.4 mm thick specimens. 

The maximum net-section stresses are presented in Figure 4.31 versus alt. The results are 

bounded by the plane strain and plane stress analyses results, and were closer to the plane 

s w i n  analysis as expected since the specimen width was selected to simulate plane strain 

conditions. Shallow cracked specimens (ait = 0.2 and 0.4) produced lower maximum net- 

section stresses due to a reduction in out-of-plane constraint. With increasing alt ratio, the 

maximum net-section stresses approached the plane strain condition. 



While the 2-D plane strain analysis produced a h o a  the same maximum net-section stresses 

for all four crack geometries, the 3-D analysis showed an increasing maximum net-section 

stress with increasing alt ratio as mentioned above. The di&rence is ükely related to the 

size of the shear lips observed at the surface of the crack-tip. Contour plots of equivdent 

plastic saah  at the point of instability are given in Figures 4.32 and 4.33 for alt = 0.2 and 

a/t = 0.8, respectively for 8.4 mm thickness specirnens. For a/t = 0.2, the plastic strain 

spreads widely over the crack-tip surface area. For alt = 0.8, however, the area affected by 

the plane stress condition is srrÿtller. 

The Out-of-plane Constraint 

The effect of out-of-plane constraint was investigated by modelling various widths. Widths 

of 12.5, 6.25 or 50 mm were used for an 8.4 thickness specimen, and a width of 12.5 mm 

was used for a 13.4 mm thickness specirnen. Resulting maximum net-section stresses, 

normalized by dividing by the ultimate stress, are plotted versus Wlb in Figure 4.34. 

Specimens with a high value of Wlb produced maximum net-section stresses closer to the 

plane svain analysis, while specimens with a low value of Wlb had maximum net-section 

stresses approaching the plane stress analysis. Decreasing the width of the specimen will 

result in r h u m  net-section stresses close to the plane stress analysis which by dennition 

has no out-of-plane constraint. 

Only two points, for widths of 25 and 50 mm and alt = 0.2, deviated fiom this trend. As 

shown in Figure 4.35, the SENT specirnen with ali = 0.2 produced a signincant amount of 

suah  in the width direction (u3) as it approached maximum load. As expected. a3 

developed where the hydrostatic stress was absent. The resulting ~ 3 ,  which is zero in a 

plane strain analysis, lowers the maximum load by releasing extra strain to satisfy stress 

equilibrium SENT specirnens with alt = 0.8 produced little strain in the 3 direction as 



shown in Figure 4.36, and thus gave maximum net-section stresses close to the plane suain 

analysis. 

The effect of out-of-plane consaaint was examined based on strain hardening behaviour. 

Two additional values for n, 5 and w, were used with the 8.4 mm thickness s p e c b n  for 

two dinerent widths: 25 and 12.5 mm. The results are shown in Figure 4.37. The material 

with more strain hardening gave higher maximum net-section stresses with increasing Wlb. 

For the elastic-pedectly plastic material (n = OO), maximum net-section stresses were close 

to the plane strain analysis. As rnentioned in the discussion of the 2-D SENT analysis, the 

plane stress condition produced high plastic strain emanating fkom the crack-tip due to the 

stress concentration. For a materiai with n = W, as soon as the crack-tip area yielded, the 

plastic strain started to spread dong the ligament line without any resistance until it reached 

the back side of the specimen. This behaviour is not realistic unless the structure is 

vanishingly thin. Widths of 12.5 or 25 mm were thus sufficient to simulate plane saah  

conditions for n = a. The suain hardening material generated more plastic saain at the 

crack-tip area before the plastic strain spread dong the ligament h e .  The structure 

produced more strain in the 3-direction near the crack-tip surface area, that is, larger shear 

lips, and thus the maximum net-section stress deviated fiom the p h e  strain analysis as 

shown in Figure 4.37. 

4.2.3 Microstructure Based Finite Element Analysis 

Microstructurai characteristics of our material obsemed in Chapter 3 were applied in the 

SENT analyses. The same rneshes as were used for the isotropie analysis were used here. 

Microsmcture based h i t e  elernent analyses were performed in three stages. First, 

inhomogeniety in the thickness direction was modeIied using different tnie stress - m e  

strain curves for the surface and the rnid-section. Second, onhotropic characteristics 



O bserved in the tende tests were modelled using Hiii's anisotropic yield function. Last, the 

two modek were combined. 

Three dinerent true stress - mie strain c w e s  (Figures 3.23 and 3.24), obtained kom tensile 

testing, were used for the rnid-section, inside surface and outside surface. The thickness of 

the surfaces was set to 20% of the specimn thickness in accordance with the tensile test 

configurations. The crack was placed on the outside surface to remain consistent with the 

SENT experirnents. The 3-D rnesh used for this analysis is given in Figure 4.38. The 

resulting maximum net-section stresses are plotted in Figure 4.39 for both 8.4 and 13.4 mm 

thickness specimens dong with isotropic analysis results. Since the rnid-section material had 

a lo wer strength than the surface in the ligament area, the maximum net-section stresses 

from deep crack specirnens were higher than those fkom isotropic analyses. 

On the basis of previous analyses, oxthotropic characteristics of the material were modeued 

using Hill's stress function with an R33 value of 0.93 for the 8.4 mm thickness specirnen and 

0.87 for the 13.4 mm thickness spechn .  Due to the change in the orientation of the 

Cartesian CO-ordinates, this R value was assigned to the 1 direction (Figure 4.38). The 

results are shown in Figure 4.40 cornpared with the isotropic analysis results. Since there is 

a weakness in the 1 direction, the presence of 0 1 1  reduced the maximum net-section stresses 

for all crack geometries. Deep cracked geornetries produced Iower maxirnum net-section 

stresses, because the area govemed by 011 was relatively large compared with shallow 

cracked specirnens. 

The micro structure based analysis was coqleteci by combining the inhomogeniety and 

ortho tropic characteris tics. The resulting maximum net-section stresses are given in Figure 

4.41. For 8.4 mm thickness specimens, the resulting maximum stresses fiom a l i  four crack 

geometries were slightly lower than the 3-D isotropic analyses. Even the deepest crack 



geometry (ah = 0.8), which has a higher tensile strength over the ligament than the full- 

thickness materiai, produced a 2% lower maximum net-section sîress than the 3-D isotropic 

analysis due to the orthotropic characteristics For 13.4 mm thickness specimens, the same 

trend was obsemed. The deepest crack geometry ( d t  = 0.8) produced a 5% lower 

maximum net-section stress than the corresponding 3-D isotropic analysis. Slightly lower (3 

-5%) maxknum net-section stresses were observed for dl crack geome-. 

The variation of net-section stress with Ioad line displacernent based on a 55 mm 

extensometer is plotted in Figures 4.42 (8.4 mm thickness) and 4.43 (13.4 mm thickness) 

for various crack geornetries. Maximum net-section sasses resulthg from the 

micros tmcture based finite element analyses gave increasing maximum net-section stress 

with increasing aft, but this effect was less signifcant than the experirnents. 

4.2.4 Cornparison with Experimental ResuIts 

In order to ver@ the nnite element anaiysis, the results were compared with the test data. 

Two and 3-D h i t e  element analysis results are compared with experimental results in 

Figures 4.44 for a 8.4 mm thickness specimen with a/t = 0.6. The net-section saess is 

plotted versus 55 mm displacement. Experimental data with extraordinary scatter were 

excluded as previously discussed. 

Figure 4.45 shows finite element analysis results for alt = 0.8 for the 8.4 mm thickness 

specimen in cornparison with test results with alt values higher than 0.7. Both specimens 

resulted in higher net-section stresses than the plane strain analysis. The curve for E3 (al? = 

0.732) was close to the curve fkom the plane strain andysis with lower alt ratios. E6 (alt = 

0.778) showed higher net-section stresses than those of the plane strain analysis. 



Maximum net-section stresses fkom the SENT experiments are plotted versus Wlb in Figure 

4.46 dong with finite element analysis results. Both the isotropic and microstructure-bascd 

finite element analyses are presented. The maximum net-section stress was non- 

dimensionalized by dividing by the dtimate stress for each materid The ulf ratio is 

indicated above each data point. The experimntal data show an obvious increasing 

tendency of maximum net-section stress with increashg W/&. Most test data produced for 

alt ranging fiom 0.2 to 0.6 were close to the rnicrostmcture based finite element andysis 

results. Most data points fkom shallow crack specimens are below the 2-D plane suain 

analysis, while deep cracked specirnens (al? 5 0.6) produced much higher maximum net- 

section stresses. This implies that the deep cracked specimen. which has high in-plane 

constraint, produced higher maximum net-section stresses with a mechanism which was not 

modelled with the present nnite element analysis. 

4.3 Summary 

On the basis of the SENT analyses, the followings observations were made. 

Based on the experimental results, the traditional limit load denved kom the analytical 

solution was too conservative for al1 crack CO nfigurations, especially for deep crack 

specimens with a/t over 0.6. 

The experimentally determined maximum net-section stress increased with increasing 

att. Three-dimensional fhite element analyses were used to assess the role of strength 

differences mgher strength at the surface) and orthotropic characteristics on th& 

behaviour. In spite of higher strength material in the ligament area, the 3-D 

microstructural based finite element analyses produced lower maximum net-section 

stresses than those of 3-D isotropic analyses due to the weakness in the thickness 



direction. While these micro structurai based analyses were in good agreement with test 

results for shaiiow crack geometries (alt less than 0.6), they gave Iower results than the 

experirnents for deeply cracked geornetries. This suggests that the change in in-plane 

constraint affects the plastic collapse load for SENT specirnens in a manner which can 

not be simulated with a von Mises yield criteria 



Chapter 5 

Wide Plates 

The plastic collapse of d e  plates with various crack configurations was analysed both 

nmricically and experimentally. An extensive series of d e  plate specimens cut fiom Grade 483 

Linepipe material were tested by Lambert (1993), and used herein to investigate plastic collapse 

behaviour. Based on the crack configurations for these wide plate specirnens, extensive finite 

element analyses were completed The finite elemnt analyses used both isotropie and 

microsmictural based material models. 

5.1 Test Results 

A series of wide plate speckns subjected to tension with fixed end @ps were tested by 

Lambert (1993). Table 5.1 surrnriarises the configurations of the wide plates tested. SpecimD,ns 

were cut £kom both 8.4 and 13.4 m thick pipe. Lambert (1993) tested spenrriens fkom both 

parent plate and welded specknens, but only specimns cut from parent plate were used in the 

present analysis. For the 8.4 r m  thkkness specimens, widths of 150 or 280 mm were used. 

Figure 2.1 1 illustrates these wide phte Specmen configurations. For the 13.4 rmn thiclaiess 

specimens, only 150 mm wide specimns were tested due to capacity limitations of the test rig. 



For al1 speckns, artificial surface defects were introduced into the outside surface using a 

s l i t ~ g  saw. The initial dekts were extended to a semi-eIliptic shape under htigue loading. Ali 

cracks were introduced in the circumferential k t i o n  of the pipe. and the tensile load was 

appïed dong the longitudinal axis of the pipa These configurations were consistent with the 

SENT specimm discussed in chapter 4. 

Loading was applied under displacenient conwl ushg an LVDT mounted directly to the 

s p e c k n  grips. Two clip gages were used A 3 mm clip gage was rnounted across the crack 

rnouth to monitor the crack rnouth opening displacerrient, and a 52 mm clip gage was mounted 

on the opposite side (inside the pipe) to m u r e  local displacemnt. 

5.1.1 General Observations 

No significant stable crack growth prior to the global plastic coUapse was O bsewed in any of the 

speckns. That is, none of the speciniens faid by ductile fkacture More plastic coiiapse 

occurred. Even with a long and deep crack m3). which has the highest constraht, the 

maximum net-section stress was p a t e r  than the flow smss. For most of the specimens tested, 

breakhrough of the surface crack occurred after the s p e c h n  reached maximum load Only 

W3 showed ligmnt breakthrough before global plastic collapse o c c d  However, the 

ciifference in net-section stresses for l i g m n t  breakthrough and plastic cohpse was less than 

0.2%. Before global plastic collapse, local necking nom the back side of the l igmnt  occurred in 

a rnanner similar to the SENT speciniens. Local necking was restricted to the liganient, prior to 

the point at which global nechg initiated. Like the SENT specimns, the ttactured surfaces at 

the crack ligament were srnooth and at an angle. The test results are surnmarised in Tables 5.1 

and 5.2. 



The net-section stress at MUR ranged fiom 601 to 708 MPa for the 8.4 mm thkk specirriens, 

and 60 1 to 689 MPa for the 13.4 m thick Specyrens, r e s u l ~ g  in about a 23% variation for 

each case. Except for WPQ3, which had a long, deep crack, the maximum net-çection stresses 

exceeded the conwponding flow stresses, which were 609 and 569 MPa for 8.4 and 13.4 mm 

thkk rnaterials, respectively. This M e r  indicates that the mode of failure was by plastic 

collapse. 

5.1.2 Comparisons with Standard Solutions 

nie  test results were cornpared with three standard plastic collapse solutions, PD6493:1980, 

CEGB/R6 and net-section yielding (PD6493:1991), in Figures 5.1 and 5.2 in terms of the safety 

factor. The safety factor was calculated by dividing the expehntal results by the comsponding 

plastic collapse solutions based on the flow stress. The results are plotted versus alt and dW in 

Figures 5.1 and 5.2, respectively. The PD 6493: 1980 solution is overly-conservative and 

inconsistent. The safety factor ranges fiom 1.59 to 4.27 (man of 2.36 and standard deviation of 

0.747). This gives a maximum relaiive clifference of 168%. This solution gives excessively high 

safety factors for deep cracked specimns as shown in Figure 5.1. The CEGB/R6 (1988) 

solution provides less scatter with the safety factor ranging nom 1.30 to 1.72 ( r m  of 1.47 and 

standard deviation of 0.13) with a maximum relative dBerenœ of 32%. Higher safety factors 

were observed for larger cracks, ie., specirrens WP3, WF4 and XP3. The net-section yielding 

solution (PD 6493: 199 1) gives the best prediction. The safety factor ranges between 0.99 and 

1.21 (man of 1 .O8 and standard deviation of O . W ) ,  givhg a 23 % maximum dinerenœ. 

The maximm safety factor for the WP series was for WP8, which contained the srrallest crack. 

This trend was obvious for rnost of the WP serks results. The s a m  trend was observed with the 

XP series except for specirrien W 1. Specinien XP 1 contained a comparatively short (width) and 

deep crack, and gave a very high safety factor. Since the net-section yielding solution has 



proven to be the bea for these tests, the results will be discussed in ternis of the net-section 

stress in the fonowing. 

5.13 Maximum Net-section Stress and Constraint 

The 23% difkrence in maximum net-section stresses for various cmck georrietnes c m  be 

explaineci in ternir of consaaint at the Iigamnt. Figures 5.3 and 5.4 show the resdting maximum 

net-section stresses versus alt or dW, respectively. Increasing either a/t or CW decreases the 

maximum net-section stress. This niipiies that the maximum net-section saess is inversely related 

to constraint at the ligarrient. 

For the SENT specimens, the opposite effwt was observed. This di.fferent trend is expected as 

the behaviour of an edge crack is di&rent nom a surface crack. Increasing the crack depth for 

an SENT specimrn linearly increases the net-section stress on the l i g m n t  under rernote tension. 

Ho wever, increasing the crack depth for a s d  surface crack does not provide a hear inmase 

in the net-section smss at the ligarrient. Since the crack is srnaU compared to the fidl plate width. 

the increase in crack depth changes the overalI net-section area by only a s d  arnount. 

However, the local crack l igmnt  experiences a larger increase in net-section s m s s  due to the 

stress concentration. For this m o n ,  wide plate specirriens with a high consaaint crack reach 

ligament instability at a lower net-section smss than for a low consaaint crack. In order to 

investigate the effect of crack g e o m q  on plastic collapse, extensive h i t e  elemnt analyses 

were p e r f o d  



5.2 Finite Element Analyses 

Three-dimensional finite element analyses were performed to provide a cornparison with 

exper-nts. AU specimens tested were modekd for direct cornparison. A quarter of a wide 

plate specimen CO nt aining a serni-ellip tic surface crack was modeiIed using 20-noded 

isopararnetric 3-D solid elernents with reduced integration as shown in Figure 5.5. The 

crack tip was modeued in a similar way to the SENT specimen and transformeci dong the 

crack line as shown in Figure 5.6. A fked end grip condition was applied with displacernent 

loading. The same program options as used for the 3-D SENT analyses were used. 

5.2.1 Cornparison to Test Results 

The resulting maximum net-section stresses for ai i  specirnens are plotted versus alt and c/W 

in Figures 5.7 and 5.8 dong with the test results. The maximum net-section stress was 

nomialised by dividing by the ultimate stress, since this mode1 assumes ligament necking as 

the plastic collapse criterion. Except for long cracks, Le., WQP3 and WQP4, the maximum 

net-section stresses were higher than the ultimate stress. n i e  predicted maximum net- 

section stresses were close to the test results for most short crack specimens (dW < 0.2). 

The results for long and deep crack specimens were higher than the test results. 

Figure 5.9 shows contour plots of equivalent plastic strain at the maximum load for WP8, 

which had the srnailest crack. Plastic strain was weii developed dong the entire net-section. 

This global plastic strain reached 0.09, which was the value used as the plastic collapse 

criteria in both tensile and SENT specimen analyses. This iniplies that the r&um load 

was obtained at global plastic collapse. As compared in Figures 5.10 and 5.1 1, the plastic 

strain in the crack ligament was not very dinerent n o m  the global plastic strain. The 



resulting maximum net-section stress was slightly higher than the ultimate stress due to the 

hydrostatic stress at the ligarnent. The same trend was observed for WW, WP10, WP5 and 

WP9, 

Figure 5.12 shows contour plots of equivaient pht ic  strain for WP4, which had a short and 

deep crack. The plastic strain along the maximum shear stress plane was less than 0.09 at 

maximum load, and the strain was concentrated in the crack ligarnent. The plastic straui 

produced in the ligament was very high and elernents along the crack fiont were excessively 

deformed as shown in Figure 5.12. In this case, the applied load was offset by plastic strain 

around the crack-tip, and the maximum load was obtained before the plastic strain dong the 

maximum shear stress plane reached 0.09. The maximum net-section stress was slightly 

higher than the ultirnate stress. However, deformation in the ligament area at that load was 

unrealistically high, indicating possible ligament collapse. 

For long crack specirnens, i.e., WQ3, the sarne failure rnechanism as WP4 was observed. 

The plastic strain in the crack-tip area was very high and failwe occurred before the global 

plastic strain reached 0.09. The resulting maximum net-section stress was less than the 

ultirnate stress due to the extensive plastic strain along the long crack Ligament. However, 

plastic strain in the ligament at maximum load was excessively high. Due to the excessive 

plastic strain in the ligament area at maximum load, failure was considered to have occurred 

pnor to global cobpse. For this reason, a ligament necking condition was inûoduced as the 

fdure criteria. Failure was assumed when the plastic strain at the deepest point of the crack 

ligament reached 0.09, as in the SENT analysis. This assumption is consistent, since the 

failure mode in the crack ligarnent of wide plate specimens was sîmilar to that in SENT 

specimens. 



Figures 5.11, 5.12 and 5.13 present contour plots of equivalent plastic strain at ligament 

necking for WP8, WP4 and WQP3, respectively. The most highly constrained specimen, 

WQP3, produced the smallest arnount of global plastic snain when the ligament reached the 

point of necking. The resuiting net-section stresses at ligament necking are plotted versus 

alt and dW in Figures 5.14 and 5.15, respectively, dong with the test results. The maximum 

net-section stresses using the ligamnt necking fdure criteria were much closer to the test 

results than were global plastic coiiapse. The difference between global plastic collapse and 

Ligament necking was srnaller for shaiiow and short crack geometries. The merence was 

larger for more highly constrained specimens. Except for Dl, which resulted in an 

extraordinariIy high maximum net-section stress in the test, resulting ligament necking 

stresses were very close to the test results, including long crack geometries. For short 

cracks, the iigament necking stresses were slightly lower than test results. While specimens 

WP7 and WP8 showed increasing maximum net-section stress with decreasing crack length 

kom the tests, both ligament necking and global plastic coliapse predictions fiom finite 

element analyses approached the ultimate stress. It is expected that the finite elernent 

analyses wilI predict failure at the u l t h t e  stress when the crack ske approaches zero. 

Excluding XP1, a maximum difference of 6% between the test and the ligament necking 

prediction was observed fiom WP8. The average ratio between the test results and ligament 

necking prediction was 1.008 with standard deviation of 0.02. The niaximum value was 

1.057 and the minimum value was 0.99. 

5.2.2 Microstructure Based Finite Element Analyses 

A microstructure based finite elernent anaiysis was perfomd. Differences in strength in the 

thickness direction were modelled using different tme stress - tme seah curves for the 

rnid-section and the surfaces. The rnesh was designeci with two hyers of 3-D solid elements 

at each surface, which covers 20% of whoIe thickness at each side, to accommodate the 



different material properties in the thickness direction. The same R values as were used in 

the SENT analyses were appfied in the thickness direction to mode1 the onhotropic 

characteristics. These two analyses were combined to produce a microstructure based 

analysis. The same program options used for the SENT analyses were used. 

The resulting maximum net-section stresses are plotted versus alt in Figure 5.16. The 

maximum net-section stresses were slightly lower than tho se for isotropic, homogeneo us 

analyses for ail WP and XP series. However, the dinerence was less than 2%. The ligament 

necking stress is given in Figure 5.17. The results were also slightly lower than the isotropic 

homogeneous analysis results, with a dinerence of 1-2%. The maximum diffeience was 

observed in long and deep crack geomtries, Le., WPQ3 and WPQ4, as expected. 

Since there was no significant difference between the microstructure based analyses and the 

isotropic homogeneous analyses, subsequent finte element analyses were performed based 

on isotropic homogeneous material modeL 

5.3 Plastic Collapse Solution for Wide Plates 

Based on a successful cornparison with experiment, the ligament necking cnterion was used 

in the analysis of a wide range of crack geornetries in order to develop a plastic coilapse 

solution for wide plates. The analysis matrix is summarised in Table 5.3. 

Based on these finite elernent analyses, a plastic coliapse solution for surface cracked wide 

plates is proposed in the follo wing f o m  



where is material ultimate strength and f," is a crack geornetry correction factor. 

Equation (5.1) &es the plastic collapse solution in terms of the nominal stress. This 

geornetry correction factor represents the effect of crack geometry on ligament necking, and 

is a function of three parameters, o/t, c/W and W/t. Therefore, it is more general than the 

CEGB/R6 solution which considers only the immediate crack area. 

The geomeay correction factors for three dinerent W/t values are shown in Figures 5.18 to 

5.20. The equivaient geometry correction factors O btained fkom the CEGB/R6 plastic 

collapse solution are presented using open symbols. The plastic couapse solution is sensitive 

to all three parameters: a/tj dW and W/t. The CEGB/R6 solution, by cornparison, was no t 

as sensitive to the specsc crack geometry. 

Figure 5.21 shows safety factors obtained for the test data. Safety factors were calcuiated 

by dividing the maximum stresses nom the test by the corresponding plastic coUapse 

predictions. The solid circles represent the proposed plastic collapse solution represented by 

equation (5.1). In caiculating the geornetry correction factor for a given geometry, linear 

interpolation was used between available finite element analysis data. For the validation of 

equation (5.1), the corresponding solutions for each geornetry were not used. The results 

show very good agreement with the experknental data and significant improvement over the 

CEGB/R6 analysis. Since the ligament necking instabüity mode1 was successful in the 

prediction of plastic coUapse of surface defects, the same procedures were used in the 

analysis of pipes as discussed in the next chapter. 



5.4 Summary 

As a result of extensive experiments and nnite element analyses on wide plate spechns,  

the followings conclusions cm be drawn: 

A senes of wide plate experiments showed a s w n g  dependency of failure load on crack 

geometry. Short and shdow crack g e o d e s  produced higher maximum net-section 

stresses, while long and deep crack geomemes resulted in Iower maximum net-section 

stresses. 

The maximum net-section stresses at failure predicted using isotropic homogeneous 

finite element analyses were close to the material ultimate stress with no sigmficant 

dependence on crack geometry. However, the ligament necking stress, developed as 

the plastic collapse criterion kom SENT analyses, provided better agreement with test 

results for wide plates. 

Microstructure based finite element analyçes resulted in insignifcant differences 

compared with isotropic homogeneous analyses. 

A plastic collapse solution for wide plates was introduced in ternis of a geometry 

correction factor based on extensive f i t e  element analyses. This plastic cohpse 

solution gives higher net-section stresses for short crack geornetnes, and Iower net- 

section stresses for long and deep crack geometries compared to currently available 

net-sectio n yielding solutions. This solution &O predicts higher net-sectio n stresses for 

long and shaiiow crack geometries. The geometry factor in the present plastic collapse 

solution reflects the effect of crack geornetry on ligament necking, and is a function of 



alt, clW and Wlt. This solution provided the best prediction in cornparison wirh 

experimental data a with rriaximum difference of 6%. The net-section yielding solution, 

which gives the best prediction arnong currentiy available plastic coiïapse solutions, 

produced a maximum difference of 23 %. 

The ligament necking cntenon, having b e n  validated using wide plate specirnens, wili 

be applied to full pipes in the next chapter. 



Chapter 6 

Pipelines 

The plastic collapse of pipelines subject to remote bending was investigated by performing 

extensive finite elemnt analyses. This resulted in a plastic coilapse solution for surface defects in 

full pipes which was ver&d ushg fidl pipe test data (Coote et aL, 198 1). 

6.1 Review of Full Pipe Test Results 

The N1 pipe test results sumrrarized by Coote et aL (1981) were reviewed using curent plastic 

collapse solutions presented in Chapter 2 to produce Table 6.1. For each solution, the safety 

factor was calculated by dividing the faiiure m e s s  by the corresponding plastic cobpse solution. 

In order to investigate the effect of constraint, safety factors obtained nom each solution based 

on the material flow stress were plotted against ~ / t  and 2c/(ld)) in Figures 6.1 through 6.8. At 

each data point, the material flow stress and the second p m t e r  (a/t or 2cl(f l)) an shown. In 

these analyses, through crack geomtries were excluded. 

Both PD6493: 1991 and CEGB/R6 (1988) recomnd the net-section coliapse solution (Miller, 

1988). The net-section collapse solution (Chapter 2) gives safkty factors ranghg nom 0.76 to 



1.28 ( r m  = 1.03, standard deviation = 0.150). As shown in Figure 6.1, no clear dependency on 

ait was observe& Figure 6.2 shows a weak dependency on d c / ( f l ) .  Short cracks (smd c) 

provided higher safkty Factors and long cracks produced slightly lower safety factors. Shon 

crack geomtries produced s&ty fâctors over 1.0 for most cases. Long and deep mck 

geornetries resulted in much lower safety factors than for ail short crack geomtries. 

Willoughbfs (1982) solution gives s h k  scatter, with saféty factors mghg fiorn 0.903 to 

1.343 (triean = 1.143, standard deviation = 0.128) as shown in Figures 6.3 and 6.4. The results 

show a slight increase in s&ty factor with increasing ait. Short, deep cracks provided higher 

safêty fanors cornpared with long, deep cracks. Long, sMow cracks produced safety factors 

p a t e r  than 1 .O. 

Application of CSA 2622 (1994) was conservative for all cases as shown in Figure 6.5 and 6.6. 

This is expected since this procedure was developed using this data set and has a built-in factor 

of 2.0 on defect depth and 2.5 on defect length. The safety factor inmases slightly as both alt 

and 2c/(&) inmase (man = 1.41 1, standard deviation = 0.194). Predictions with the actual 

crack dkrensions and with the internai factors of safety removed are presented in Figures 6.7 and 

6.8. The resuiting safety factors range fiom 0.917 to 1.444 (mean = 1.214, standard devhtion = 

0.156). This solution shows a similar trend as the two previous solutions. Higher safety factors 

were observed for most shorter mcks  and long, shallow cracks compared with long, deep 

cracks. 

6.2 Finite Element Analyses 

A pipe subject to rernote bending was rnodelled with 3-D soiid elernents as shown in Figure 6.9. 

Due to symretry, a quarter of the s p e c k n  was used. The crack-@ a m  (Figure 6.10) was 

modelied in a s i m k  manner to the 3-D wide plate mesh. The mesh was designed with 987 to 



1485 3-D solid ekmnts. The boundary condirions are Jlusîraîed in Figure 6.11. Remote 

bending at the end opposite to the crack was dispiacemnt controIled At the line of synnietry, 

on the side opposite the crack, one half of the pipe circtm6erenœ were f .  to approxirriate the 

expehntal support conditions. The sanie program options that used for 3-D wide plate 

analyses were used here. Based on the results of the wide plate andyses, three pararrieters, dt, 

ZcJ(*) and RJt. were considered in the analysîs mtrk Since the bending momnt produces 

tension stress on the upper half of the pipe, Zc/(fi) was chosen. Fkite elemnt analyses were 

p e r f o d  for total of 60 various crack geomtries as summarised in Tabk 6.2. 

Plastic coliapse behaviour was observed to foUow two different mhanisrns. For shaow cracks 

( s d  a), plastic coUapse occurred on the compression side prior to ligarrient necking. The 

resulting maximum stress was much higher than the ultjmate stress. Deeper cracks produced 

high in the ligamnt, and ligamnt necking occumd before the pipe reached compression 

fdure. In these cases, stress at ligamnt necking was lower than for shallow cracks. 

6.2.1 A Plastic Collapse Solution for Pipeline Circumferential Surface 

Defects 

Based on extensive finite elernent anaiyses, a plastic cokpse solution for pipeline circumfemtial 

surface defects is introduced in the foiiowing f o m  

where criiit is the material ultimate strength andfiFp is a geornetry correction factor for pipes. 

Equation (6.1) gives the plastic coUapse solution in ternis of nominal stress for a plain pipe 

with the geornetry correction factor reflecting the effect of crack geometry on plastic 



collapse. Whiie the geometry correction factor for the CEGB/R6 plastic cobpse solution is 

kno wn to be unconservative, th3  geometry comec tion factor fully reflects the physical 

behaviour of pipeline defects. This solution is similar in form to the wide plate plastic 

cohpse solution presented in chapter 5 (equation (5.1)). 

The resulting geornetry correction factors for four dinerent Rlt values are shown in Figures 

6.12 to 6.15 dong with the quivalent CEGB/R6 geometry factors (open syrnbols). As can 

be seen Born the figures, the geomefry correction factor is not sensitive to crack length for 

some shallow crack geornetries. However, with increasing crack depth. long cracks 

produced much lower values. The geometry correction factor was consistently high for ali 

short crack geometries. The effect of the three different parameters is significant as shown 

in Figures 6.12 to 6.15. Geomeaies with Rit = 90.71 showed no sign of ligament necking, 

and al1 failed at the maximum load. Geometries with R/r = 11.34 failed by ligament necking 

for most cases except for the smaüest cracks. The quivalent geomtry correction factors for 

CEGBR6 were inconsistent. They were lower for shon cracks and higher for deep and long 

cracks than the proposed solution. 

6.2.2 Cornparison with Test Results 

The proposed plastic coUapse solution was applied to the full pipe test data presented by 

Coote et ai. (1981). The safety factors are shown in Figure 6.16, c o q a r e d  with CEGB/R6 

and CSA 2622 solutions. Since the materiai u l t h t e  strength was not available for the 

tested materiai, the uhimate strength in equation (6.1) was replaced with the material flow 

stress. The geometry correction factors were calculated by using linear interpolation 

between available h i t e  element data. The present solution resulted in a m a n  safety factor 

of 0.96 with a standard deviation of 0.148, better than both the CEGB/R6 and the CSA 



2622 solutions which had man values of 1.022 and 1.216, and standard deviations of 0.166 

and O. 162, respectively. 

While the safety factors for most short cracks were higher than 1, those for long crack 

geornetries were lower than 1 for most cases. The reason for such low safety factors for 

long cracks may be due to welds in aU test specimens. Since the present plastic collapse 

solution assumes ligament necking when the s a  at the ligament back face reached the 

necking srnain of the parent materhi, it may be unconservative for weld material which is 

usualiy l e s  ductile than the parent material. This, however. does not explain why only long 

cracks are a problem 

6.23 A Plastic CoIIapse Solution for Pipeline Girth Weld Defects 

The present solution was not conservative in assessing long cracks. For this reason, an 

empiricai correction was applied to the crack depth by rnultiplying the depth by 2. The 

material flow stress was also replaced with the material yield strength. The resulting safety 

factors are shown in Figure 6.17 dong with the CSA 2622 and the CEGB/R6 solutions. 

The CSA 2622 plastic cokpse solution uses a factor of safety of 2 for crack depth and 2.5 

for crack length. 

The result shows a sipnincant improvement for long crack geometries without a 

corresponding increase in safety factor for short cracks. nie resulting safety factor was 

therefore consistent for all crack geornetries. The present solution reflects the physical 

behaviour of surface defects in fuil pipes, but more work is required to detemiine why this 

cornction to depth was necessary. 



6.3 Summary 

The following observations can be made based on the full pipe analyses: 

Full pipe test data (Coote et. aL, 1981) showed a strong dependency on crack geomeay. 

Short, shallow cracks produced higher failure stresses than long, deep cracks. Long, 

shallow cracks resulted in higher failure stresses than long. deep cracks. A s W  trend 

was O bserved in previous wide plates analyses. 

A plastic collapse solution for a pipeline surface defect was introduced with a geometry 

correction factor based on extensive 3-D fidl pipe finite element analyses. A Total of 60 

cases were analysed, and correspondhg geornetry correction factors were tabulated as a 

function of ah, 2c/(d) and Rlt. 

A plastic coiiapse solution for pipeline girth weld defects was proposed by applying a 

factor of 2 to the crack depth. The results showed a consistent level of conservatisrn for 

aii crack geometries. The present solution provides good agreement with the full pipe 

test data bv Coote et aL f 198 1). and reflects the ~hvsical behaviour of surface defects. 



Chapter 7 

Conclusions and 

Recommendations 
This work was undertaken to gain on understanding of plastic coUapse behaviou. of 

circumferential defects in pipes in bending. An extensive program combining analytical, 

experimental and nurnencal study was performed. Tende specirnens, single edge notch 

tension specimens, wide plate specimens and full pipes were thoroughly investigated. 

Conclusions 

A ligament failure cnterion was developed based on the necking rnechanisrn in a tende 

specimen. This method was consistent for cracked specimens and component 

geornetries and offered improvements over available procedures. 

An extensive microstructural investigation was perfomied On typical Grade 483 

pipeline steels. The difference in smngth between the surfaces and the mid-section was 



observed, and quantiticxi in ternis of correspondhg stress-strain curves for dinerent 

sections. Also, orthotropic characteristics due to the rolling process were analysed by 

applying Hill's stress function. While the inhomogeneity in the thickness direction 

resulted in higher plastic coilapse loads than for isotropîc homogeneous analyses, the 

onho tropic c haracteristics Io wered plastic collapse loads due to the weakness involved 

in the thickness direction. The combined microstructural based analyses produced 

slightly lower plastic collapse loads for SENT and wide plate specimens. However, the 

ciifference was not significant for wide plates. 

Two different failure modes were observed in wide plate specimens, net-section 

coilapse and ligament cohpse. Net-section cobpse was observed for wide plates 

having a srnall crack, and ligament cohpse was observed for relatively larger cracks. 

For the geornetrïes involved in the current f i t e  elernent analyses, net-section coUapse 

was observed for alr ,< 0.25 and clW 5 0.125. 

The ligament failure criteria provide excellent predictions of ligament collapse for wide 

plate specimens. The predictions were within 7% of available experimental data. The 

best available plastic coiiapse solution was net-section yielding, which gave estimates 

within 23% of the same experimental results. Therefore, extensive finite elernent 

analyses of wide plates were performed to produce a plastic collapse solution which 

was presented in ternis of an empirical geometry correction factor. 

Three-dimensional full pipe finite element analyses with various crack geometries were 

performed with remote bending boundary conditions. For shaiiow or short crack 

geometries, plastic cohpse was observed fiom the compressed section indicating 

global coUapse due to compression. Ligamcnt failure w a  observed for long and deep 

crack geometries pnor to global collapse. A total of 60 different geomeiries were 



analysed to produce a plastic coihpse solution which was sirrDlar to the plastic coliapse 

solution proposed for wide plates. 

A modifiai plastic coiiapse solution for pipeline girthweld defects was proposed by 

applying a factor of 2 to the crack depth. The results showed good agreement with 

experimental data and provided a consistent level of conservatism for a l l  crack 

geometries. 

Recommendations 

The proposed plastic coliapse solution in welds showed good agreement with the full 

pipe experimental data (Coote et ai., 1981). However, it is necessary to examine the 

effect of weld mtal properties, especially weld mismatch. 

The finite element analyses for full pipes were restricted to 60 geornetries with a single 

stress - suain curve. A database of the geometry correction factors for various crack 

geomemes and various material properties is required. 

This research has dedt exclusively with surface cracks. Conventional limit load analyses 

give similar results for embedded defects. but experimental evidence suggests they are 

much better. This effect shodd be examined with the proposed method. 

The proposed method is applicable to examine interaction effects for adjacent defects 

which are difficult to m e s s  by conventional limt loads. This should be done. 
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Tables 



CCP 

SENT 

SENB 

Table 2.1 SENB test results by Faucher et ai. (1992). 



%an (SI = 53.200 [mm] 
nu = 0.3 
rp = 0.44 

Spon (S) = 53.360 (mm) Sy = 500 &Pa) 
nu = 0.3 E =  210000 [MPa) 
rp = 0.44 

Span (SI = 4û.720 (mm] Sy = 383 (MPal 
nu = 0.3 E =  20000C) IMPa) 
rp = 0.44 

W1 
W2 
W3 
W4 
W5 
W9 

II 

Table 2.2 SEM3 test results by Lambert (1993). 

(mm) 
13.08 
12.40 
13.34 
12.90 
13.39 
1 1.1 7 

(mm) 
13.70 
14.15 
13.74 
13.59 
13.58 
13.67 

(mm1 
6.63 
6-09 
6.87 
6.64 
6.60 
5.70 

0.51 
IN1 

13463.m 
0.49 
0.51 
0.51 
0.49 
0.51 

7619.671 
7379.705 
9035.980 
8055.930 
5276.780 



Tende Strength 

W a )  

Table 3.1 Minimum tende properties for Grade 483 (X70) pipeline steel (ASM 

Handbook, 1990b). 



Composition. Q 

Grade 

(a) Maximum content rnaybe subject to agreement by purchaser and manufacturer. 

(b) Maximums are 0.11% Nb. 0.1 1% V, 0.06% Ti. 0.001% B. and 0.020% (product analysis only) Ce. 

(c) 0.005% min Nb, 0.02% min V. or a combination thereof shaii be used at the discretion of the 

manufacturer. 

Compositions of Grade 483 pipeline steel (ASM Handbook, 1990b). Table 3.2 



8 -4 mm thickness pipe 

13.4 mm thickness pipe 

Surface 

Table 3.3 Grain size rneasured fiorn the Grade 483 pipeline steel (intercept rnethod). 

Table 3.4 Volume fkaction of second phase rneasured fiom the Grade 483 pipeline 

steel. 

Surface (0.02%) 

O. 107 

Surface (O. 1 t) 

0.103 8.4 mm thickness pipe 

Mid-section 

O. 110 

13.4 mm thickness pipe 

- - - - - - - pp - - - - - - 

O. 126 

- - - 

0.096 O. 102 



- - - -  

HARDNESS NUMBER 

AREA Outside 5% Middle 90% 

243.3 219.1 

19.2 13.2 

- - 

Average 

Deviation 

. 

AREA 
- - - - - - . - - 

Outside 10% 

Average 

Deviation 

Outside 20% 1 Middle 60% 

Average 

Deviation 

Table 3.5 Hardness numbers rneasured £rom 8.4 mm thickness pipe. 



HARDNESS NUMBER 

1 Deviation 

1 Average 

1 Deviation 

1 Average 

1 Deviation 

Outside 10% 1 Middle 80% 1 Inside-10% 1 Ovcr-all 

Outside 20% 1 ~ & l e  60% 1 Inside-20% 1 Over-ail 

Table 3.6 Hardness numbers rneasured fkom 13.4 mm thickness pipe. 



I 

AREA 

TENSILE STRENGTH (MPa) 

Outside 5% Middle 90% Inside-5% Over-aiI 

1 Average 

1 Deviation 

Average t-̂  
Outside 20% 1 Middle 60% 

Average I 1 Deviation 

Table 3.7 Converted tende strength for 8.4 mm thickness pipe. 



TENSILE STRENGTH (MPa) 

Converted tensile strength for 13.4 nun thickness pipe. 

AREA 

Average 

Deviation 

/Mn> 

AREA 

Average 

Deviation 

/MID 

AREA 
r 

Average 

Deviation 

/MID 
A 

Over-ail 

672.8 

31.6 

1.01 

Over-aU 

672.8 

31.6 

1.01 

Over-all 

672.8 

3 1.6 

1 .O3 

Inside-5% 

670.0 

121.8 

1-00 

Inside-10% 

687.3 

72.8 

1 .O4 

Inside-20% 

690.2 

41.1 

1 .O5 

Outside 5% 

740.0 

24.5 

1.11 

Outside 10% 

721.6 

23.9 

1.09 

Outside 20% 

Middle 90% 

668.4 

23.8 

1.00 

Middle 80% 

664.0 

22.6 

1 .O0 

Middle 60% 

705.6 

20.5 

1 .O8 

654.9 

20.4 

1 .O0 



Table 3.9 

D=5 mm 

outside 

inside 

Tende properties for 8.4 mm thickness pipe. 

Table 3.10 

5.0 

5.0 

5.0 

Index 

13.4~8 mm 

8x8 mm 

D = 8 m  

outside 

inside 

T'ensile properties for 13.4 mm thickness pipe. 

528 

583 

554 

5.0 

2.0 

2.0 

645 

713 

677 

wid th (mm) 

6.8 

8.3 

8.3 

5.4 

5.3 

t hickness(mm) 

13.5 

8.4 

8.3 

2.7 

2.7 

Ys (MPa) 

500 

490 

490 

530 

510 
- 

TS (MPa) 

640 

627 

627 

678 

653 



Index 

Index 

(a) Under uniform strain. 

(b) Necked area 

Table 3.1 1 Hill's stress function parameters for 8.4 mm thickness pipe. 



(a) Under uniform strain. 

(b) Necked area. 

Table 3.12 Hill's stress function parameters for 13.4 mm thickness pipe. 

Index 

13.4~8 

8x8 

M 

1,500 

1.500 

N 

1,500 

1.500 

&, 

-0.347 

-0.360 

F 

0.363 

0.345 

13 

-0.600 

-0.683 

L 

1.500 

1.500 

G 

0.637 

0.655 

f i 3  

0.886 

0,874 

H 

0.637 

0.655 



Side-Grooved s p e c k n  

Table 4.1 SENT results for Grade 483 parent plate material (Phase I). 



Table 4.2 SENT results for Grade 483 parent plate material (Phase II). 

S pecimen 

G1 
G2 
G3 
G4 
G6 
G8 

G10 
Gll 
J 1 
J2 
J3 
J5 
J6 
J9 

J10 

Thickness 
(mm) 

8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
13.4 
13.4 
13.4 

13.4 
13.4 

13.4 
13.4 

Width 
(mm) 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 

25.0 
25.0 
25.0 

25.0 
25.0 
25.0 
25.0 
25.0 

25.0 



Specimen 
r = 8.4 mm 

2-D 
PIane S train 

2-D 
Plane Stress 

3-D 
Isotropie 
Anal ysis 

Microstructure 

Table 4.3 The maximum net-section stresses resulted nom finite element analyses for 

8.4 mm thickness specimens. 



S pecimen 
t = 13.4 mm 

2-D 
Plane Strain 

2-D 
Plane Stress 

3-D 
Microstructure 

Based 
Analvsis 

Table 4.4 The maximum net-section stresses resulted fiom h i t e  element analyses for 

13.4 mm thickness specimens. 



Yield stress = 510 (MPaI 
Ultimate Stress = 720 [MPa) 
Flow Stress = 579 (MPa) 
Elastic Modulus = 210 [GPal 
Poisson's ratio = 0.3 

Table 5.1 

Scec. 

Summary of wide plate test results (Lambert, 1993). 

Curer 
Raaius 

Ro 

[mm) 

ihic;r. 

L 

(mm1 

'NP1 

'NP3 

-WPU 

WP5 
'NP7 

'NP8 
WW 

WPlO 

%et 

(MAX3 

[MPal 

CS.& 

Crack 

tmmA21 

1251.W 61 1.58 1 629.48 

1179.97 1 378.58 1 630.80 

Snom 

(MAX) 

{MPal 

11w.93 

1229.96 

1237.73 

1250.30 

- 

a/t 
- - - - - 

Crcck 

Math 

- 2c 
(mm) 

Gcqe  

Lençth 
2b 

(mm1 

381.0 

. - 

C:ca 

Ceoih 
a 

(mm1 

8.4 1 152.40 1 6.78 9.87 

60527 27 ( - 79  

XPl 

XP2 
153129 1 688.67 

Pmox 

[kNl 

381 0 

381.0 

381.0 

381.0 

381.0 

381.0 

381 .O 

0.57 f 788.10 1 1289.05 

639.42 

1522 

152.10 

152.15 

55405 
420.21 

- CSTAma 

No Crcck 

~:rnrnWI 

6M.R 

671.45 120728 

XP3 , 381 . 13.4 

381 

381 , 61 1.97 

583.18 

1961 4 1  1 490.98 1 Cm.99 

2045.65 1 92-73 1 626.44 

631.M 

13.4 

13.4 

597.70 1 . 631.01 , 

537.91 . 1 Cm.61 

WQP3 
WQP4 

9.4 1 152.10 1 5-20 23.38 

667.26 j 690.26 

121824 

1224.Uû 

1105.10 

204855 
2W.U 

381 

381 

8.4 ( 279.02 1 6.2m 1 50.25 0.74 1 1 178.78 1 2400.88 

0.69 1 7M.32 1 1286.47 

9.4 

8.4 

3.4 

8.4 694.45 

M6.X) 1 679.73 

20Y.74 

2052.35 
7.54 1 28.52 

m 

194039 

1ô39.97 

8.4 1 279.53 ( 4.9Cû ) 935 

707.87 

1882.61 

1858.@? 5.350 
0.51 ( 1296.50 

28.33 

32.86 

4 . W  
8.310 

0.58 1 1281 48 ( 2405.48 

1 2 ~ 0 . ~ 3  
1278.76 

1280134 
1274.47 

12ô3.47 8.4 1 157.75 

1 5 2 s  

151.20 

151.35 

'50.70 

0.067 781.m 

f(i53.û4 , 1479.31 

38.95 0.47 

:1.080, 65.93 , 0.83 

0.36 

0.62 
151.82 

152.25 

8.4 ( 151 .PO ( 2-80 1 28.30 1 0.33 1 828.08 1 1280.47 

3.50 1 27.68 10.42 1 810.69 

0.48 

0.44 

0.29 

1137.10 

862.70 

13.4 

13.4 

XP4 1 381 

817.67 

854.35 

885.05 

565 122.40 
4 . E  1 Xi.34 

XP5 

3.1% 

2.40 

381 

14.72 

12.82 



Spec. Outer Thick. Plate Crack Crack 
Radius Width Depth Width 

Ro t 2b a 2c 
[mm1 [mm] [mm1 h m 1  Imml 

'&Pl 381 8.4 1524 4.78 19.74 
WP3 381 8.4 1521 5.8 23.38 
WP4 381 8.4 152.55 5.65 224 
WP5 381 8.4 151.2 4.05 1 5.34 
WP7 381 8.4 151.35 3.66 1 4.72 
WP8 381 8.4 150.7 2.4 1282 
WP9 381 8.4 151.75 3.5 27.68 
WP1 O 381 8.4 151.4 2 8  28.3 
WQP3 381 8.4 279.02 6.2 90.25 
WQP4 381 8.4 279.53 4.9 93.5 
XPI 381 13.4 1522 7.64 28.52 
XP2 381 13.4 1521 6.35 38.95 
XP3 381 13.4 15215 11 -08 65.93 
XP4 381 13.4 151.82 4.86 28.33 
XP5 381 13.4 152.25 8.31 3286 

PD 6493 CEGB R6 Net Ligament Maximum 
-1 981 Section Necking Net-section 

Yielding Solution Stress 
jafety Factor 
232951 2 1.462395 1.0651 44 0.994897 O. 95674473 
3.069366 1 -580663 1 -035792 0.994949 0.941 48862 
3.035845 1 51 3959 1 -076831 1 -03274 0.97733235 
2.027504 1.390095 1 .O91 61 1 1.008788 0.976l9819 
1 -942209 1.401 264 1.1 33428 1 .O34869 1.01 508455 
1.596427 1.31 91 41 1.1 62344 1 .O5651 8 1 .O502453 
l.778Ol3 1.384857 1 -1 02537 1 .O1 4268 0.98452384 
1.592857 1.330504 1.1 16i 53 1 .O1 151 4 0.99231 746 
3.078234 1.71 656i 0.986841 0.993365 O.950927O3 
2099443 1 -50921 4 1 -02864 0.991 205 0.96822492 
2581 054 1.595562 1.21 0321 1.1 1 .O8 
1.850762 1.346625 1 .O7552 0.98705 O. 947323C;b 
4.26547 1 .GO4465 1.024921 1 .O00309 0.90696731 
1.648222 1.302272 1.1 08974 0.98749 0.97527935 
2488759 1 -445451 1 -055547 1.004358 O.934OFW 

Table 5.2 Surnrnary of wide plate analyses results. 



O i e  TM& Plate Crick Crack 011 Jw 2 Sy Sul 1 
Radias Widtb Drprh Wldlh 
Ra t 2W L k 

Table 5.3 Surnrnary of wide plate analyses with various crack geornetxies. 



- 
i EST 

- 
49 
50 
5 1 
9 
11 
14 
15 
18 
19 
21 
22 
23 
23" 
29 
3 1 
52 
33 
34 
35 
46 
47 
48 
52 
26 
35 
29 
40 
4 T 
42 
44 
45 
12 
16 
17 
26 
s7 
4 
5 
24 
25 - 

Table 6.1 Full pipe test results by Coote et. ai. (198 1). 





Figures 



Radial or Thickness 

Circumferential 
Width Direction 

Figure 1.1 Pipeline Fracture Speckn.  



Figure 1 -2 S pecimen and mode1 configurations. 



Figure 2.1 A schernatic explmation of the virtual work principle. 



DISCONTINUITY 

Figure 2.2 The kinematicaUy admissible displacernent incnment field 



Figure 2.3 The Mohr circle diagram representing the state of stress. 



Figure 2.4 The Mohr circle diagram representing the state of strain-rates. 



Figure 2.5 

./ Direction of o, 

A schernatic illustration of slip hes.  



Figure 2.6 The maximum shear velocity lines and the velocity slip-lines. 



CCP - 

SENT 

Figure 2.7 Schernatic iüustration of test specirnens. 



Figure 2.8 
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SEN3 specirnen test results by Faucher et ai. (1992) and Lambert (1993). 



at yield 
%et=% 

Figure 2.9 A schematic illustration of the lower-bound solution of an SENT specimen. 



Figure 2.10 A schematic illustration of the upper-bound solution of an SENT specirnen. 



Figure 2.11 Wide plate test specimen configuration (Lescek, 1991). 





Figure 3.1 Samples used for rnicroscopic observation. 



Figure 3.2 Microstructure of Grade 483 pipeline steel. 



Figure 3.3 Microstructure of Grade 483 steel observed nom T plane (8.4mm thickness 

pipe). 



Figure 3.4 Microstructure of Grade 483 steel observed from C plane (8.4mm thickness 

pipe). 



Figure 3.5 Microstnicture of Grade 483 steel observed f?om R plane (8.4mm thickness 

pipe). 
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Figure 3.6 Vickers hardness numbers for 8.4 mm specirnen. 



Outside O 

Figure 3.7 

0.40 0.60 

rlt 

Vickers hardness numbers for 13.4 mm specimen. 





Outside O 

Figure 3.9 Converted tende strength for 13.4 mm specimen. 



Ca) 8.4x8.4mm square bar tenslle spednen 

(b> 8x8 square bar tenslie speclmen 

Cc> D5mm circular bar tenslle specimen 

Cd> 32x1.6mn rectangukr  bar tensfle speclmen 
f rom inner and outer surfaces C8.4nn) 

Figure 3.10 Dimension of t ende  test speckns for 8.4 mm thickness pipe. 



Ca) 13.4x8.4nm rectangular bar tenslle specimen 

(b> 8 x 8 1 ~ 1  square bar tenslle specinen 

<cl DBnn circulw bar tensile specimen 

(dl S.4x2.7nn square bar tensile specimen 
Cron Inner and oute r  surfaces (13.4mn naterlal) 

Figure 3.1 1 Dk-nension of tensile test specknens for 13.4 mm thickness pipe. 



Figure 3.12 Tensile test equipment. 



Full-thickness 8x8 ne t-sectlon area 

0.2% offset line 
800 

1 W h  offset Yield Strength:540 MPa 

0.04 0 .O 6 

True  Strain 

Figure 3.13 Stress-strain curves obcained nom full-thickness (8x8 mm2 net-section area) 

test specimens (8.4m.m thickness pipe). 



- Mld-section 5x5 net-section area 

- - - Full-thickness 8x8 net-section area 

0.2% offset Une 

O .O4 0.06 

True Strain 

Figure 3.14 S tress-strain curves resulting fkom 5x5 tensile test specimens (8.4mm 

thickness pipe). 



Full-thfckness 8x8 net-section atea 

0.2% offset line 

O .O0 0 .O 2 O .O4 0.06 0.08 0.1 O 

True Strain 

Figure 3.15 Stress-strain curves resulting Born circular @dm) bar tensile test 

specimens (8.4rnm thickness pipe). 



Outside Surface (20% of thickness) 

- - -  Full-thickness 8x8 ne t-sectio n area 

0.2% offset line 

[&,..? -0.2% Yield Strength = 6OOMPa - 

0.02 0 .O4 

True Strain 

Figure 3.16 Stress-strain curves resulting fiom outside surface süip test specimens (20% 

of thickness - 8.4m.m thickness pipe). 



- - 

- lnner Surface (20% of îhlckness) 

- - - Full-thfc kness 8x8 net-section area 

0.2% offset Iine 
I 

0.02 O .O4 

True Strain 

Figure 3.17 Stress-strain curves resulting fiom inside surface saip test specimens (20% 

of thickness - 8.4mrn thickness pipe). 



Full-thfckness 13 .4~8  net-section area 

/ 0.2% Yield Strength = 5OOMPa 

I I I I 1 

O .O0 0.02 0.04 0.06 0.08 0.1 0 

True Strain 

Figure 3.18 Stress-strain c w e s  obtained fYom full-thickness (13.4 x 8 mm2 net-section 

area) test specimens (13.4 mm thickness pipe). 



- Mld-section (8x8 net-sectio n area) 

- - -  Full-Thlckness (1 3 . 4 ~ 8  net-section area) 

0.2% offset line 

0.04 O .O 6 

True Strain 

Figure 3.19 Stress-strain c w e s  resulting fiom 8x8 tende test specimens (13.4m.m 

thickness pipe). 



- MId-sectlon (8x8 netsectfo n area) 

- - -  Full-ttiickness (1 3 . 4 ~ 8  net-sectfo n area) 

0.2% offset line 

0.2% Yield Strength = 490MPa 
1 

I l  

II 

II 

P 

I 

0.0 4 0.06 

True Strain 

Figure 3.20 Stress-strain curves resulting 5om circular @=8mm) bar tende test 

specimens (13.4mm thickness pipe). 



- Outslde surface (20% of îhlckness) 

- - - Full-thlckness (13.4~8 net-section area) 

800 -1 0.2% offset line 

0.00 0.02 O .O4 0 .O 6 

True Strain 

Figure 3.21 Stress-strain c w e s  resulting h m  outside surface strip test specimens (20% 

of thickness - 13.4rnm thickness pipe). 



- lnskle surface (20% of Chickness) 

- - -  Full-fhickness (1 3 . 4 ~ 8  net-section area) 

O .O0 0.02 O .O4 0.06 

True Strain 

Figure 3.22 Stress-strain curves resulting fiom inside surface strip test specimens (20% 

of thickness - 13.4mm thickness pipe). 



- Full-thickness (8x8 net-sectfo n area) 

- - - Mid-section (5x5 net-section area) 

- - Inside surface (20% of  thlckness) 

- - Outslde surface (20% of  thlckness) 

0.05 0.1 0 0.1 5 
Plastic Strain 

Figure 3.23 Sum- of stress-strain c w e s  resulting kom the tende test (8.4 mm 

thickness pipe). 



- Full-thickness (8x8 net-section area) 

- - - Mid-sectlon(Sx5 net-sectionarea) 

- - lnslde surface (20% of thickness) 

- - Outslde surface (20% of thickness) 

0.00 O .O 5 0.1 O 0.1 5 0.20 
Plastic S train 

Figure 3.24 Sumrnary of stress-strain curves resulting fiom the tende test (13.4 mm 

thickness pipe). 



Figure 3.25 The finite element mode1 for a tende specirnen designed with 3D brick 

elements. 



- - FEM input for 8.4 mm thickness material 

- - -  FEM input for 13.4 mm thickness mate rial 

.* 8.4 mm : engineering stress - engineering strain 

13.4 mm : engineering stress - engineering strain 

Maximum Loa 

0.00 0.05 0.1 0 0.1 5 0.20 

Strain 

Figure 3.26 Point of instability results fiom the FEM analyses. 



Figure 3.27 The deformed FEM rnesh sirnuhting necking. 



Test results (8x8 mm bue stress - ?rue strain) 

- - Test results (8x8 mm engineering stress - engineering sbaln) 

- FEM result (true stress - tnie stain) 

- - FEM result (englneering stress - engineering strain) 

- - - FEM Input data (plastic stress - plas 

0.0 O 0.02 O .O 4 0.0 6 0.08 0.1 0 
S train 

Figure 3.28 Large displacement analysis results for an 8.4 mm thickness specimcn. 



- - 

Test results (8x1 3 mm true stress - true strah) 
- - Test results (8x13 mm engineering stress - englneerlng strair - FEM result (truc stress - true strafn) 

- - FEM result (engineering stress - englneerlng straln) - - - FEM input data (plastic stress - plastic strain) 

0.00 O .O2 O .O4 O .O6 O .O 8 0.1 O 

Strain 

Figure 3.29 Large displacernent analysis results for a 13.4 mm thickness specixnen. 
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Figure 3.30 E n g k i e e ~ g  stress - strain curves for various hardening numbers. 
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Figure3.31 Tniesaess-wesaaincwesresultingfromboththeplanesaainandplane 

stress tende bar analyses (8.4 mm thickness material). 



- - - FEM input (8x1 3 true stress - true stain) 

- FEM result (30  analysis) 

- - FEM result (20 plane stress) 

- FEM result (20  plane sirain) 

O .O0 0.04 O .O 8 0.1 2 0.1 6 

Engineering Strain 

Figure3.32 Tmesuess-tnies~aincurvesresulting~omboththeplanestrainandplane 

stress tensile bar analyses (13.4 mm thickness material). 



(a) plane strain (b) plane stress 

Figure 3.33 The equivalent plastic strain contours at the maximlim stress. 
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Figure 3.34 The equivalent plastic strain contours for a tensile test specirnen after the 

point of instability. 
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Figure 3.35 Plane stress versus plane strain analyses for various hardening rnaterials. 



Figure 3.36 The rnesh design for a tende bar h a h g  different material properties in the 

thickness direction. 
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Figure 3.37 True stress - true saain c w e s  resulting ftom the microstructure based f i t e  

element analysis for 8.4 mm thickness specimin. 
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Figure 3.38 True stress - true strain curves resulting from the microstructure based finite 

element analysis for 13.4 mm thickness specimen. 
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Figure 3.39 The deformed net-section area after necking for the microstructure based 

finite elernent analysis and the isotropic homogeneous finite elernent andysis. 



Figure 4.1 SENT specimen configurations. 
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Figure 4.2 Failure mechankm of an SENT specirnen. 



Figure 4.3 Deformation in the ligament after failure for a/t = 0.25 (JI 0) 



Figure 4.4 Defonnation in the ligament after failure for alt = 0.25 (JI 0) 



Figure 4.5 Deformed microstructure near the crack-tip. 
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Figure 4.6 Test results analyzed with the conventional limit Ioad analysis. 
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Figure 4.7 Plastic coliapse analyses based on microstructure. 
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Figure 4.8 SENT test resuùs versus Wlb. 
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Figure 4.9 An eqirical plastic cohpse solution for SENT specimens. 





Figure 4.1 1 Finite element meshes for SENT specimens. 



Figure 4.12 The schematic iilustration of boundary condition for the SENT analysis. 
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Figure413 The plane stress analysis versus the plane strain analysis for a/t = 0.2 (8.4 

mm thickness specirnen) . 
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Figure 4.14 The plane stress analysis versus the plane saain analysis for a/t = 0.2 (13.4 

mm thickness specirnen). 





Figure416 Contourplotofhydrostatics~essfornet-sectionstress=400MPa,~lt=0.2 

(10 w level plas ticity). 



Figure 4.17 Contour plot of hydrostatic stress for net-section stress = 400 MPa, ah = 0.8 

(10 w level plas ticity). 



Figure 4.18 Contour plot of hydrostatic stress for net-section stress = 620 MPa, ait = 0.2 

(high level plasticity) . 



Figure 4.19 The contour plot of hydrostatic stress for net-section stress = 620 MPa, alt = 

0.8 (high level plasticity). 



Figure4.20 Contourplot ofequivalent plastic strain at the maximumnet-section stress 

(780 MPa) for dt = 0.2. 



Figure 4.21 Contour plot of equivalent plastic strain at the maximum net-section stress 

(780 MPa) for a/t = 0.4. 



Figure 4.22 Contour plot of equivdent plastic strain at the maximum net-section stress 

(780 MPa) for alt = 0.6. 



Figure 4.23 Contour plot of equivalent plastic saain at the maximum net-section stress 

(780 MPa) for alt = 0.8. 
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Figure 4.24 Plane strain versus plane stress analyses for various n values. 
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Contour plot of Mises saess for perfectly plastic material (plane stress). 
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Figure 4.26 Contour plot of Mises stress for n = 20 material (plane stress). 



Figure 4.27 Contour plot of Mises saess for n = 10 material (plane stress). 
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Figure 4.29 Three-dimensional finite elernent rnesh used for SENT anaiysis (a/t = 0.2. 

8.4 mm thickness specimen). 
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Figure 4.30 Net-section stress versus the 55 displacernent resulting kom 3-D finite 

element analysis (a/t = 0.8,8.4 mm thickness specimen). 
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Figure 4.3 1. Three dimensional finite elernent analysis results for X70 steeL 



A shear lip 

Figure 4.32 Contour plot of equivalent plastic strain at maximum net-section stresb :Or 

a h  = 0.2 (thickness = 8.4 mm, width = 25 mm). 



shear lip 

Figüre 4.33 Contour plot of equivalent plastic seain at maxirnurn net-section stress for 

a/t = 0.8 (thickness = 8.4 mm, width =25 mm). 
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Figure 4.34 Three-dimensional h i t e  element analyses for various widths. 



Figure 4.35 Contour plot of plastic stra in  in the width direction, alt = 0.2. 



Figure 4.36 Contour plot of plastic strain in the width direction, a/t = 0.8. 



Figure 4.37 Three-dimensional finite element analyses for different hardening materials. 
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Figure 4.3 8 Three-dirnensio na1 finite elernent rnesh used for microstructure based SENT 

analysis (a/t = 0.2, 8.4 mm thickness specimen). 
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Figure4.39 Finite elernent analyses with different material strength in the thickness 

direction. 
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Figure 4.40 Finite element analyses with orthotropic characteristics. 
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Figure 4.41 Finite elernent analyses based on microstructural characteristics. 
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Figure 4.42 3-D microstructure based finite element anaiysis resuks for various crack 

geometries (8.4 mm thickness specimrns). 
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Figure 4.43 3-D microstructure based fkite element analysis results for various crack 

geometries (13.4 mm thickness specimens). 
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Figure 4.44 Cornparison to test results for a/t = 0.6 (8.4 mm thickness specimen). 
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Figure 4.45 Cornparison to test results for alt = 0.8 (8.4 mm thickness specirnen). 
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Figure 4.46 Summary of 3-D f i t e  element analyses. 



Figure 5.1 Plastic coUapse solutions versus alt for wide plates. 
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Figure 5.2 Plastic coliapse solutions versus clW for wide plates. 



Figure 5.3 

1 
- Ultimate Slress 

Test, WP series 

Test. XP series 

Maximum net-section stress versus a/t. 



Figure 5.4 
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Figure 5.5 FEM mesh for a wide plate specimen (WP7). 



Figure 5.6 Enlarged crack-tip area (WW). 
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Figure 5.7 The resulting maximum net-section stresses from fuite element analyses 

versus ah. 
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Figure 5.8 The resulting maximum net-section stresses fkom finite element analyses 

versus clW. 
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Figure 5.9 

PEEQ VALUE 

Contour plot of equivalent plastic strain at the net-section stress 

(WPQ. 
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Figure 5.10 Contour plot of equivalent plastic strain at the maximum net-section saess 

W8). 
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Figure 5.1 1 Contour plot of equivalent plastic strain at the ligament necking Oirp8). 
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Figure513 Contourplotofequivalent plastic strain at the Ligament necking (CliPQ4). 
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Ligament necking stresses versus ait. 
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Figure 5.15 Ligament necking stresses versus clW. 
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Figure 5.16 Maximum net-section stresses fiom microstructural based analyses versus 

alt* 



Figure 5.17 
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Ligament necking stresses fkom microstructural based analyses versus ah. 
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Figure 5.18 Geometry correction factors for Wlt = 18.16. 
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Figure 5.19 Geometry correction factors for Wlt = 71.25. 
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Figure 5.20 The geornetry correction factors for Wlt = 142.5. 
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Figure 5.21 Safety factors obtained fkom the present plastic collapse solution. 



Figure 6.1 Net-section collapse solutions (PD64933 199 1, CEGB/R6) versus a/t. 



Figure 6.2 Net-section cohpse solutions (PD6493:1991, CEGB/R6) versus 2d&. 



lSO 1 Willoughby's Solution 

Figure 6.3 Wioughby's plastic collapse solutions versus ah. 
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Figure 6.4 Willoughby's plastic collapse solutions versus 2 d d .  



Figure 6.5 CSA 2662 plastic coiiapse solutions (with safety factors) versus alt. 



Figure 6.6 CSA 2662 plastic coilapse solutions (with safety factors) versus Zcl&. 



Figure 6.7 CSA 2662 plastic collapse solutions (without safety factors) versus aft. 



Figure 6.8 CSA 2662 plastic collapse solutions (without safety factors) versus 2c/&. 



Figure 6.9 A finite element mesh for a full pipe. 



Figure 6.10 Enlarged crack-tip area 



Figure 6.11 Boundary conditions for a full pipe subject to remote bending. 
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Figure 6.12 The georneay correction factors for R/t = 11.34. 
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Figure 6.13 The geornetry correction factors for Wt = 22.7. 
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Figure 6.15 The geornetry correction factors for Wt = 90.71. 
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Figure 6.16 Safety factors obtained aom the present plastic coilapse solution. 
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Safety factors obtained fiom the present plastic coilapse solution for pipeline 

&th weld defects. 




