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FITNESS-FOR-SERVICE CRITERIA FOR PIPELINE GIRTH-WELD QUALITY
R. P. Reed, M. B. Kasen, H. I. McHenry, C. M. Fortunkn, and D. T. Read

ABSTRACT

Criteria have been developed for applying fitness-for-service analyses to
flaws in the girth welds of the Alaska Natural Gas Transmission System
pfpeline. A critical crack-opening-displacement elastic-plastic fracture
mechanics model was developed and experimentally verified. Procedures for
constructing flaw acceptence criteria curves based on this model are provided.
A significantly improved ultrasonic method for detecting and dimensioning
significant weld flaws was developed and demonstrated on pipeline sections.
The probability of crack initiafion from blunt flaws was shown to be very low
under severe low-cycle fatigue. Suggestions are offered for technical
implementation of field inspecfion procedures and for practical implementation

of the flaw acceptence criteria.




EXECUTIVE SUMMARY

The utility of fitness-for-service criteria for Jjudging the need to
repair pipeline girth welds containing flaws exceeding that permitted under
prevailing workmanship standards was demonstrated during construction of the
Trans-Alaska Pipeline System (TAPS)}. Here, fracture mechanics principles
provided a quantitative technical basis for decision making, eliminating the
need for unnecessary repair of many welds while maintaining assurance of the
structural integrity of the pipeline.

The National Bureau of Standards (NBS) provided the Department of
Transportation (DOT) with the technical information for imp1ementin§ the TAPS
fitness-for-service approach. The DOT recognized that the general use of
fitness-for-service criteria in general pipeline construction would be
beneficial. In 1978 NBS was requested to initiate a research program leading
to this objective. However, soon after the work began, the DOT requested that
the NBS: program concentéate on developing criteria that could be implemented
during construction of the proposed Alaska Natural Gas Transportation Systen
{ANGTS), which was then in the planning stage. It was the intention, then, to
redirect the program to generalization of the ANGTS research and, indeed, a
portion of the research was redirected in 1881, However, the present report
emphasizes the specifics of the ANGTS line raiher than the case of pipelines
in general.

Fracture mechanics analysis was used in this research. Fracture mechanics
permits mechanical understanding of the relationship between the ma X imum
stress and strain imposed on a pipeline during its 1ifetime, the pipeline 2nd
weldment prcperties, and flaws of different sizes and configurations. This

understanding required development and verification of a model relating these




parameters to weldment performance. Although the basic principles of fracture
mechanics are we]llunderstqod and widely implemented in the aerospace industry,
their application to pipeline fabrication was complicated by the relatively
high ductility of the materials used in their construction. It was necessary
to understand crack initiation and propagation in the elastic-plastic range
instead of linear-elastic failure typical for materials and structures
displaying lower ductility.

It was aésumed that a pipeline would be subjected to predictable
stresses, that it would be cénstructed from API line-pipe steel having known
minimum properties, and that the pipé would be welded by a process producing
predictable minimum weldment strenéth and toughness. This design and
materials information was thgn fed into the thecretical model to develop a
series of curves relating the combination of maximum flaw length and
through-wall depth permissiblie for the maximum applied load {allowzble flaw-
size curves). Practical uée of such curves presupposes the ability to detect
and measure girth-weld flaws, and methods to accomplish this had to be
developed.

Research was directed into three areas:

1. Refinement and experimental verification of the fracture mechanics

model 1inking flaw size (Tength and through-wall depth) to pipeline stresses

and weldment strength and toughness. Analytical predictions were compared

with experimental results obtained on surface-cracked tensile panels and
large-diameter pipe tests. The critical crack-opening-displacement (CCD}
model (used in the TAPS evaluation) was modified to optimize agreemeni between
analysis and experiment. Modifications included: superposition of the
elastic and post-ligament-yield solutions for crack-tip-opening disp]acément,

use of a strip-yield plastic-zone correction on both crack length and crack




depth, and use of a curvature correction for pipes. In summary, a fracture
analysis model that relates allowable flaw sizes to the applied stress level
and the weldment strength and toughness was developed, verified experi-
mentally, and used to calculate allowable flaw sizes for propésed operating
| conditions of the ANGTS pipeline.

Procédures for the use of elastic-plastic fracture mechanics for the
derivation of allowable flaw-size curves are in the early stages of development.
Further work is recommended to increase confidence in the analytical results.

2. Development of a practical method of determining the through-wall

flaw dimension. The TAPS experience showed that estimation of dimensions from

conventional radiographs was so inaccurate that very large safety factors were
required. This resulted in fitness-for-service criteria that were far more
restrictive than necessary. Initially, efforts were made to refine the
densitometry method of assessing flaw through-wall dimensions. Although some
improverent was realized, it became evident that this approach was
intrinsically deficient in its ability to measure sharp flaws, such as lack of
fusion or cracks, which are the most significant in a fitness-for-service
analysis. A more promising approach was provided by ultrasonic methods, which
are intrinsically sensitive to sharp flaws. Although ultrascnic inspection
systems based on high-frequency piezoelectric transducers have long been used
for flaw detection in welds, incorporation of even the most advanced
automation and signal processing has thus far failed to produce systems
capable of providing the required flaw measuring capability. Therefore, we
tried a new approach -- the development of an ultrasonic inspection system
optimized for pipeline use based on electromagnetic transducers {EMATs), which
transmit and receive low-freguency shear/horizontal (SH} waves. Unlike

conventional systems, this approach provides a signal amplitude that increases




monotonically with through-wall flaw depth. The system can be gated to ignore
flaws of noncritical dimensions and to trigger an alarm automatically when
flaws of significant sizé are present. Coupling agents are not required
between the transducer and pipe, and reliability is not affected by geometric
factors such as the weld reinforcement. Its accuracy is comparatively insensitive
to operator skill, and a permanent record isAproduced. The theory underlying
flaw detection and sizing by this new method has been developed and validated
by the inspection of welds containing a variety of é}tificiai and real flaws
at different depths and orientations. The necessary transducer arrays and
associated signal processing equipment have been developed. Field trials and
assessment of reliability are needed to confirm the usefulness of this system
as an adjunct to the fitness-for-service approach to girth-weld guality

assessment,

3. A convincing demonstration of the probably innocuous nature of blunt

flaws, such as porosity, slag, and arc burns. We found that blunt fiaws

(porosity, slag) and arc burns do not decrease weldment strength and fatigue
1ife. Subjecting pipeline welds cgntaining Targe quantities of such flaws to
severe low-cycle fatigue at -%tifﬁgd tittle effect on crack initiation.
However, should it be desired to include blunt flaws ir a fracture mechanics
analysis, metallographic studies of welds containing porosity and slag showed
that their depth is limited to the depth of one weld pass, eliminating the
necessity for through-wall dimensioning. In metallographic studies during the
TAPS program, arc-burn width was related to arc-burn depth, thus providing an
easy size characterization procedure for such flaws,

On the basis of these results, three technical options are suggested for
implementing field inspection oriented toward fitness for service. 1) The use

of ultrasonic methods for primary inspection combined with traditional radiog-

raphy for assessing workmanship and for materials and procedure control




appears to be feasible and is- the most technically desitable. 2) Conventional
radiography could be used as the primary inspection method, using a simplified
ultrasonic system for measuring flaws. We believe that the EMAT system
developed in this work appears to be the most promising 1nspection method for
gither of these two options; however, other systems of equivalent performance
could be used should they become available. 3) In the event that ultrasonic
inspection sysfems of demonstrated perférmance are not available at the time
of construction of a given pipeline, radiography must be relied on
echusiveiy. In this case, fitness-for-service criteria can still be used to
assess blunt flaws. The demonstrated inherent limitations on the height of
such flaws would greatly . simplify this effort by eliminating the need for
complex flaw-measuring procedures. Even under this least desirable option, a
substantial reduction in remedial welding_can be expected since the
majority of detectable flaws would be of blunt configuration.

We, suggest two ways in which the overall fitness-for-service approach
might be implemented in pipeline construction: A gereralized approach could
prequalify designated sections of the Tine by establishing maximum allowable
flaw sizes based on 1imits placed on weld-metal toughness, operating stresses,
and other relevant variables. A specific-site approach might be used wherein
the particular conditions existing for a given weldment are used to calculate
safe flaw sizes.

We expect this report to contribute to 2 rational, technically defensible
approach to assessing girth-weld quality, which will provide the fabricator
with the maximum flexibility to accommodate his particular needs while main-
taining pipeline safety. Additional research has been recommended to assist

in generalization of the program's results.
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NOTATION

Roman Letter Symbols

2 flaw depth
2, » 24 relative amplitude of plate wave
L bm relative transduction efficiencies of a plate wave by
transmitter and receiver EMATs, respectively
a/t normalized cripk depth
gy ;12 355 edge crack compliance constants
An normalization constant for nth SH plate mode
Al gross-section area in the planelof the crack
A2 net-section area in the plane of the crack
€ contour surrounding crack tip at a point along crack front
'COO’ CZO' CDZI coefficients in Kobayashi's sotution for CMOD of an
elastic surface crack
Df blunt flaw through-wall dimension
E Young's modulus
f wave frequency
fc cutoff frequency of SH plate waves
fw finite width correction of Newman
F force per unit length
Fb boundary correction factor for computing stress-intensity
factor of surface cracks
Fc closing force on the ligament of a surface crack
Gys 9y constant for computing stress-intensity factor of an edge

crack




yd

shear modulus

distance of clip gage from specimen surface
weld-pass thickness

J-integral

stress intensity factor

effective crack length (includes plastic-zone correction,

)

J
flaw length

length of crack measured to ends of the plastic zone
gage 1en§th |
EMAT-to-EMAT spacing

blunt flaw length

width of weld in a fracture specimen

bending stress

moment per unit length

collapse mement of a pipe

inward-directed unit-normal to the crack face

number of fatigue cycles

appiied jack pressure

appiied load

power level delivered to EMAT

resu]tant.tensile stress

square of elliptic integral of second kind

radius of plastic zone and plastic-zone correction to
crack length

plastic zone correction to crack depth




pipe radius

" scattered signal amplitude ratic

scattered amplitude ratio for an elliptical flaw
surface surrounding & flaw
specimen or plate thickness

mean thickness of weld reinforcement

dynamic stress tensor ‘
dynamic stress field components associated with SH waves
propagating along z

displacement vector

group velocity

phasg velocity

bulk SH-wave velocity

particie velocity
plastic component of clip-gage-opening displacement

strain energy density

half-width of the ultrasonic beam near the transmitter
EMAT

specimen width

mean width of weld reinforcement

blunt flaw width

direction normal to crack front

orthogonal coordinates

stress intensity coefficient at a/W

distance between flaw and EMAT
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Greek Letter Symbols

Gy B8

angles or angular displacements

wave propagation constant

reflection coefficient of EMAT ultrasonic signals
cMoD |

€70l

remote displacement in a center-cracked panel

edge crack compliance |

1/2 CMOD

mode 111 displacement jump across the face of a crack
gage-length strain

total strain ran§e in low-cycle fatigue

strain at net-secfion yield

yield strain

component of strain

edée erack rotational compliance

angle of elliptical flaw with plate surface normal
wavelength

Poisson's ratio

extent of Dugdale plastic zone

stress

flow stress

closing stress

applied stress at which ligament yield of 2 surface crack
oceurs |

net-section yield stress
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c average tensile stress

0

o, ultimate tensile strength

Oy %yz shear stresses

9 yield stress

1 time

g angular position along crack front

¢ elliptic integral of the second kind
w angular frequency

Acronyms and Similar Abbreviations

ANCTS Alaska Natural Gas Transportation System

APl American Petrdleum Institute '

AWS American Welding Society

BWI British Welding Institute

CE carbon equivalent

CMOD crack-mouth opening displacement

CMODLY crack-mouth opening displacement in the post-ligament-yield
range -

CMODNSY crack-mouth opening displacement at net-section yield strength

€oD crack opening displacement

CTOD crack-tip opening dispiacment

CTDDE elastic component of CTOD

CTDDLY 1igament yielding combonent of CT0D;
CTGDRS residual stress component of CTQD
poT U.S. Department of Transpertation

ECA engineering critical assessment

12




EDM electrical-discharge machined

EMAT electromagnetic-acoustic transducer
GMA gas-metal arc
GSY gross=section yielding
GTAW tungsten-inert gas
HAZ weldment heat-affected zone
HRA hardness, Rockwell A scale
HRB hardness, Rockwell B scale
~ HRC hardness, Rockwell C scale
LVDT linear variable differential transducer
NBS Natiomal Bureau of Standards
NDE nondestructive evaluation
NSY net-section yielding
PPM periodic permanent magnet
RT radiographic inspection
SH shear~horizontal ultrasomic waves
SMA shielded metal arc
SMYS specified minimum yield strength
TAPS Trans-Alaska Pipeline System
uT ultrasonic inspection
WM weld metal

L3




1. INTROBUCTION

Extensive repair to girth welds on the Trans-Alaska Pipeline System
(TAPS) resulted from the discovery that a large number of compjeted and buried
. welds failed to meet the Department of Transportation (DOT) standards1 related
to girth welds of liquid pipelines, which incorporate the workmanship criteria
of the 15th edition of API Standard 1104.2 This remedial welding
was expensive because pipe sections buried under permafrost and rivers at
remote locations had to be excavated or looped.

At that time it was recognized that many of the flaws outside workmanship
standards were_un}ike1y to endanger the safety of the line and that repairs
might do more damage to the integrity of the line and to the environment than
if the flaws were left unrepaired. Unfor:tunately, there was no established
technical basis for such a decision. Repairs were therefore begun.

At the same time, fracture mechanics studies were begun to establish a
technical foundation for assessing flaw significance on a fitness-for-service
basis as an alternative to workmanship criteria. The results of this work‘?”4
brought about federal acceptance of this approach. Consequently, the amount
of TAPS repair welding was reduced and a substantial amount was saved in
unnecessary repair.5 The DOT concluded in 1876 that "fracture mechanics
analysis is acceptable as a basis for granting exemptions from existing
standards in appropriate circumstances, if such analysis produces a convincing
and conservative estimate of structural integrity."

It was anticipated that‘the need for long-distance transport of oil and

gas would lead to additional use of fitness-for-service analysis in pipeline

14




construction. The.proﬁesed Alaska Natural Gas Trénsportation System (ANGfS)
was to operate at lower temperatures than the TAPS line and would be entirely
buried, placing additional demands on system performance. Furthermore,
since adoption of the API 1104 workmanship standards upon which the DOT
standards are based, pipeline wall thickness and diameter have increased
significantly, increasing the complexity and cost of weld repair. It was
evident that much additional work was required before the fitness-for-service
concept could be efficiently used to facilitate construction of a safe
pipeline at minimum cost.

Research at NBS was initiated in 1878 to address the generic problems
associated with possible amendment of the DOT liquid and gas pipeline federal
requlations to include a fitness-for-service alternative. This dincluded
research on fracture mechanics, radiography, blunt flaws, and corrosion of
pipelines. In 1979, the apparent imminent start of construction of the ANGTS
gas pipeline 1ed the DOT to request that the NBS program redirect

its focus onto. the operating conditions and materials anticipated for
that line. This report, therefore, concentrates primarily on developirg
fitness-for-service criteria for the ANGTS Tline.

At the time of the TAPS experience, two fracture mechanics models were
proposeda’4 to assess the conservatism of the Draft British Standards
methodo?ogy7 (Tater published officially by the British Stan&ards
Institutiona), which was used in the Alyeska waiver reguest to DOT. One was
based on elastic-plastic fracture mechanics principles [critical crack-tip-
opening displacement (CTOD) model]; the other considered only nlastic
instability of the uncracked ligament. Both of these newer models proved less

conservative than the Draft British Standards.
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In this study we have focused on the extension of the critical COD model.
Modifications relating to crack-tip physics and mechénics were developed and
measurements were performed, leading to an experimentally verified elastic-
plastic fracture mechanics model. Consideration of crack growfh from fatigue
stresses, included in the TAPS assessment, has not been addressed here.
"Except near pump statons, cyclic stresses in the ANGTS line were not considered
significant. Enhanced crack arowth from environmental interactions, such as
stress corrosion, also was not considered in the ANGTS case, because this
origin was not considered likely.

There are serious deficiencies in the use of radiography as an inspection
tool in a fitness-for-service analysis. The important flaw dimension
‘affecting fracture is the through-wall depth of elongated, sharp flaws. But
radiography provides direct information only on the projected dimensions of.
the flaw normal to the plane of the weldment. It is theoretically possible to
relate the change in radjographic density caused by a flaw to the depth of the
flaw; this approach was used in the TAPS anaTysis.3’4 However, it became
evident that the combination of uncertainties in the conditions under which
field radiographs are taken and processed, human bias, and the technical
subjectivity of such determinations led to excessive conservatism in
estimating flaw dimensions.

The majority of the repairs remove flaws of a blunt configuration--porosity,
slag, and arc burns., This reflects, at least partly, the sensitivity of
radiography to such flaws and its relative insensitivity to sharp flaws, such
as lack of fusion or incomplete penetration. VYet, from a fitness-for-service
approach, sharp flaws are more significant, since they produce the highest
stress intensities and, conseguently, have the highest probability of initiating
fracture. A better inspection system for detecting and dimensioning flaws in
girth welds was required, preferably one having optimal sensitivity to sharp

flaws.
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The significance of blunt flaws in crack initiation was questioned,
Results of a number of studies had suggested that the presence of such weld
flaws is irrelevant to the performance of structures joined with tbugh weld
metal, but the credibility and the boundary conditions of thié-assumption kad
not been examined for pipeline girth welds.

It was likely, we thought, that the through-wall depth of blunt f{aws
would intrinsically be restricted to the depth of one weld pass, allowing that
dimension to serve as a maximum in a fracture mechanics analysis. Although
such a limitation is frequeni]y assumed, a thorouch search of the literature
did not reveal the required documentation. A study was therefore conducted on !
inherent dimensional limitations of blunt flaws with the purpose of confirming
or refuting this assumption.

It is instructive tb compare the rgsu]ts of this study with those of
other pipeline fitness-for-service approqches that have been suggested:

1. The British Standard specificaily related to pipeline welding,
"Specifications for Field Welding of Carbon Steel P’J‘.pe].imas,"g is currently
under review. One proposal incorporating fracture mechanics analysis has been
recent]y discussed by Carne and Harr'ison.l0 They proposed a three-tier
approach. Tier one corresponds to workmanship standards similar to those now
in existence, but incorporating minimum toughness requirements. Tier two
consists of very conservative generalized fracture mechanics analysis,
intended to be appiied by field engineers not necessarily specialized in
fracture mechanics. Tier three is applied by a specialist to a specific site

and labeled engineering critical assessment (ECA). Inspection methodology was

not discussed in this approach.

2. Glover and Coote11 pointed out that the British Standards
Institution fracture mechanics guidelines are also being used for ECA of

segments of the new large-diameter gas pipelines in Canada. Their assessment

17



showed that radiographic inspection could not properly and consistently detect
sharp flaws. They found that planar flaws not detected by radiography were
consistently detected by high-frequency ultrasonic techniques, but that sizing
" was unreliable. They suggested that both radiography and uTtrésonics methods
| be used, assuming that flaw depths are restricted to the thickness of one weld
pass. The British Standards Institution Guidelines is therefore applied
on the basis of flaw length and knowledge of the applied axial strain and
weldment toughness. Note that this approach is limited to girth welds made by
an automatic process.

3. The Japan Welding Engineering Society has recently published their
first report, "Method of Assessment for Defects in Fusion-Welded Joints With

12 This report outlines procedures for using a

Respect to Brittle Fracture.”
fitness-for-service analysis in specific cases for establishment of allowable
sharp flaw sizes in terms of local weldment strain and C0D weld toughness..
Inspection methodology is not addressed. |

4, A mzjor revision of the American Petroleum Institute 1104 Standard
for Welding Pipelines and Related Facilities (issued in May, 1983} was
discussed by Von Rosenberg and Royer.13 This generalized fitness-for-service
approach reauires calculation of maximum axial design stress ana strain and
minimum weldment toughness in terms of COD values of either 0.13 mm (0.0C05 in)
or 0.25 mm (0.010 in). Fatigue crack growth is also considered. Inspection
techniques are left to the individual companies. This revision appears as
Appendix A, 16th Edition, API 1104 Standards.? However, at the time of this

‘report, the 16th Edition has not been incorporated into the Federal gas and

liquid pipeline safety standards.
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These programs demonstrate international recognition of the need to
supplement welding workmanship standards with fitness-for-service criteria for
pipelines. Reduced pipeline construction time and costs through the eliminaticn
of unnecessary repairs are expected to accrue from this attentfon.

In summary, our research has focused on the development of a
comprehensive model to calculate allowable flaw sizes and laboratory
experiments to assess the validity of such modeis, the assessment of the
significance of blunt flaws in girth weld structural integrity, the measure-
ment of inherent blunt flaw size limitations, and the inspection methods for
sharp flaws.

Qur report first discusses the development and experimental verificatiﬁn
of an elastic-plastic fracture mechanics model applicable to sharp flaws. We
then address deveioﬁment of a new inspection technique that is optimized for
the fitness-for-service approach. Research related to the significance of
blunt fIaQs is then presented.

Finally, we recognize that nondestructive inspection has two roies in
pipeline construction. One relates to quality contral--the ménitoring of
welder and equipment performance and the quality of consumables used in the
fabrication. The other is acceptance or rejection of a weld on the basis of
fitness for service. Although this report concentrates on the latter role,
both roles must be considered in devising an effective inspection system.-
Possible inspection options for achieving these goals and for implementation
of the fitness-for-service approach are therefore addressed in this report,

More-detaiied information on selected subjects addressed in this report

is given in Appendixes A and B and the final report to the U.S. DO'I‘.]'4
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2. DEVELOPMENT OF ALLOWABLE FLAW-SIZE CURVES
H. I. McHenry, Y. W. Cheng, R. deWit, R. B. King, and D. T. Read

2.1 Intreoduction

Allowable flaw sizes for pipeline girth welds are set forth in Section 6
of APl 11042 on the basis of workmanship considerations; that is, flaw-size
1imits are based on.quality levels that can reasonably be expected from a
qualified welder using satisfactory materials, equipment, and procedures. In
1976, the U.S. Department of Transportation permitted the use of atternative
weld quality standards to evaluate certain girth welds in the Trans-Alaska
Pipeline System {TAPS). The alternative standards were in the form of
allowable flaw-size curves derived on the basis of a fracture mechanics
analysis. |

An allowable flaw-size curve is & plot of aﬁlowébTe flaw depth, a, as 2
function of flaw length, 2, for a planar (crack-1ike) flaw as shown
schematically in Fig. 1. Dimension a refers to the through-wall dimension of
the flaw projected in the plane of the weld. A point on the curve represents
the maximum flaw size (2 vs. a) that can be tolerated without impairing the
service performance of the pipeline under worst-case operating conditions.
Flaw sizes that fall below the curve are acceptable because they will not
impair performance, and flaw sizes that lie above the curve must be repaired
because they are potentially detrimental.

The purpose of this part of the program was to develop allowsble flaw-
size curves suitable for use in evaluating ANGTS pipeline girth welds. The
specific objectives of the investigation were: 1) to develop a fracture

mechanics analysis model to relate allowable flaw size to applied stress and

20
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Fig. 1 - Schematic of allowable flaw-size curve.
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weld toughneﬁs, 2) to verify the analytiéa] mode] experiméntally; and 3) to
use the model to calculate allowable flaw-size curves for representative
operating conditions and weld properties.

The achievement of the first two ocbjectives required extensive research
~in analytical and experimental fracture mechanics. These results are
summarized herein. Many of the results have been published previously, anc
these publications are cited where appropriate in this report. The
achievement of the third objective is based on the results of the fracture
mechanics studies. The allowable flaw-size curves for'representative
operating conditions and weld procedures are presented in Section 2.5,
Allowable Flaw-Size Curves, along with the procedures used to calcufate them.
Section 2.5 is self-contained, and thus, readers primarily interested in the
. resuiting curves can skip ;he preceding sections.

Fatigue and corrcsion contributions to crack growth were not considered
sfgﬁificant in the case of the ANGTS pipeline and are not inciuded in this
analysis. Preliminary corrosion research was conducted early in the program
for generalized pipeline analysis,14 and fatigue was included in the
TAPS analysis. *”

2.2 Fracture Mechanics

The principles of fracture mechanics provide the technical basis for the
development of allowable flaw-size curves. Fracture mechanics is the study of
the influence of loading, crack size, structural geometry, and material
properties on the fracture resistance of structures containing cracks. There
are two main ideas in fracture mechanics: First, fracture occurs when the
driving force for fracture, a function of stress and flaw size, exceeds the
resistance of the material to fracture, referred to as the fracture toughness.

Second, fracture toughness is a geometry-independent material property; that
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is, & simple laboratery specimen and a2 large structure both fracture at the
same critical value of driving force. The second idea is only directly
applicable to linear elastic {brittle) fracture and to certain cases of fully
plastic {ductile) fracture; however, it is a conservative assumption for
elastic-plastic fracture if the notch constraint in the test specimen exceeds
the notch constraint in the structure. Such is the case for pipeline girth

welds when full-thickness single-edge-notch-bend specimens are used to measure

fracture toughness. i

-

Several fracture criteria are used to characterize the driving force for ‘
fracture and the fracture toughness. These include the stress intensity
factor, K, the J~integra1; J, and the crack-tip-opening displacement, CTOD.
Since K is a linear elastic parameter, it was not suitable as a fracture
criterion for ANGTS pipeline girthwelds, which must operate safely at stress .
levels near the yield strength. However, K calculations were useful for
determining the elastic component of J and CTOD, ard thus, K caiculations for
surface fiaws are discussed in this section. The main emphasis in this
section is on the analytical work related to the development and experimenfa]

verification of elastic-plastic fracture mechanics models based on the CTCD

concept.

2.2.1 Linear Elastic Fracture Hechanics

The stress intensity factor, K, for surface cracks has been the subject
of numerous studies. Recently, the fracture committee of the Society for
Experimental Stress Analysis compared several elastic numerical solutions for
a2 surface flaw in a plate under remote tension and bending.15 The results of
Newman and Rajul6 compared favorably with the "best-estimate" results of the

committee. The results of Newman and Raju are expressed in terms of numerical
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equations that facilitate computation, and thus, their K solution has been
used in the present study. The K solution for semielliptical cracks in simpie
tension is:

K = o{ra/Q)¥F, | | (1)
for a/e < 0.5, a/t < 1.0, &/W < 0.5, aﬁd 0< o<

where o = stress

0 = is the square of the complete elliptic integral of the second kind
Fb = boundary correction factor, given below
a = crack depth

2 = crack length

t = specimen thickness

W = specimen width

¢ = angular position along crack front
The geometric variables {a, ¢, t, and ¢) are illustrated in Fig. 2. In this
study, the K at maximum crack depth (¢ = 90°} was of interest.

The numerical expression for Q developed by Rawe and used in Ref. 17 isg:

Q=1+ 1.464(28/2) %" . (2)
The boundary correction factor for tension is:
Fo =[5y + byla/t)? + byla/t)*If,, (3)
where
b, = 1.13 - 0.09 (2a/1) (4)
b, = -0.54 + 0.89 (0.2 + 2a/2) (5)
by = 0.5 - 1.0/(0.65 + 2a/2) + 14(1.0 - 28/2)°" (6)
The finite width correction, fw’ of Newmani® is used:
3ot |
£, = [sec (ma/2W)(a/1)7] (7)
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Appiicability of the linear elastic analysis has been extended to
conditions approaching ret-section yielding by correcting for the zone of
plasticity that exists at the crack tip. Thé idea is that the plastic
material at the crack tip strains without carrying the incremental load;
therefore, in the elastic sense, the crack behaves as if it were slightly
longer. The Ir‘win}‘9 correction is made by adding the radius of fhe plastic
zdne, ry, to the apparent crack length, where: 3

ry - (K/oy)2/2w | (8)
and Iy is the yield strength

Alternatively, the plastic zone has been modeled by DugdaTe20 as a thin
strip of plastic material extending from the crack tip in the plane of the
crack. The extent of the Dugdale plastic zone, p, is given by

a/(a +.p) =,C°5'(“0/2°y) (9)

If the hiéher order terms of the series expansion of the cosine function

are neglected, Eq. 9 reduces to

o = n(K/o }/8 (10)
The plastic-zone corfection, ry, is taken in this report to be egual to p/2
and {s approximately 23% greater than the Irwin correction.

Es plasticity develops, the crack tip blunts. The extent of this
blunting is the CTOD. The CTOD is calculated for the small-scale yielding
case as follows:

CTOD = K2(1 - v2)/Eg : (11)
where £ = Young's modulus

Poisson's ratio

U =

o = = +

o flow stress é(cy ou)

o, ~ uttimate tensile strength

K = K (stress intensity factor) from Eg. 1
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2.2.2 Modified Critical-COD Model

The CODs of a surface flaw in a flat tensile panel that gccur after the
uncracked ligament has yielded were originally modeled by Irwin_z-l'by
assuming the surface flaw behaves as a through-thickness crack of the same
length. The opening of the equivalent through-thickness crack is reduced by
closure forces equal to the product of the flow stress times the area of the
uncracked ligament.

In the TAPS evaluation, a model developed from Irwin's original concept,
referred to as the critical-COD model, was used to calculate allowable
flaw-size curves.4 However, there were no experimental data to evaluate the
model. In this investigation, the analytical predictions were compared
with experimental results, and the critical-COD model were modified to
‘optimize agreement between analysis and experiment. Modifications include:
superposition of the elastic and post-ligament-yield solutions for CTOD, use
of a strip-yield plastic-zone correction on both crack Tength and crack depth,
use of a finite-width correction for flat plates, and use of a curvature
correction for pipes.'

The critical-C0D model treats the surface crack in a plate as 2

.through-thickness center c¢rack after the ligament has yielded. The COD at the
middle of the center crack of length, 2, in an infinite plate under a remote
stress, o, is given by

COD = 220/E (12)
For a surface crack, the COD of Eq. 12 is reduced by the remaining ligament.

The effect of ligament depth can be estimated by considering a closing force
distributed over the crack-face area. Assuming the ligament is yielded, the
total closing force, Fc’ is

Fo= (t - a)o (13)
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where ¢ is flow stress and 1s estimated as the average of the yfeld strength
and the ultimate tensile strength, t is the plate thickness, and a is the
crack depth. Distributing this closing force over the area 2t gives a closing
stress, 9. ON the equivalent through-thickness crack of

o. = (1-alt)e : ' (14}

c
This ¢losing force opposes the remote stress, o, and the resultant opening of

the surface crack is then

COD = 22{c - o }/E ' (15)
To account for the crack opening due to the crack-tip plasticity, the
effective crack length, which includes the plastic-zoné size correction, ry,
is used in place of 2. The resulting expression when Eq.'14 is subétituted
intc Eg. 15 becomes

CoD = [o - (1 - a/t)ol2{z + Zry)/E ‘ {16)
where ry is a'pTastic»ione size correction with a finite wjdth correction and
is evaluated?? as |

sin (n2/2W)/sin (nap/2u) = cos [(n/2){s'/5")] (17}
where lp is the length of the crack measured to the ends of the plastic zone,
defined as & + 4 r, a'/o' =1 - t/a(l - o/a), and W is the plate width,

Using CTOD as the fracture criterion, the relationship among C70D, o, and

flaw size 1is

CTOD = CToo(e1asti§) + COD (18)
where CTOD(elastic) is given in Eq. 11 and COD is given in Eq. 16. The value
of COD is zero when o is less than ligament yield stress, given by {1 - a/t)o.

Comparison of anaiytical predictions of the critical-COD mode! with

experimental results discussed in Section 2.3, was done in terms of crack-
mouth-opening displacement (CMOD); i.e., the COD at x = 0 in Fig. 2) where:

CMOD = CMCD(elastic) + COD (19)
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where COD is given in Eq. 16 and CMOD{elastic) is evaluated using the

elasticity solution of Kobayash123 for cracks with aspect ratios (&/a) less
than 10:

cuon = Bl = 0)Cop + A o0 4 BT02 (20)

where G = shear modulus and the coefficients Cpy, Cogs and Cj, are governed by
the geometry and loading conditions. The values for COO’ 620, and CO2 are

24 sglutions to Eq. 20 are shown in Fig. 3.

taken from Kobayashi.

For long cracks (2/a > 10), the Kobayashi solution is not applicable and
the elastic CMOD is calculated using King's22 simplified 1ine-spring model
(discussed in Section 2.2.3).

2.2.3 Derivation of Yielded-Ligament Model from Line-Spring Model

The line-spring model was developed by Rice and Levy25 for elastic
surface cracks. Extension of the model to elastic-plastic surface cracks was

27 For the purposes of

speculated upen by Ricez5 and carried out by Parks.
thié program, the line-spring model provided an analytical framework for
extending the critical-COD model to the case of surface cracks in pipes rather
than flat plates.

The use of the line-spring model was suggested after the validity of the
critical-C0OD model was confirmed for the case of surface cracks in tensile
panels (see Section 2.3.2). Thus, the same physical assumptions used in the
critical-C0D model were introduced into the line-spring model, and the two
models predict the same results for the flat-plate case. However, the line-

spring model made it possible to account for a number of complexities that

exist for the case of long surface flaws in pipes, specifically, the elastic

displacements of Tong cracks, the curvature effect, and plasticity development.

On the other hand, these same physical assumptions resuited in considerable
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simplification of the 1ine-spring model. The derivation of the model for the
case of flat plates is discussed in this section and the extension of the
1ine-spring model to the case of surface cracks in pipes is discussed in the
following section, 2.2.4.

In the line-spring model, the surface crack is treated as being equivalent
to a through-crack of the same length as the surface crack. However, owing fo
the presence of the uncracked 1igament, certain closing forces and bending
moments act oﬁ the faces of the equivalent through-crack. The bending moments
are caused by the eccentricity of the Jigament with respect to the centerline
of the plate thickness. These forces and moments can ﬁe related to the
deformation of the ligament through compliance expressions. The p1$ce of the
ligament can thus be thought of as being taken by “springs” connected from one
face of the through-crack to the other. The compliance of these springs at a-
point along the crack is assumed to be equal to that of an edge crack in plane
strain of the same depth as the surface crack at that point and in a plate pf
the same thickness. This is motivatec by considering the limiting cases. If
the crack were very long, it would begin to behave 1ike an edge crack in a
thick plate {thus deforming in plane strain) with all the applied load being
carried by the uncracked 1igament behind the crack. The other linit is that
of a very deep crack, in which the ligament becomes increasingly thinner and
eventually disappears entirely. In this case, the crack becomes a through-crack,
and all the load is carried by the material on the sides of the crack. The
actual situation is between these two extremes, and to analyze it approximately,
we assume it is a mixture of the two limiting cases, SO that the load is
carried partially by the "edge crack" and partially by the "through-crack,” as

shown in Fig. 4. To determine the unknown force, F(x), and moment, M{x), that
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Fig. 4 - Line-spring model.
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act on the edge crack at a point x along the crack and by equilibrium also act
on the through-crack faces, displacement compatibility 1is enforced; that is,
since the “through-crack” and the "edge crack" coexist in the same plate, they
must exhibit the same opening displacement of the crack and the same rotation
of the crack faces. Once the force and moment are known, we can compute any
paramete} of interest, such as J or COD, by focusing our attention on the edge
crack.

To apply the line-spring model, expressions relating displacements and
rotations to forces and moments must be set up. It is convenient to introduce
the average tensile stress,

o, = F/t (21)
and the bending stress,

m o= 6M/t2 o | (22)
where t is the plate thickness, and F and M are the force per unit length and

moment per unit length, respectively, on the edge crack. In terms of a, and

m, the compliance expressions for the edge crack are

b = 2(1E— vt (alluo + alZm) (23)

12{1 - 2 '
9. = __i—_fflLl'(al?co * aEZm) (24)

where the compliarce constants 19 219> and a,, are found by considering the
edge crack loaded with Gy M and with Ac and @C defined as the additional
displacement and rotation of the ends caused by the presence of the crack.
The procedure of Rice and Levy25 was used to calculate the compliance
constants (aij)’ and the results for the 343 as functions of crack depth are
shown in Fig. 5.

The mathematical complexities in the line-spring model arise in deriving
the expressions relating displacement and rotation to 9% and m in the through-

crack, because the force and moment at any position along the crack front
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affect the displacement and rotation at any other point. Enforcing displacement
compatibility results in 2 pair of coupled integral equations that must be
solved numerica]Ty,25’27 or the line spring may be inserted into a suitably

28,29 Extension of the model into the

- modified finite-element program.
elastic-plastic region has been carried out by invérting Eqs. 23 and 24 and
rewriting the result in an incremental form, thus relating dao and dm to dac
and dec through a stiffness matrix. At sections in which yielding has
occurred, the “tangent stiffness" is used; This procedure was proposed by
Rice?® and successfully carried out by Parks and Lockett.27’28’30 A further
complication is the spread of plasticity from the sides of the crack. Rice?®
speculated on the possibility of handling this by using a strip-yield
approach, but this has not been applied previously. If the line-spring is
inserted into a finite element code, plasticity at the sides of the crack can
readily be accounted for by the code.

The following simplifications reduce the model to a purely analytical
one:

1. The surface crack {s treated as existing in an infinite flat plate
loaded in remote tensicn.

2. The actual crack front is replaced by a crack of consiant depth, and
displacement compatibility between ligament spring and through-crack is
enforced only at the center of the crack. This reduces the coupled integral
gauztions to a pair of linear algebraic equations, a simplification proposed
in a slightiy different form by Rice and Levy.25 The constant crack depth
used in deriving the model presented here was the maximum depth of the actual

crack, so that the correct depth in the actual crack at the point of most

interest is matched by the model.
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3.  The spring 1s elastic perfectly plastic; that is, it remains linear
elastic until the force and moment in the spring reack a yield criterion.

4, Spread of plasticity from the sides of the through-crack is approxi-
_mately accounted for by using an effective crack length of g+ Zry, where & is
the crack length and the plastic-zone size correction, ry. is obtained from a
strip-yield analysis of a finite-width plate, the only manner in which finite
width enters the model.

A simplified model results. The campliance of the ligament spring is
sti11 given by Egs. 23 and 24. For an infinite plate loaded in tension by o,
with the average tensile stress, Oys and bending stress, m, acting on the
crack faces, the displacement and rotation at the center of the crack are

b, = 22/E (6 - o) (25)

_ =4(1 + v)2

o = Bt T (26)
FEquation 26 is derived by integéating the solution for a point-moment applied
on the crack faces.25

Forcing equality between AC in £gs. 23 and 25 &nd o, in Eqs. 24 and 26

results in
[a11 + 2/t{l - vz)]ao *apm = fo/t{l - v3)Jo - (27}
2/t ;"
2% Pt o P O (28)
o= ag (29)
m = -Bc {30)
o = /T - v ey + wrpliyrrey) /S (31)
B = (1/[t(1 - v2)13 app/S | (32)
where S = {all + 9./[1:.(1 - \Jz)-_‘-} [322 + 3(1 5/3)(3 e \J)] - aiz (33)
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The spring remains elastic until satisfaction of a yield criterion is achieved
in the edge crack. Various yield criteria were tried, including an upper

26

bound slip-line solution presented by Rice,” a lower bound static equilibrium

" condition that assumes yield occurs when a plastic h{nge develops in the
ligament, and a simple average stress condition. The average stress condition
was chosen for simplicity and because its results agreedrwith the experimental
data ﬁresented in Refs. 31 and 32 as well as any of the yield criteria tried.
Yield is assuméd to occur when the average tensile stress in the 1igament, gy

reaches a closure stress, o, shown in Eq. 14, resulting in

_t-a-
O = % o - (34)

From Eqs. 29 and 34 the value of applied stress at which 1igament yield

oCCUrs, o) ys is determined:

to2s (35)

t

N |
LY =«
Subsequently, % remains constant, given by Eq. 34, and m remains constant,
given by Eq. 30 with = 0 y-
Equations 25 and 26 are still used for determining b and 9.5 but after

ligament yield, plasticity at the sides of the crack becomes important and the

crack length, &, is replaced by the "effective" length, 2 + 2r . The

Y
expression for ry is
r ={g =~ 2)/4 38
y ( 0 )/ ' (3€)
and Ep is evaluated from:
sin (ﬁap/zw) = gin (ne/2W}/ cos %(%-% - §-+ 1)] (37)

The plate will continue to carry additional load until the strip yield reaches
the edge of the p?dte, which occurs when the applied stress reaches the net

section yield stress

Ny * all - pa/(Wt)] (38}
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This results directly from equilibrium or from setting zp = W in Eq. 37.

Equations 37 and 38 are valid for finite-width flat plates. If this
model is applied to other situations, such as cracks in pipes, use of these
" equations would not be appropriate, and the strip-yield solution for an

infinite plate might be more suitable, for which

- wfta t
‘_zp = 5/ cos g(-—-— -2 ¢+ 1) | (339)

and the net-section yield stress becomes simply g.

The values of %% and m are now known for the entire range of applied
stress. From these, both COD and the J-integra]jat the root of the crack can
be computed. To_ca1cu1ate C0D, it must be noted that Be in Eq. 25 is the
displacement at the centerline of the plate thickness. The CTOD is used as a
fracture parameter, whereas the CMOD is more gasily measured and is used for
experimental verification of model nredictions. From the geometry shown in
Fig. 6,

CTOD
CMCD

bt ec(t - 2a) (40)

a. * et (41).
Bn alternative method for calculating CTOD prier to ligament yield is to use
the relation between CTOD and K (Eg. 11). The stress intensity factor, K, is
calculated using the line-spring model, as discussed below, This method was
preferable because accuracy of estimates of K using the line-spring model can
be cHecked using published elastic numerical re5u1ts.16 After ligament yield
the incremental value of CTOD was calculated using Eq. 40. This is justified
hecause the assumption of crack faces opening as paralle] lines is accurate
after ligament yield, as has been confirmed experimentally using replication
studies. > The result is '

CMOD = (220/E) [1 + 2(1 + v)8/(3 + v) - o] (42)
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Fig. 6 - Calculation of CMOD and CTGD.
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for o < oy
CMOD = [2(2 + 2ry)/E] (c + ot - a/t){[2(} + V}R)/{(3 + v)a - 10 (43)

for Oy < ¢ < sy

CTOD = K2(1 - v?)/E5 = CTOD, (44)
for o <y
CTOD = CTOD, + f2(y + Zry)/E] [o(l - a/t) o) (45)

for Oy €0 < gy
Both CMOD and CTOD increase without bound at Ongy

The model presented is for flat plates in tension. To apply it to actual
structures, the value of the nominal membrane stress component normal to the
crack in the vicinity of the crack ({.e., the stress that would exist in that
region if the crack were not present} is calculated and used as the applied
tension, 0. The redistribution of stresses caused by the crack is thus
ignored.

The model that has been described in this subsection is the
yielded-1igament model for flat plates. Further development of this model is
discussed below.

2.2.4 Crack-Opening Displacements in Pipe

The driving force for fracture in pipes differs from that in flat tensile
panels in two ways: First, shells have greater stiffness than flat plates.
Thus, the rotation of the crack faces, and the resulting CMOD, is less in pipe
than in plates, particularity for long cracks. Second, the axial stresses in
pipes are caused by bending or by bending plus tension, whereas the flat
piates were tested in tension. The bending stresses result in a stress
gradient along the circumference. Therefore, as the plastic zone develops at
the ends of a crack (Jocated in the region of maximum tension), plasticity

spreads into a decaying stress field. Thus, the stress for plastic collapse
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is greater for pipes in bending than for plates in tension. These factors
were accounted for in the analyses of the large-diameter pipe tests,
(Section 2.4) and in the calculation of allowable flaw-size curves (Section 2.5).
The higher stiffness of shells relative to flat plates against rotation
is approximately accounted for in the simplified l%ne-spring model. The
line-spring model treats a surface crack as being equivalent to 2 through-
crack with closing forces and out-of-plane bending moments acting on its
faces. The magnitude of these forces and moments is determined by enforcing
compatibility of displacement and rotation between the through-crack faces and
the ligament. The compliance of the ligament is determined by considering an
edge crack of the same depth as the surface crack. The modification to the
line-spring model, introduced to model long surface cracks in pipes more
accurately, was to account for the effect of curvature on the relation between
moment and rotation in a pipe. This relation enters the line-spring model
when the compatibility calculation is made. For a flat plate, the relation
between moment on the crack faces and out-of-plane rotation is
9= =24(1 + v)M/LEL3(3 + v)] (46)
The compliance is seen té become very large, approaching infinity in the
limit for long crack lengths., However, a circumferentially cracked pipe has
significant rotational stiffness, even if the crack extends completely around
the circumference, For long cracks, the effects of the crack ends on

rotation at the crack center may be neglected, and the moment-rofation

relation may be obtained by considering the axisymmetric problem of a cylindrical

shell subjected to moments distributed around its end. The relation between

moment and rotation is, then

0, = -{2R)1/2[12(1 - v2)13/% M/(Et5/2) (47a)
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The line spring calculations have been done in terms of bending stress m
rather than moment M. These guantities are related according to Eq. 22.

m = gM/t2 . (22}
Writing Eq. 47a in terms of bending stress, m, we have

o, = ~L(2R)} [12(1-v3)13/% / (6Et))m | (47b)
Equation 47 is derived using axisymmetric shell theory. The relation
between M and ®c enters the line-spring model in the compliance calculation by
kep]acing Eq.-26 with Eq.47b and then obtaining curvature-corrected results
for Eqs. 27 through 33. |

In tensile panels, plastic collapse occurs when the net—seﬁtion stréss
exceeds the flow stress. The collapse mechanism consists of localized
deformation along 45° slip Vines emanating from the crack tips to the edges of
the specimen. However, in a pipe subjected to bending or combined tension and
- bending, the collapse mechanism differs from that in a tensile panel. A lower
bound estimate for the collapse load is obtained by assuming a plastic
hinge develops at the cracked section, as shown in Fig. 7. Force balance at
the plastic hinge determines the neutral axis location:

8, = (3)[P./(20tR)] + (a/t)(oy + ) (48)
where the angles 0, and 8, are defined in Fig. 7, Pt s the resultant of all
applied loads, and R is the pipe radius. Moment balance results in

M = {25R2t)(2sin 92) - (a/t)sin ch (49)
where M is the applied moment. For a given crack size, Egs. 46 and 47 will
give an interaction curve of values of ?t and M corresponding to plastic
collapse,

The special case Pt = 0 is of interest in the present study. For this
case, the collapse moment is given by

M = 25R2t{2¢cos T{a/t) o] - {a/t) sine;} {50)
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Neutral Axis

Fig. 7 - Schematic stress distribution of a pipe containing a
circumferential crack under bending.
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which reduces to

M. = 20R%t[2 - (a/t)e,] (51)
for small crack Tengths. The moment at which flow first occurs in an
| uncracked pipe is given by

M = wR2tc (52)

Comparing Egs. 52 and 51, for small crack lengths the collapse moment is
approximately 27% higher than the moment corresponding to incipient yield.
Thus, the pipe is capabie of Farrying significantly higher moments before the
CMOD increases without bound than is predicted-by the critical-COD model.

A modificatién to the critical-COD model has been derived that addresses
this objection. The fully elastic contribution to {MOD is calculated as
described above. jThe additional contribution to CMOD in the post-ligament-
yield rancge, CMODLy, is computed using a new expression. The expression for

CMOD is-deriving using an approach similar to that used by Heald, Spink, and

LY
Horthinton33 in deriving strip-yield solutions for the COD of finite-width

tensile panels. deWit and Smith34 followed this approach in deriving a mode]
for a finite-width tensile panel containing a surface crack that gives
analytical results for CMODLY comparable to those obtained using the
yielded-1igament model.

First the strip-yield expression for CMOD of a center crack in an
infinite plate under tension is considered:

eHOD = 252/ (+E)+1n{L + sin (vo/2))/(1 - sin(ro/23)1) (53)

Equation 53 can be thought of as an expression that increases without bound as
o approaches a, correctly reduces to the ltinear elasticity expression for CMCD
at small stress levels, and interpolates in between these limits using the
function in braces. The desired express{on for CMODLY should have similar

features with the following exceptions:
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- 1. The expression for CMOD sheuld increase without bound as the
plastic collapse moment is approached. When axial load is present, propor-
ticnal 1oadihg must be assumed.

2. At smz1l moment levels, the ekpression for CMODLY should reduce to
the expression for CMODLY that results when plasticity at the sides of the
crack is negligible. ‘

An expression which meets the above criteria is

oHOD, = [285/(x7E) 04 = 82/(R) = w{1 = a/O)JInL(L + sin 1)/(L = sin )

(54}
where vy = {n/2){M - Ao)/(MC - Ao), A, = xR2t(1 - a/t)o, and M 1s evaluated
using EQ. 51.  The model described here is called the pipe yielded-

ligament model. Using Eq. 34, CMODLY is seen to increase without bound as the

§011apse moment is approached. For small moments, the pipe is elastic, the
nominal membrane stress 1is

| o = M/nR2t ' (55)
and Eq. 54 reduces to Eq. 53. The logarithmic function interpolates between
the two extremes.

2.3 Model Evaluation Tests for Surface Cracks in Tension

The eritical-COD and flat plate yielded-ligament medels provide an
analytical relationship among the COD, applied stress, flaw size, material
properties, and specimen (or structural) geometry. Both models can be
expressed in terms of the CMOD or CTOD. The experimental program was based on
the assumption that verification of the model in terms of CMOD is sufficient
to verify the models in terms of CTOD. This assumption is required because
CMOD can be readily measured, whereas CTOC cannot.

In this section, the experimental evaluation of the critical-COD and

flat plate yielded-ligament models is discussed for the case of surface cracks
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in tension. The CMODs of surface cracks are measured as functions of stress
and strain in tensile panels of API 5LX-70 steel plates and welded pipe
segments. The experimental results are compared with analytical predictions.

2.3.1 Experimental Procedures

The test materials were API 5LX-70 pipeline steel in the form of 15.9-mm (0.625-in)

thick plate and pipe segments with transverse girth we]dg. The pipe segments
were taken from 1220-mm (48-in) diameter, 15.9-mm (0.625~in) thick APT 51X-70
pipe welded using representative field practices. Metallography and
properties of the base plate and welds are described in Appendix B. Chemical
composition is given in Table 1, along with compositions of materials
considered elsewhere in this report.

Three series of specimens with different surface crack lengths and depths
were tested: one series each for the base metal, the manual welds, and the -
automatic welds. The test matrix is shown in Table 2. The base-metal test
specimens were tensile panels (Fig. 8) that were notched in three different
ways: 1) a saw cut of 0.4-mm (0.016-in) width, 2) a saw cut followed by
fatigue sharpening, or 3) an electrical-discharge-machined (EDM) notch of
0.4-mm (0.016-9n) width. The weld-metal test specimens were-tensi1e panels
taken from the 1220-mm (48-in) diameter pipe with the weld transverse to the
tensile axis. The pipe curvature was retained in the specimens and the weld
reinforcement was removed to obtain a uniform cross section. The surface
notches, all prepared by EDM, were located on the concave side of the pipe at
the root of the V-shaped weld.

Each of the specimens in Table 2 was loaded in tension at room temperature,
and the CMOD was measured as a function of nominal stress, g, and gage-length
strain, € - In the base-metal specimens, the € Was taken as the average

strain over a gage length of 305 mm (12 in), except for the 381-mm {15-inch)
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Table 1 - Chemical Analyses {n Weight Percent

c St Hn P s Al tu Cr Ni Mo v Nb N
Base metal 0.08 0.3 1.45 0.05 0.003 0.039 O0.08 0.09 (.03 0.10 0.07 0.036 0.009
(AP] 5L%-65)
Base meta) 0.076 0.2 1.3 0.12 0.1 0.13 0.33 «<0.05
(AP! 5LX-70)
Manual weld 0.12 0.17 0.67 0.005 0.010 D13 1.6 o.on
Automatic weld 0.17 D.43 1.3 0.011  0.005 0.073 n.92 0.053
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Table 2 — Test Matrix for the Experimental Evsluation of
the Critical COD Model and Flat-FPlate Yielded-

Ligament Model

Specimen Specimen Width, W,  Crack Depth, a,  Crack Length, 2,
Number om in _— in m in
pL * 102 4.0 | 6.65 0.262 40.9 1.6l
p2 102 4.0 9.07 0.357 43.5 1.71
P3 102 4.0 5.64° 0.222 31.2  1.23
P4 102 4.0 6.88° 0.271 48.3  1.90
P5 76 3.0 10,545 ¢.415 3.2 1.23
P6 76 3.0 4.57 o0.180  13.5  0.53
p7 76 3.0 3.56 0.140 31.8 1.25
P8 76 3.0 5.08  0.200 14.7  0.58
Pg 381 15.0 3.81 0.150 114.3 4.50
art 76 3.0 8.13  0.320 29.7  1.17
A2 102 4.0 5.72  0.225 47.5  1.87
A3 76 3.0 2.49 0,098 17.3 .68
A4 76 3.0 4.57  0.180 11.8  0.46
¥ 76 3.0 8.13  0.320 28.2 1,15
M2 102 4,0 5.84  0.230 47.5  1.87
M3 76 3.0 4.32 0,170 11.8 0.46
M4 76 3.0 2.16 0.085 15.0  o.59
base‘meta1

manual weld

¥ P:

+ A: automatic weld '

+ M:

3 specimen also used to evaluate the J-integral model
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wide specimen that had a gage length of 610 mm (24 inch). The specimens were
pulled in tension under displacement control with a closed-l1oop servo-contralled
hydraulic testing machine. The values of CMOD were measured with a clip-on
displacement gage mounted directly onto the crack mouth with the clip-on teeth
about 0.13 rm (0.005 in) into the crack. The g, was obtained from displace-
ments measured over the chosen gage length with linear-variable-differential
transducers (LVDTs). All signals from electrical resistance strain gages,
| LVDTs, the clip-on gage, and the load cell were acquired and stored by a
mu]tighannei minicomputer for on-line and post-test analysis. For observation
of the deformation patterns near the cracks, the specimens were coated with
photoelastic material and instrumented with electrical-resistance strain
gages.

The CODs in specimen PS5 were measured by a replication technigque. The
specimen was lﬁaded under displacement centrol to a CMOD of 0.2 mm (0,008 inj.
A 1iquid, silicone base, precision-impression material was mixed with a
hardener and inserted into the crack. The replica material was allowed to
harden at constant CMOD for about 15 min. Subsequently, loading was continued
until a CMOD of 0.5 mm (0.02 in) was reached. The replica was removed and the
replication procedure was repeated. The procedure was repeated at CMOD values
of 0.9, 1.2, and 1.8 mm {0.035, 0.047, and 0.071 in). Each of the replicas
was cut along the minor axis of the semielliptical crack and mounted in nhenyl
salicylate. The CODs were measured at several distances (x values) from the
crack mouth with a metallographic microscope. The precision of measurement was
within £0.03 mm (20.001 1in) under 100X magnification.

7.3.2 Results and Discussion

For the test matrix shown in Table 2, CMOD has been measured as a function

of applied stress, o, and of gage-length strain, £ - The experimental results
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of CMOD vs. o are compared with the analytical predictiens of the analytical
models discussed previously.

 cMoD = cMOD(elastic), for o < [1 - (a/t)]5 (562)
[2(s + Zry)/E] [o - (1 - a/tys] + CMCD (56b}

it

CMOD

for o > [1 - {a/t)]a

Equations 56 state the critical-COD model applied to prediction of crack-
mouth-opening displacement. For short cracks, the critical-COD and flat-plate
yielded-1igament models agree. They agree for all cracks after full-ligament
yielding.

Fquation 56a is evaluated using the elasticity solution of Kobayashi, 4
(Eq. 20) for cracks with aspect ratios (a/2) greater than 0.1. For long
cracks (a/2 < 0.1), the Kobayashi solution is not applicable, and the elastic
CMOD is calculated using King‘522 simplified version of the line-spring model’
(see Section 2.2.3). Also, for long cracks, the plastic zone development
through the thickness before full ligament yielding becomes more important,
and it is accounted for by adding a plastic-zone correction, ryd’ to the crack
depth. The Dugdale plastic zone in a center-cracked finite-width panel is
used. In using this solution for an edge crack in the line-spring model,
bending is neglected; the underestimation of ryd is considered neg1igib{e for
present purposes. The addition of the through-thickness plastic zone
correction to the flat plate yielded-ligament model produces a model called
the flat plate yielded-ligament model with through-thickness plasticity
correction.

Fquation 56b s used from the onset of ligament yielding,
g > [1 - {a - t)25, until net-section yielding occurs. After net-section
yielding, CMOD increases without bound at a constant applied stress and is

shown as 3 vertical line in the CMOD-vs.-g curve, 2t ¢ = ¢ (1 - ag/tW). The
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important quantity in the application of fracture mechanics is CTOD and not
CMOD, because CTOD is recognized as being related to crack initiation. With
moderate Tength and deep surface cracks, it is assumed that the rotation of
the crack faces owing to out-of-plane bending is negligible after the ligament
has yielded and the increments of CTOD at the Teading edge and CMOD are equal.
Measurements of the crack profile are shown in Fig. 9. At low values of COD,
the replicating material did not penetrate all the way to the crack tip.

Thus, there are more data points at the higher values of COD than at the lower
end. As shown in Fig. 9, the assumption of negligible rotation of the crack
faces owing to out-of-plane bending after ligament yielding is reasonable.

Base-Metal Results. As shown in Table 2, nine base-metal tests were

conducted. The results, summarized in Figs. 10 and 11, show good agreement
between experiment and analysis. Note that the shape of the CMOD-vs-o curve -
for the long (/= 114.3 mm, 4.500 in} crack tes.t differs from that of the
shorter crack tests; nonljnearity due to crack-tip plasticity occurs at a
lower stress, and there is a more gradual transition to net-section yielding.
Addition of the Dugdale plastic-zone correction to the crack depth accounts
for this behavior. Thus, the‘ana1ysis appears to be valid for a broad"range
of crack sizes.

The chronological events associated with the CMOD-vs-o curves can be
described as follows: Initial loading produceg elastic specimen extension and
the relationship between CMOD and stress is linear. As the stress increases,
the plastic-zone size ahead of the crack tip enlarges. Eventually, the
plasticity spreads to the back face of the specimen; this is termed ligament
yielding. After ligament yielding, the plasticity contributing to the CTCD
tends to occur in slip bands emanating from the crack tip at angles of =z45°

from the plane of the crack, and the nonlinearity'of CMOD-vs-c curves becomes
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Fig. 11 - CMOD vs. nomiral stress for base-metal specimens.
experimental data and solid lines are analytical predictions
based on the modified ¢ritical-COD model. To obtain a andf

in Inches, multiply by 0.03%4,
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noticeable. Initially, the slip bands are between the crack tip and the back

face. Finally, the net section yields along *45° slip bands between the crack

and the specimen edges, and the CMOD increases asymptotically to the net-section

. ytelding stress. These phenomena were revealed by the brittle lacquer on the

front and back surfaces of the specimen. On the front surface (Fig. 12) values of

strain 3.8 mm (0.15 in) above the center of the crack were more than two
orders of magnitude lower than those of remote strain. The strain increased
with distance from the crack plane and eventually reached the values of remote
strain.

On the back surface of the specimen, the deformation phenomena were
examined with brittle lacquer and electrical-resistance strain gages. As the
stresses increased, the highest strains were observed at regions about x45°
from the p]ane of the crack emanating from the leading edge of the crack. The
1igament-yielding stress estimated from o = (1 - a/t)o agreed well with
readings froh strain gages at the highest strain regions. After Tigament
yielding, the deformation pattern on the back of the specimen was an ellipse
that surrounded the position of the crack until net-section yielding was
approached. Then the pattern developed slip linés to the edge of the
specimen, The strains at the region right behind the crack remained
relatively low compared with the remote strains. This low-strain region could
be seen necking down after extensive net-section yielding, and then the crack
grew to the back surface. The strain patterns revealed by the brittle lacquer
are shown in Fig. 13.

The results in terms of CMOD vs. g are shown in Figs. 14 and 15. Two
distinct behaviors are observed. Seven of the specimens exhibited a nearly
bilinear relationship between CMCD and ¢ , with the slope sharply increasing

at strain levels slightly below the yield strain, as shown in Fig. 14. The
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APl 5LX-70 Pipe Steel — Analytical Mode! -

e Experimental Data

50 x10°2
1.2 -
a=4.57mm (0.180 in) a= 5.08mm (0.200 in)
g=13.5mm ¢€0.531 in) £2=14.7mm (0.57% in) 0
1.0+~ = - -
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Fig. 15 - CMOD vs. gage-length strain for base-metal specimens that
exhibited net-section yielding followed by gross-section
yielding. (a) Specimen P6, (b} Specimen P8.
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bilinear behavior results when the strains that exceed yield only occur in the
net section, that is. net-section yielding. Photoelastic observations and
strain gage measurements indicate that, for net-section yielding, yielding is
‘confined to siip bands, which extend at approximately 45° ang1és from the
crack tip to the specimen edges. As shown in Fig. 13, specimens with smaller cracks
exhibited similar behavior at low strains, but at high.strains the CMOD
reached a plateau value, increasing only slightly with strain. The plateau
develops when strain hardening‘e1evates the flow strength in the slip bands
and strains above yield occur in the gross section, that is, gross-section
yielding. Once gross-section yielding occurs, the remote displacements are
absorbed along the entire test section and CMOD increases slowly with g, .

The bilinear relationship between CMOD and ¢ can be modeled at stress
tevels below nef-section ytelding using Eq. 56, providing that the appropriate
relationship betwéenleL and o has been established. At strains above net-section
yielding, the slopes of the CMCD-vs.-g curves are equal to the gage length;
this occurs because all of the remote displacement is transmitted to the crack
tip through the s1ip bands. Thus, after net-section yielding,

CMOD = CMODNSY + L(EL - ENS‘:’) (87)

where L is the gage length and the subscript NSY refers to the value of the
quantity at the onset of net-section yie\ding;

A relationship between e and ¢ is necessary 1o model CMOD vs. ¢ at
stresses below net-section yielding and to compute CMODNSY and eycy for
Eq. 57. The g is the sum of the elastic strain, o/E, plus the increment of
€ due to the presence of the crack. The remote displacement, At, in a
center-cracked panel is given by

at = (202/E)TV(2/W)] (58)
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where V(&/W) is‘giVen by Tada, Paris, and Irwin.3> For a surface crack,
Irwin's equivalent through-thickness crack concept19 can be used to modify
Eq. 58; that is, o is reduced by the closing stress, Ocs caused by the

~uncracked ligament,

R PV ' (59)
To account for the crack-tip plasticity, the effective crack length, Lofes
‘which includes the plastic-zone size correction, ty’ is used in place of
£. The resultant expression becomes

e, = o/E + [2(0 - 0 ) /EN R pp/LI1V(2ce/W)] (60)

Given Eqs. 56a, 56b, and 60, it is possible to calculate CMOD vs. e for
the net-section yielding case. For stresses below and equal to net-section-
yield stress, Eq. 56 is used to calculate CMOD and o is converted to e using
Eq. 60. For stresses abcve net-section-yield stress, Eq. 57 is used. Compari-
son of the experimental and analytical results of CMOD vs. £ shown in Figs.

14 and 15 indicates good agreement.

For specimens in Fig. L5, net-section yielding is followed by gross-section
yielding at high strains. The transition from net-section yie1&ing t0 gross-
section yielding, and CMOD vs. EL for gross-section yielding have not been
modeled. In the present study, the transition occurred at a ratio of crack
area to cross-sectioné1 area of 5%. The area ratio at which the transition

occurs should be higher for materials with more strain hardening.

Weld Metal Results As shown in Table 2, four automatic-weld specimens

and four maznual-weld specimens were teéted. As shown in Table 3, the yield
and ultimate strengths of the welds were significantly different for both
types of weld and for the base metal. These differences were far jess in
transverse-weld tensile tests on 76-mm (3.0-in) wide, full-thickness tensile

panels with a 305-mm (12.0-in) gage length., The stress-strain curves obtained
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Table 3 — Summary of Weld-Metal Tensile Properties

Weld Test giiﬁ?? szizigth, £l Percent — peduction
Type Temperature, Strength, 0.2% Offset, L OBBATION AT 4y Area,
°c  °F MPa psix 10° MPa psix 102 25 mm (1.0 in) %
Automatic +24  +75 549 79.6- 481 71.2 26 69
Automatic +24 +75 820 119 735 107 15 * 31*
Automatic +24  +75 BOO 116 715 104 21 66
Average 810 117 725 105 - 21 66
Manua! +24  +75 560  81.2 4701 8.2 28 68
Manual +24  +75 550  79.8 460t 66.7 .29 64-
Average 555  80.5 465 67.4 28,5 66
Automatic -101 -150 955 139 820 115 % 61
Automatic -101 -150 910 132 790 114 27 63
Average 930 135 BOS 117 27 62
Manual -101 -150 665 96.4 580 % 84.1 30 65
Manual -101 -150 675 97.9 560 T 8l.2 21* 30~
Average 670 97.2 570 82,7 30 65

*Slant fracture; other specimens exhibited cup-cone fracture.

Tyield point observed; other specimens did not exhibit a yield point.

¥ Gage marks not visible on specimen after test.
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using strain gages mounted in the center of the weld at midthickness on both
edges are shown in Fig. 16. For the CMOD-vs.-o model, only the flow stress
values are important: 596 MPa (86.5 x 103 psi) for the automatic weld and
557 MPa (80.8 x 102 psi) for the manual weld. However, for CMOD-vs.-£
modeling using the two-tensile-bar model (6iscussed below), the shape of the
stress-strain curve is also important.

The experimental results of CMOD vs. o for the automatic and manual welds
are compared with the analytical predictions in Figs. 17 and 18. The general
behavior trends observed in the experiment are reasonably modeled; however,
the agreement between experiment and analysis is not as good as it was for the
base-metal tests. The correlations are best at low stresses, but the CMOD is
underestimated {specimens A2 and M4 are gxceptions) for stresses between the
stress required for ligament yielding and_the‘stress required for net-section .
yielding. At still higher stresses, CMOD is overestimated. To model the
observed behzvior with Eq. 56b, it would be necessary to use a variable flow
stress. This option is physically sensible, because the stress-strain curves
for the welds exhibit more work hardening than the base-metal curves. The
quality of the correlations is also influenced by an increase 1in experimental
uncertainty for testing the welded specimens over that encountered in base-metal
tests. The principal sources of error are: 1) bending caused by distertion,
misa]ignment,'and the curved test section, 2) the presence of residual
stresses in the welded specimen, and 3) thickness variations caused by hand
grinding the crown and root cf the weld.

The experimental results of CMOD vs. g for the automatic and manual
welds are shown in Figs. 19 and 20. The two characteristic’ trends observed in
the base-metal tests, a bilinear curve for net-section yielding and a plateau

when gross-section yielding occurs, are not apparent in the weld-metal
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Fig. 16 - Stress-strain curves of automatic and manual weldments, as determined

in transverse-weld tensile tests.
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Fig. 18 - CMOD vs. nominal stress for manual-weld specimens.
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Fig. 19 - CMOD vs. gage-length strain for automatic-weld specimens.

To obtain a and / in inches, multiply by 0.0394.
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Fig. 20 - CMOD vs. gage-length strain for manual-weld specimens.

To obtain a and ﬂ in inches, multiply by 0.0394.
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results; however, the net-section yielding and gross-section yielding designa-
tions are still appropriate. The CMDD-vs.-eL curves for net-section yielding
behavior in welded specimens are more parabolic than bilinear; the four
specimens with the largest cracks (Al, A2, M1, M2) exhibited nét-sectiun
yielding. The CMOD-vs.—sL curves for gross-section yielding behavior in
welded specimens show a very small increase in CMOD with €3 the four
specimens with the smallest cracks (A3, A4, ﬁ3, M4) exhibited gross-section
yielding.

The differences in the CMOD-vs.-eL curves for the base metal and the
welds can be explained by consideration of the higher yield strength and
increased work-hardening rates in the weld. For small cracks, the base metal
starts yielding while the weld is still elastic. Subsequent increases in
stress applied to the weld depend on the work hardening in the base metal.
Simply, the base metal stretches and the weld does not, and consequently CHOD
increases slowly with strain. For the larger cracks (specimens Al, AZ, M1,
M2), 16% to 20% of the cross-sectional area of the weld is cracked.
Consequently, the crack plane yields first and net-section yielding can occur.
Even at the 20% crack-to-cross-sectional-area ratio, the weld work-hardens
sufficiently to cause yielding in the base metal.

For the net-section yielding case, the apportionment of strain in the
base metal and the weld can be modeled with the two-tensile-bar analogy shown
in Fig. 21.

For a given value of remote imposed displacement, A' = eLL’ at the ends
of two tensile bars in series, the compatibility condition is

L (61)

Ly + eqnl

f1,1 T f2m2 T AL
where L is the gage length, L, is the width of the weld, and Ll =L -l (see

Fig. 21). The force equilibrium is
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Fig. 21 - Two-tensile-bar model schematics: (a) specimen and (b) analogy.
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[01(51)] * Al = [02(52)] . Az (62)

where cl(sl) and 02(52) are the stress-strain curves for materials 1 and 2,
and Al is the gross-section area and A2 is the net-section area in the plane
of the crack (see Fig. 21}. Since the stress-strain curves are nonlinear,
Eqs. 61 and 62 are solved numerically for ey and €5 Assuming all the strain
in the weld, €y, 90€S into the crack, then CMQOD = e2L2.

A comparison of the measured CMOD—vs.-sL data with the values calculated
using the two-tensile-bar analogy is shown in Fig. 22. The results indicate
that strain partitioning due to the difference in the stress-strain curves of
the base metal and the weld is a usable physical model of weldment behavior.

2.3.3 Summary and Conclusions

Crack-mouth-opening displacements (CMODs) of surface cracks have been
measured as functions of stress and strain in tensile panels of API 5LX-70
steel plates and welded. pipe segments. The conclusions drawn from the
investigation are:

1. For CMOD vs. stress, the flat plate yielded-ligament model with
through-thickness plasticity correction agrees well with the experimental

results for the base metal and the welds.
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2.  For strains above net-section yielding, the relationship between
CMOD and strain is complex, depending upon the specimen type (plate or weld)
and crack size. 7

a. For large cracks in base metal, all of the remote displacement goes
jnto the crack tip through the slip bands extending from the crack
tip to the plate edges at 45°, that is, net-section yielding. This
behavior was modeled and predictions from the model agree weil with
the experiment.

b. For cracks with crack area less than 5% of the cross-section2l area,
net-section yielding is followed by gross-section yielding in which
the remote displacement is distributed evenly along the length of
the specimen.

c. For large cracks in steel welds, net-section yielding is observed.,
The observed CMOD is lower than predicted by the model because the
yield strength of the weld is higher than that of the base metal. A
model, based on strain partitioning, accounts for the cbserved
behavior and provides better predictions.

d. For small cracks in steel welds, gross-section yielding is observed
throughout the strain range studied. -~

2.4 Model Verification Tests on Large-Diameter'Pipeé

An extensive series of full-scale experiments on pipes were conducted by
the Welding Institute of Canada.>® The pipe was API 5LX-70 steel, 914 mm
(36 in) in diameter and 11.5-mm (0.45-in) thick. Pipes containing surface
cracks were tested to failure. The surface cracks varied in length from 58 mm
(2.3 in) to 300 mm (11.8-in) and in depth from 3 mm (0.12 in) to 10.2 mm
(0.40-3n), The tests included in this report are summarized in Table 4. The tests

were conducted at temperatures ranging from -90°C (-130°F) to 20°C (68°F). Twelve-

meter- (36-ft) long pipe sections were loaded in bending by 20 hydraulic
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Table & — Test Matrix for Large-Scale Tests Conducted at
the Welding Institute of Canada

Test  Crack Length, Crack Depth, Wall Thickness, Temperature

Number¥ o in m in m in °c  °F
28 - 60.4 2.38 5.6 0.22 11.3  0.445 20 68
4 63.5 2.50 5.9 0.23 11.2  0.441 - 20 68
6 68.6 2.70 7.8 0.3 11.1  0.437 -90 -130
7 61.0 2,40 5.4 0.21 11.5  0.453 -90 -130
8 76.4  3.01 10,1 0.40 12,0 0.472 -850 -130
g B1.7 3.22 8.8 0.35 11.6  0.457 .80 =58
11 79.0 3.11 9.3 0.37 11.3  0.445 .-50 -58
13 59.6 2.35 6.2 0.24 10.8  0.425" -50 -38
14  64.8 2.5 5.5 0,2 1.0 0.433 -5 23
15 60.4  2.38 5.5 0.22 11.2  0.441 -5 23
18 300.0 11.8 3.0 0.12 ;1.1 0.437 20 68
19 300.0  1L.8 3.0 0.12 1.1 0.437 20 o8

* Welding Institute of Canada identification numbers,
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jacks at 610-mm (24-in) spacing. A clip~on gage was used to measure CMOD, and
the jack pressure was recorded. Strain gages were placed at various locations
to determine the strain distribution in the pipes. In the low-temperature
tests, the temperature distribution was measured with thermocouples. The
surfacé cracks were located in the girth weld or in the base metal, Manual
arc welding was used. The flow strength of the welds was approximately 590 MPa
(86 x 103 psi), which slightly undermatched the base metal.
On the basis of beam theory, the maximum membrane stress induced at the

cracked section was calculated to he

¢ = 30.6p : (63)
where p is the applied jack pressure, The bending moment at the crack section
was

by (in N*m) = 9.96 x 106p or M {in 1bf+in) = 8.82 x 107p (64)
Equations 63 aﬁd 64 were used in this study to permit analytical computation

of CMOD as a function of jack pressure.

2.4.1 Results and Discussion

Experimental results for CMOD at‘various temperatures as a function of jack
pressure are shown in Figs. 23 through 27. The tests on plain pipe are plotted
in Fig. 23. The remainder of the tests were on pipe sections containing girth
welds. The tests in Fig. 27 involved relatively long surface cracks. The
general form of the results is the same for each test: a linear relation
between CMOD and p prevailed at low pressures, followed by a nonlinear region
as yielding occurred in the vicinity of the crack, and finally a vertical

asymptote as the pressure causeng collapse at the cracked section was approached.
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Analytical predictions of CMOD as a function of jack pressure are compared
with the experimental results described above. In the discussion, the original
version of the yielded-1igament model (Section 2.2.3) will be referred to as
the flat-plate yielded-ligament model. The modified version, which accounts
for the plastic collapse mechanism of the pipe {(Section 2.2.4), will be
referred to as the pipe yielded-ligament model.

Typically the flat-plate yielded-1igament model agrees fairly well with
observed values of CMOD until higher jack pressures, at which the model
predi;tions are higher than the observed values. However, the discrepancy
does not typically occur until higher values of CMOD have been reached. For
example, if it is assumed that the highest LTG0 fracture toughness value of
pipeline weld metal that might be used in a fitness-for-service assessment is
0.25 mm (0.010 in), then for typical surface-flaw geometries, this toughness .
value (i.e., tTOD valuej would be equﬂvafént to a CMCD of approximately
0.28 mm (0.011 in). Tne model predictions.of CMOD agree favorably with the
eﬁperimenta1 results until values of CMOD higher than this are reached. Thus
the flat-plate yielded-1igament model is, in general, sufficiently accurate
over the range of intersst. An exception was test 6 (Fig. 24) in which the
model predictions were conservative (by a maximum of approximately 40%) at
lower pressures. The vreason for this discrepancy has not been explained.

The conservatism of the flat-plate yielded-ligament model at higher
pressure values appears to be attributable to incerrect modeling of the
plastic deformation in the pipe. The mode! predictions are vertically
asymptotic at a value of pressure corresponding to the tensile net-section
yield stress, ngy > given by Eq. 38. The model asymptote is typically to the
left of the data asymptote. The modified versicn of the model (Eq. 54) called

the pipe yieided-ligament model, assumes a more realistic plastic collapse
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mechanism and seems to agree more favorably with the experimental results at
higher pressure levels. Exceptions are tests 7, 9, 13, and 15 in which the

- predictions of the flat-plate yielded-ligament model agree more closely. This
" observed behavior is curious because it is reascnable to expect the data to
adhere more closely to the modified model. Two possible explanations are
inelastic buckling and tearing. Buckling behavior was cbserved in several of
the tests. Inelastic ovalization during buckling would significantly lower
the plastic collapse pressure. Some ductile tearing was also reported in some
of the tests. The model predictions based on the original crack length would,
therefore, be too Tow.

In the two tests shown in Fig. 27 the crack length was relatively long
(300-mm, 11.8 in). A straightforward application of the flat-plate
yielded-1igament model to the calculation of CMCD in this case gives poor
results. It is seen that the data become nonlinear much sooner than the mode!
predicts. This was attributed to the importance of yielding through the
Tigament depth in this case, because the center of & long surface crack
receives very l1ittle support from the material at the sides of the crack. Use
.of the flat-plate yielded-ligament model to compute the elastic component of
CMOC and accounting for through-depth yielding via the plastic-zone size
correction presented in Section 2.3.2 resulted in extremely conservative
curves. Upon examining the Tine-spring calculation more closely, it was found
that the largest contribution to CMOD was from the rotation of the crack
faces. The increased stiffness of a curved shell against rotation in
comparison with the stiffness of a flat plate must, therefore, be accounted
for. This was done in the manner described in Section 2.2.4, resuiting in the
pipe yielded-ligament model with through-thickness plasticity correction.

Predictions of this model are shown in Fig., 27; they agree well with the

experimental values of CMCD.
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2.4.2 Summary
On the basis of experimental results from full-scale tests of pipes in

bending, the flat-plate yielded-1igament model permits fitness-for-service
predictions of crack-driving force that are conservative by at least 20%
compared with the experimental data.

At driving force values above this range of practical interest,
the model predictions become more Conservative. This has been explained by
introducing a modification to the model that.more properly accounts for the
plastic deformation in a pipe, the resulting model was called the pipe
yieldeﬂ-]igament model. Calculations of COD by the model in its original ferm
are relatively inaccurate for long surface cracks. However, a modification to
the model has been proposed that greatly increases its applicability to the
long crack case. This firal model was named the pipe yielded-1igament model”
with through-thickness plasticity correction. Because the model is relatively
simple to apply, yet predicts crack driving forces that compare well with
experimental checks, being accurate or conservative by less than 10% over the
rangé of practical interest, it is felt to be a useful tool in determining the
driving force for surface cracks under elastic-plastic deformation. This is
an important ingredient in setting allowable flaw-size standards in pipeline
girth welds and other structures.

2.5 Allowable Flaw-Size Curves

An allowable flaw-size curve is a plot of flaw depth as a function of
flaw length, as shown schematically in Fig. 1. Each point on the curve
represents a critical flaw size (length and depth) calculated using an
appropriate fracture mechanics model and specified values for applied stress,
residual stress, fracture toughness, tensi]e properties and pipe dimensions.

The specified values are conservatively chosen to preclude the possibility of
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achieving critical conditions in service. In this section, the fracture
mechanics model developed in this program for the calculation of allowable
flaw size curves, the pipe yielded-ligament model with through thickness
: plasticity correction, is described. Guidelines for the selection of stress
levels, pipe and girth-weld material properties, and pipe dimensions for use
in the analysis are presented. Finally, a representative allowable flaw-size

curve is given, and the influence of selected parameter variations on the

position of the curve is shown,

2.5.1 Fracture Mechanics Model
The analytical model used to calculate allowable flaw-size curves is the

pipe yielded-Tigament model wih through thickness plasticity correction. The

fracture criterion is the CTOD:

§. = CTODE-+ CTODLY + CTODRS (65)

where 6& = fracture toughness in terms of CTCD

i

CTODE elastic component of CTOD

CTODLY = ligament-yielding component of CTOD

CTODR = residual stress component of CTOD

S
The idea is that fracture occurs when the driving force for fracture, the

CTOD terms in Eg. 65, exceeds the resistance of the material to fracture, 6C.
Values for the fracture toughness, applied stress, tensile properties, and

| pipe geometry are specified on the basis of pipeline cperating conditions
{e.g., pressure, temperature, imposed displacements) and pipe and weld
requirements (e.g., diameter, thickness, strength, toughness). The remaining
variables in Eg, 65 are the flaw depth, a, and the flaw length, £. Using the
specified values, Eq. 65 is solved numerically for a as a function of & using
& Newton-Raphson iteration procedure. The computer program used for these

calculations is given in Appendix A.
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The elastic component of CTOD is calculated using the simplified Yine-
spring model discussed in 2.2.3. The equations used in the calculations are:

CTOD. = K2{1 - v2)/Eg (4h)

E
= +F
K= t*(o g, *+ mg,) (66)

where g, and g, are given by:

g, (€)= (=g%(1.12 + 6,527 - 12.39¢" + 89.05¢

8 10 12} | (67)

- 32.05¢

- 188.61g" + 207.3%¢

1.89¢ + 18.01&% - 87.39¢°

gb(5)= (WQ%(I-IZ
+ 241.39¢°

319.94¢> + 168.01c®) (68)

£ = {a+ry)/t and o, and m are computed using.Eqs. 27 through 33. For cracks -
longer than 96 mm ( 3.8 1in), curvature must be accounted for in the compliance
calculations. The curvature correction enters the line-spring model by
replacing Eq. 26 with Eq.47b and meking the associated changes in Egs. 28
through 33. The revised equations are 69 through 74, in which

the subscript ¢ in the symbols . and Bc stands for curvature.

34
(2r)} r12(1-v2)7”/ %
a +m Y + -0 09)
1200 22 72(1—v2)té “ | (
Yo % (70)
m= - Bco | .
3 34
a - 31/[t(1-\;2)ji 3a22+ (1)} 120132)) % - "
' : 72(1-v2)t
Be © {E/[t(l‘“z)]!alz s - (73)
- ’ (2r)} [12(1-02)777 ) 2
P et M 3a22 T (1) % T %12 (74)
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In evaluating Eq. 66, the plastic-zone correction, ry, is added to the crack
depth. The ry is calculated as in Eq. 17, but using depth and thickness in
place of length and width, and inserting the appropriate stress ratio:

sin (ra/2t)/sin [xlas2r )| /2t = cos (s0/25) . (75)
The plastic zone size calculation is nonlinear and self-consistent; both Eq. 70
and Eq. 75 must be satisfied. The plastic zone enters Eq. 70 through the
parameters aij’ which are actually functions of the effective crack length,
a+ry. These parameters are given as functions of a/t in Fig. 5, above, in the
context of an elastic treatment of the ligament. As discussed in Section 2.4.1,
yieIdingIthrough the ligament must be considered in the calculations to obtain
agreement with experiment. This is accomplished by replacing a/t on the
x-axis of Fig. 5 with (a+ry)/t. Thus, the ligament behind the crack is
treated as partially yielded, and having some plastic zone radius, ry, befor?
the applied stress reaches a certain value given by Eq. 34; above this stress,
the Tigament is fully yielded and CTOD increases according to Eg. 76. Before
the Jigament is fully yielded, no plasticity corrections to
2 are made.

The ligament yielding component of CTOD is given by:

CTOD y = 2(x + 2r )/E] [o - (1 - a/t)c] (76}

LY
where ry is the strip-yield plastic zone solution given in Eg. 17.

The residual stress comporent of CTOD is estimated by assuming that the
residual stresses result from weld shrinkage, and thus, are self-equilibrating.
In this case, one can assume that yield-point stresses act over a distance
comparable to the weld size or pipe thickness. If so, a displacement of
¢ t/FE will relieve the residual stress. An approximation of the contribution
of such a residual stress to the driving force for fracture is simply to

assume that the estimated displacement is all converted ta CTOD:

CTOD,¢ = cyt/E (77)
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Evaluating Eq. 77 using the ANGTS pipeline properties listed above,
the result ié a CTODRs of 0.038 mm (0.0015 in).

Calculations of allowable flaw-size curves using the equations listed
above are most conveniently done by computer., Assistance in the details
of the calculaéion and the computer program used to compute the allowable

flaw-size curves for this study are glven in Appendix A.

2.5.2 Parameters .

The relative position of the allowable flaw-size curve depends on the
parameters used to evaluate Eq. 65. For the ANGTS pipeline, the pipe grade,
APT 5LX-70, and the pipe geometry, 1220-mm (%48.0-in) diameter and 15,9-mm
{0.625-in) wall thickness, have been specified, but a reliable data base

on the tensile properties and the fracture toughness of the pipe and weld

are not available.




It §s planned to operate the pipeline at -4°C (25°F), but the maximum allowable
stress {or strain) normal to the girth welds is not known by the authors. It
" has been assumed thét the pipeline will be in nearly continuous operation at z
‘nearly constant pressure and thus, crack growth 1in service due to fatigue
.eycling has been neglected. -

For the purposes of this investigation, the maximum credible stress leve)
i assumed to be 90% of the specified minimum yield strength of the pipe,
434 Mpa (63-0:<103bsi). . The following tenéiTe properties are assumed for both
the pipe and the girth welds:

482 MPz (69.9 x 107 psi)

Q
it

o 517 MPa (75.0 x 107 psi)

= 551 MPa (79.9 x 103 psi)

-
]

E = 208 GPa (30.2 x 1¢% pst)
v =0.29

The minimum fracture toughness at the service temperature is assumed to
be 0.13 mm {0.005 in). It should be emphasized that this va?ue‘exceeds the
minimum results ob*ained in this investigation, but it is considered to be an
achievable minimum for qualified welding consumables and procedures.

2.5.3 Results and Discussion

Allowable €law-size curves have been developed using the fracture
mechanics analysis model described in Section 2.5.1. For the parameters listed
in Section 2.5.2, the resulting curve, Fig. 28, is considered to be the
current best-estimate of the allowable flaw-size curve for the ANGTS pipeline.

The position of the curve is strongly affected by the parameters selected.
A sensitivity study has been conducted to assess the influence of variations

in fracture toughness, tensile properties, and stress levels on the atlowable

flaw sizes. The results are presented in the form of a reference curve
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developed using the parameters listed in Section 2.5.2 and two additional
curves developed using values of the variable under study below and above the
 reference value (Figs. 29-31).

The curves showing sensitivity to toughness variations are shown in
Fig. 29. Note that by increasing the fracture foughness from 0.13 mm
(0.005 in)} to 0.25 mm {0.010 in}, the allowable flaw depths are more than
doubled for flaws up to 125-mm {4.92-in) long. For longer flaws, the increase
in allowable depth decreases to about 30% for flaws that are 500-mm
(19.7-in} 1long.

The curves showing sensitivity to variations in applied stress are shown
in Fig. 30. Note that a 10% increase in stress results in a substantial
decrease in allowable flaw size. For cracks longer than 125 mm (4.92 in),. the
allowable depth decreases by more than 50% wher the stress is increased from
90% of the specified minimum yield strength (SMYS) to 100% of SMYS, that is,
from 434 to 482 MPa (63.0 to 69.9 x 103 psi). The reason for this large
sensitivity to applied stress is apparent from consideration of Eq. 76. MNote
that the CTOD , is proportional to ¢ - (1 - a/t)o, and thus it is the relative
difference between o and o that influences flaw size. The 'same effect is seen
in the curves depicting the influence of flow stress (shown in Fig. 31),

The allowable flaw-size curves developed herein are compared with allowable
flaw sizes permitted under Appendix A 16th edition, of API 1104 .2 Comparisons
were made at the two toughness levels considered by API, that is, CTOD values
of 0.13 mm {(0.005 in) and 0.25 mm {0.010 in). The remaining parameters were
those listed in Section 2.5.2. The results are presented in Figs, 32 and 33.
At the 0.13-mm (0.005-in) toughness level (Fig. 32), the allowable flaw-size
curves developed herein are more restrictive than the APl allowables at

essentially all crack lengths. The differences are largest for crack lengths
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Fig. 29 - Effect of critical COD on the allowable flaw-size curve.

To obtain flaw length and depth in inches, multiply
by 0.0394.
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Fig. 30 - Effect of applied stress levels on the allowabie
flaw-size curve. To obtain flaw length and depth
in inches, multiply by 0.0394.

86




15.0r—
ALLOWABLE FLAW SIZES

12.5

10.0

8.=0.13mm (0.005 in)

Fiaw Depth, mm
~
(o]

CTODRS =0.038mm (0.0015 in)

5.0
O =434 MPa (63.0 x 10° psi)
T = 551MPa (79.9 x 10° psi)
— 3
25 b— g = 817 MPa (75.0 x 10~ psi)
g = 482MPa (70.0 x 10° psi)
0 ] | l 1 | B

) 100 200 300 400 500 €00
Flaw Length, mm

Fig. 31 - Effect of flow stress on the allowable flaw-size curve.
To obtain flaw leagth and depth in inches, multiply

by 0.0394.
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Fig. 32 - Comparison of allowable flaw-sizes with various
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Fig. 33 - Comparison of allowable flaw sizes with various
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greater than 100 mm {3.94 in). For a flaw that is 25Q-mm (9.84-in) long, the
allowable flaw depths are 2.5 mm (0.098 in) by the present method and 4.0 mm
(0.157 in) by the API method. At the higher toughness Yevel (Fig. 33), the
allowable flaw sizes developed using the APl procedures are more restrictive

for crack lengths up to 230 mm (.06 in) and less restrictive for longer
cracks.

The differences in allowable flaw sizes between the present approach and
those of Appendix A of API 1104, 16th edition? result from differences in the
treatment of ligament yielding, which is not explicitly addressed therein.
The assessment basis in Appendix A of APL 1104, 16th edition is similar to
PD6493 (1980), from the British Standards-Institution.8 Section 8.2.3 of

PD6493 (1980) accounts for ligament yielding using a flaw recategorization

procedure, Flaws deep enough toc produce i{gament yielding are treated as
through-thickness flaws, whose characteristic size is the flaw Tength, not its
depth. This procedure disaliows some flaws, resulting in a more restrictive
allowable flaw sizes. The treatment of ligament yielding in our study
is more extensive and more specific than that of PD64393 (1980).
2.6 SUMMARY

A fracture mechanics analysis model, the pipe yielded-ligament model
with through-thickness plasticity correction,'has been developed that relates
allowable flaw sizes to applied stress level and weld toughness. For anatysis
purposes, the weld flaws have been treated as surface cracks, The fracture
criterion used is the crack-tip-opening displacement (CTOD); that is, fracture
pceurs when the CTOD due to imposed strains {the applied CTOD) exceeds the

fracture toughness (critical CTOD) of the girth welds.
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The validity of the model was confirmed for the case of surface cracks in
.tensi1e panels at stress levels below the net-section yield strength. The

comparison of analysis and experiment was complicated by the fact that CTCD
cannot be readily measured. Thus, it was necessary to make the compariscn in
terms of crack-mouth-opening displacement (CMOD). CMOD was measured with a
clip-on displacement gage and is calculated using the flat- plate
yielded-1igament model with through thickness plasticity correction. The
model further evaluated by analyzing the results of a series of tests on
900-mm (35-in) pipe conducted by the Welding Institute of Canada. Comparison
of analysis, using the pipe yielded-ligament model with through-thickness
plasticity correction, and experiment indicated that the line-spring model has
acceptable accuracy for CTOD values up to 0.2 mm {( 0.008 in), the range of
interest in developing allowable flaw-size curves.

This pipe yielded-ligament model with through-thickness plasticity
correcton has been used to calculate allowable flaw-size curves for operating
conditions and girth-weld properties representative of the proposed ANGTS
pipeline. The applicability of the model is 1imited to pipelines with maximum
stresses in the longitudinal direction below the specified minimum yield
strength of the pipe. It is further limited to pipelines where the yield
strengths of the weld and base metal are similar. The required degree of
similarity in yield strengths has not been established, but the desirability
of higher yield strength in the weld metal has been clearly demonstrated. The
use of allowable flaw-size curves can be considered for either general
pipeline use or for site-specific engineering assessment. Allowable flaw-size
curves generated using typical pipeline operating conditions and weldment
properties are more conservative for leng flaw lengths than those derived

using the procedures of Appendix A of the 16th edition of API 1104.2
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3. SHARP-FLAW DIMENSIONING

C. M. Fortunko and R. E. Schramm

3.1 Introduction

In the evaluation of pipeline girth-weld quality on the basis of
rational fitness-for-service ériteria, ultrasonic inspection appears to
be a better method than radiography, which has‘usually been used. Although
radiography is well suited for assessing compliance with workmanship
guality criteria? the relative insensitivity of radicgraphy to the presence
of sharp flaws makes it much less effective as a fitness-for-service
inspection topl.than ultrasonic inspection.14 Furthermore, even though
experience has shown that some ipformation about the through~wall depth
of blunt flaws can be inferred from densitometric analyses of radiographic
data, recent work has shown that the reliability.of sizing b& such methods
is very low for sharp flaws less than 0.25-mm {0.0098-in) tﬁick, even
when the most sophisticated microdensitometry techniques are employed,
Densitometry techniques can provide information only on the through-wall
radiographically projected dimension of a canted sharp flaw; they provide
no information on overall through-wall flaw height, Therefore, such
techniques cannot be reliahly used to detect and measure cracks, incomplete
fusion, and inadequate penetration.

Sharp flaws are intrinsically better reflectors of ultrasonic
energy than are blunt flaws. Consequently, ultrasonic methods theoreti-
cally have a higher probability of detecting significant flaws than do
radiographic methods. However, tests run on the deliberately flawed
manual and automatic welds prepared for this program showed that a
high-frequency manual technigue using an advanced state-of-the-art

datae acquisition system was incapable of performing the required
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inspection. The primary problem was imability to.separate geometric reflectors,
such as those originating from the root of the weld, the weld reinforcement,
high-low conditions, and other nondetrimental conditions from the reflectors
present in the weld due to flaws that must be evaluated in accordance with

" API Standard 1104.1£+ Some of these problems have been overcome in the
development of completely automatic ultrasonic inspection systems, and such
systems have been successfully demonstrated on the pipeline projects.
However, their use has been restricted to & workmanship assessment of auto-
matic welds in which the primary flaw is lack of sidewall fusion. The

best currently available systems have proven inadequate for flaw sizing as
is required for a fitness-for-service acceptance criteria. These results
confirm conclusions in the literature that high-frequency approaches are
fundamentally limited in their usefulness in a fracture mechanics analysis

of a welded structure.
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Recent theoretical and experimental investigations have shown that sharp
flaws and cracks in butt welds can be sensitively detecfed using a new
ultrascnic inspection tec‘.hnique.37'39 The new technique differs from most
~conventional ultrasonic nondestructive evaluation {(NDE) methods in three
important respects:40-44 First, the weld region is insonified using special
ultrasonic probing signals: shear waves that are polarized parallel to the
surface of the weldment (SH waves). Second, the probing ultrasonic signals

are generated and detected using the recently developed periodic-permanent-
45,46

magnet (PPM) electromagnetic-acoustic transducers (EMATs). In contrast

with the fluid-coupled piezoelectric transducers, the EMATs do not require
intimate coupling and can operate efficiently over most unprepared surfaces.
Third, the ultrasonic frequency of operation of the new inspection system is
substantially Tower (0.5 MHz) than the frequency range used in conventicnal
ultrasonic inspection of ferritic butt weldments (2-10 MHz).

The lowering of the frequency of operation significantly reduces the
sensitivity of the SH-wave EMAT system to minor perturbations in flaw surface
detail: surface roughness and departure from planarity and branching.47’48
If the freguency is sufficiently low, the amplitude of the signal scattered by
the flaw can be unambigously related to the principal flaw dimensions.%1,49,50
In addition, sﬁarp flaws are more easily detected than blunt flaws of similar
dimensions. Of course, these features are highly desirable from the fitness-
for-service point of view, which emphasizes the importance of the principal
flaw dimensions and assumes that sharp flaws are inherently more critical than
blunt flaws,»>1=33

The qualitative differences between ultrascnic scattering at low and high

frecuencies are illustrated in Fig. 34. (It is assumed that the flaw is

planar and relatively long in the direction of the normal to the plane of
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Fig. 34 - Ultrasonic scattering by two-dimensional, planar fiaws:
(a} high-freguency region; (b} low-frequency region.
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reflection). At high frequencies (Fig. 34a), most of the incident ultrasonic
energy from the face of the planar flaw is reflected specularly, that is, the
angle of reflection with respect to the face normal equals éhe angle of
incidence. Also, a significant portion of the incident signal is diffracted
by the tips of the flaw, which act like ultrasonic line sources. If the
surface of the flaw exhibits some roughness, some of the incident signal can
be scattered incoherently {not shown). Furthermore, depending on the
orientation of the fiaw and the type of ultrasonic signal used (i.e., shear
vs. longitudinal), significant mode conversions can alsg occur. As a result,
the scattered ultrasonic field is very complicated and it is very difficult to
infer the flaw dimensions from the ultrasonic data.

At Tow ultrasonic frequencies (Fig. 34b), the scattered ultrasonic fields
are considerably easier to interpret because the specular reflection component
becomes negligible and the tip diffractions are merged. Consequently, the
scattered ultrasonic fields are much less sensitive to flaw orientation and
surface roughness.48 In addition, at low ultrasonic frequencies, sharp flaws
are detected more easily than blunt flaws of similar length and through-wall
depth. The principal advantage, however, of operating at low uttrasonic
frequencies is that the amplitude of the backscattered signal increases
monotenically with the flaw dimensions.

In this report, emphasis is nlaced on the details of the experimental
configurations and procedures. An experimental configuration is described
that permits the ultrasonic interrogation of the entire weld zone from the
outer surface of the pipe. It has a built-in self-calibration feature that
automatically and consistently records the experimental data. This feature 1s

needed to offset variations in the EMAT electromechanical coupling
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efficiencies, which may occur in practice as a result of variations in EMAT
1ift-off distance, material composition, pre-existing residual and applied

stresses, and magnetic state.”®

The physical principles governing the propagation of the Qpecia1 SH-wave
probing signals in isotropic plates are discussed in_deta11. The discussion
is confined to the special case of ultrasonically “thin" plates whose wall
thickness does not substantially exceed the bulk ultrasonic wavelength (7.4 mm,
0.29 in. at 454 kiz). This restriction is primarily dictate¢ by the choice of
a theoretical model used to déscribe the scattering of low-frequency SH-wave
signals by planar flaws of different through-wall depth, position, and orienta-
tion with respect to the free surface. However, general scattering theories
are found in Refs. 55 through 57.

Consicderable attention is focused on experimental evidence that is used
to validate the main features of the theory. Ir addition, experiments are
described that establish the inherent sensitivity limitations of the system
for different categories of surface and buried flaws. The results are
symmarized in a set of diagrams that are pertinent to a 454-kHz SH-wave EMAT
system operated on plate-1ike ferritic steel specimens 15.8-mm (0.625-in)
thick. An inspection protocol, applicable to automated inspection of newly
fabricated pipeline girth welds, is also discussed.

3.2 Inspection, Configuration, and Operation

Recently, several ultrasonic systems have been develcped specifically

42-43  Yowever, the perfor-

for the purpose of inspecting pipeline girth welds.
mance of the new systems is limited by uncertainties associated with coupling
and the highly complex nature of ultrasonic scattering from flaws when the

flaw dimensions of interest are large compared with the ultrasenic wavelength,

but not large enough to permit high-resolution imaging. The Tow~frequency,
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SH-wave EMAT system was then specifically designed to overcome most of the
main shortcomings of conventional uitrasonic systems that use piezoelectric
transducer elements, which typically operate at high ultrasoni; frequencies
{2-10 Mdz).

Figure 35 shows an experimental configuration that has been found to be
particularly useful in the detection and limited characterization of elongated
flaws in pipeline girth welds. The configuration of Fig. 35 is composed of
two identical SH-wave EMATs that are positionéd on the outer surface of the
pipe and aimed colinearly along the normal to the girth weld. The transmitter
EMAT s located closer to the weld than the receiver EMAT. Because SH-wave
EMATs are bidirectional, the transmitter EMAT generates two SH-wave signals of
equal amplitude, which travel in opposite directions along the normal to the
weld, The ultrasonic signal 1, traveling to the‘1eft of the transmitter EMAT,
insonifies the weld region, while the ultrasonic §igna1 2, traveling to the
right of the transmitter EMAT, passes directly beneath the receiver EMAT. In
practice, signal 1 is used to interrogate the weld region, and signal 2 is
used to calibrate the overall tranéduction efficiency of the system.

If a flaw is present in the weld, a portion of the prebing signal 1 is
backscattered in the direction of the receiver EMAT. The backscattered signal
3 arrives at the receiver EMAT after the reference signal 2 because it travels
a longer distance. The two signals, 2 and 3, are shown in the photo of
Fig. 36.

The signals in Fig. 36 were observed when an inadequate penetration flaw
was insonified in a 1220-m (48:0-in) diameter, 15.9-mm (0.625-in) thick API
5LX-70 SMA-welded pipe section. The center frequency of the ultrasonic
signals was 454 kHz, corresponding to an ultrasonic {shear-wave) wavelength of

7.4 mm {0.29 in}. In the photo, the first signal {0-3C us) is caused by
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Fig. 35 - Low-frequency, SH-wave EMAT inspection configuration for

pipeline girth welds.
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Fig. 36 - Detection of a surface flaw {inadeguate
penetration} in a 15.3-mm (0.625 in) girth welds
using 454-kHz SH waves.
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direct electromagnetic interference between the transmitter and receiver
EMATs. This signal carries no useful information. The second signal
(60-100 us) is the reference signal 2; the third signal (100-140 us) is the
backscattered signal 3.

It has been determined that the amplitude of the reference signal 2 and
the amplitude and shape of the backscattered signal 3 carry useful information
about the dimensions, orientation, and position of the flaws within the
wefd.39’4o Although it is not possible to reconstruct the shape of the flaw
and determine its position and orientation from a single low-frequency
ultrasonic measurement (because of poor spatial resolut{on at Jow
frequencies}, it is possible to obtain much useful quantitative information
about these parameters from a series of independent measurements along the
normal to the girth weld. In particular, by using appropriate signal
processing techniques, it is possible to classify the flaws in terms of their
position within the weld (i.e., surface vs, interior) and then to estimate
their principal dimensions 2% However, to understand the principles of the
ultrasonic data inversion procedures, one first requirés a qualitative insight
into the physical mechanisms governing the propagation and scattering of low-
frequency SH waves in isctropic plates.

3.3 Theory of Horizontally Polarized Plate Wave Propagation

When the freguency of operation is sufficiently low, it is often
advantageous to represent the ultrasonic field in an isotropic plate as a
modal expansion.40’5S This representation is also approximately valid when
the radius of curvature of the pipes is very large compared with the
ultrascnic wavelength and when the observer is located sufficiently far from
the transducer. Although clearly limited, the modal representation provides
valuable quantitative insights that can be used to optimize the design of

low-freguency, SH-wave inspection systems in terms of the important
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experimental parameters: plate thicknesg, frequency of operaticn,
weld-to-EMAT spacing, and the receiver-EMAT-to-transmitter-EMAT spacing.
In an infinite isotropic plate of finite thickness, there are only a
finite number of propagating, horizontally polarized plate waves and an
infinite number of nonpropagating, horizontally polarized plate waves.
Correspondingly, there are a finite number of plate waves polarized in the
plane normal to the plate (Lamb waves) that can propagate and an infinite

8,39 In this report, it is assumed for simplicity

number that are cut off.
that SH-wave signals are not coupled to Lamb waves by elongated weld flaws,
whose long dimension is parallel to the SK-wave polarization direction. This
assumption is strictly true for two-dimensional geometries and is justified ir
practice by the inherent insensitivity the of SH-wave EMATs to ultrasonic
waves polarized in the plane normal to the plate (Lamb and Rayleigh waves}.6q
In the coordinate system of Fig. 37, the transverse ultrasenic field
distributions [?artic1e velocity vin) and stresses Ti;) and TiE)J of the nth

propagating and nonpropagating SH-wave plate waves are given by:

Vin)(y) = An cos {nny/t) ' (78)
Ti;)(y) = (—BGAn/m) cos (nmy/t) (79)
(n) _ . . , B
e Too {y) = (-nmBA /tjw) sin nmy/t . (80)
By = [{m/vs)2 - (nn/t)ZJ% for n=20,1, 2,...

where: t is the plate thickness, Vs is the bulk shear wave velocity, G is the
shear modulus, w is the angular frequency, J = /-1, B is the propagation
2
= ;e = = =
constant, An Jw /ZByGtsn, and €q 1 and € + forn=1,2,3,...
Alang the z direction, the fields of the propagating and nonpropagating

SH plate waves vary as:

v(n)(z,r), Tig), and Ti;] (z,7) ~ exp [-j(an + @ty (81)
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Fig. 37 - Transverse profiles of SHO and SH1 plate waves.
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The particle velocity, Vs and the two stréss field compcnents, sz and
Txy’ for the two Towest order SH plate waves, the SHo and SHl‘ are shown in
Fig., 37. It is observed that the SH0 plate wave fields are uniform, but the
, SHl and higher order plate wave fields exhibit sinusoidal varistions along the
transverse directidn, y. The SHO plate wave is also unique in that it carries

no sz stress component.

The phase and group velocities, vp and Vg’ of the SH plate waves are

given by:
N e LD (82)
and
2
ngp = Vg (83)
where Ve is the bulk shear-wave velocity, f is the wave frequency and the
th

“cut-of f" frequency of an n~ SH plate wave is:

fén) = nv5/2t {84)

It follows from Eqs. 79 through 84 that each SK plate wave not only
exhibits a different variation along the transverse directicn, y, but also
travels at a different velocity along the direction 2. This observation is
the basis for the quantitative procedures for flaw characterization and
dimensfcning from the ultrasonic scattering data obtained using the inspection
system and experimental procedures described in the preceding section.

In this report, it is assumed implicitly that both the transmitter and
receiver EMATs can only generate and receive the SHO and SHl plate waves with
relative amplitudes of 1 to 1.6.40 Although the SHZ’ SH3, and SH4 plate waves
can also propagate in a 15.9-mm (0.625-in) thick plate at 454 kHz, they cannct
be detected or generated efficiently by the EMATs. Neverthless, their effect

must be inclucded in any calculation of the ultrasonic scattering by the

f]aws.4o
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3.4 Theory of Scattering of Horizontally Polarized Shear Waves by Elongated

Flaws

To gain a physical understanding of the scattering of SH plate waves by
flaws, it is useful to use the concept of a reflection coefficfent. I'. Here,
Vr js defined as the ratio of the amplitudes of the incident and backscattered
ultrasonic signals at the EMAT electrical terminals. For the two-dimensicnal
case (no variations in Vv and T along x and flaws of infinite length), a very

60
useful relationship for T has been derived by Auld.

3 + - - 5

= - . - . . 8

r = [4(P1P2)] A (v1 Tp = vy Tl) n ds (85)
F .

where © is the inward-directed unit~normal to the incremental surface, 4§,
and iﬁtegration is performed over the flaw surface, SF. Subscript 1 is
used to denote the ultrasonic field in the absence of the flaw, and sub-
script 2 is used to denote the ultrasonic field in the presence of the
flaw, assuming that EMATs 1 and 2 in Fig. 34 are used as transmitters.

Pl and P

respectively, when they are used as transmitters.

, are the electrical power levels delivered to EMATs 1 and 2,

Equation 83 can be used to gain valuable insights. Consider the case of
a two-dimensional, planar flaw shown in Fig. 38. In this case, Eq. 83 reduces
to:

r = jw/4(P1Pz)£ f (Aul-TZ)-H ds (86)
éSF
where Au is the mode-III displacemert jump across the face of the planar flaw

and the integration is carried over only one-half of the surface, SF'
In general, because several SH plate waves can propagate in a practical

situation, the reflection coefficient T can be rewritten as:

Mz,L,) = Ju/a(Pp))? E E exp (-38 2) a T, b exp [ (21, )]
n=0 m=0
(87)
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Fig. 38 - Planar flaw gecmetry.
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where z is the distance between flaw and EMAT, Ltr is the distance between

EMATs, and the guantity rnm is defined as:

rnm;;{ @l rmyges (88)

the gquantities a_ and b express the relative transduction eff1c1enc1es of the
different SH plate waves by the EMATs 1 and 2, respect1ve1y, and T T (m is the
stress component sz associated with the mt th plate mode.

In practice, and as described in a preceding section, the ultrasonic
scattering data (signal 3 in Fig. 35) is normalized using & reference sigha1

(signal 2 in Fig. 35). This normalized signal, called the reflected signal

ampl itude ratio, Rs' is given by:

Z Z exp ( -j8, z) a T, by expl- ,}a (z + Ltr)]

e S a b, exp (-js,L_)
H é%% L2 Ltr

R (z,

t,,,) -
(89)

If the gquantities 2, bnﬁ z, and Ltr are known and Rs(z’Ltr) can be measured
at a sufficient member of points, the unknown ceefficients, an, can be found
from Eq. 89. Equation 89 can be inverted if 8, and bm vanish for n or

m>N =M, In general, N x N independent measurements are then needed but
thjs number can be reduced by taking into account the symmetry of the matrix
T Thus, if only the SHO and SHl piate waves are generated and detected by
the EMATs (although more SH plate waves can propagate), only three independent
measurements are needed. If signals carried by the SHo’ SHl’ and SH2 plate
waves are detected, then only six independent measurements are required. In
practice, more measurements are available, but the size of the Ton matrix is
determined by the number of SH piate waves that can be generated and detected

by the EMATs., The larger the number N, the more information is available for

flaw characterization and dimensioning.
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Although a detailed treatment of the dependence of the coefficients T
on flaw size, shape, orientation, and position parameters'is beyond the scope
of this report, it is instructive to consider several cases of_practical
importance. For a more detailed treatment, the reader should consuit Refs.
| 37, 38, 55-57, 61, and 62.

The magnitudes and phases of the coefficients can be obtained using
numerical methods for the vertically oriented surface and interior planar
flaws of infinite 1ength.40 The case of canted, planar flaws is treaﬁed in
Refs. 40 and 57.

The numerical results for the coefficient Ty, for three different flaw
types‘are shown in Fig. 39 as a function of the flaw through-wall depth, a. To
illustrate the dependence of Tog ON the relative pesition of the flaw within a
plate, the numerical calculations were carried out for edge (surface-connecteg),
centered {buried) cracks, and eccentric (buried) cracks. The calculations
were carried out for a case of current practicai interest (wave1ehgth,

x, = 7.4 mm, 0.29 in; plate thickness, t, = 15.9 mm, 0.625 in).

It is interesting to compare the results for the relatively shallow
{a < A/2) surface and buried cracks. It is observed that oo for the shallow
crack case initially exhibits a greater rate of increase than that for a
shallow buried crack of the same through-wall depth. However, at a ~ A/3 for
the surface crack and a ~ x/2 for the buried cracks, the rate of increase with
a/t is substantially less, and both coefficients tend linearly to 1. Although
the rate of increase of oo for a shallow buried crack is initially less than
that for a shallow surface crack, for a > /2, the results converge asymptot-
ically. As will be seen later, the initial behavior of the coefficients

determines the detectability thresholds of surface and buried flaws.
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It is also interesting to compare the behavior of oo with that of

o1 = Tip and yy "The numerical resuits for gy and ry, are shown in
Figs. 40 and 41. For relatively shallow, vertically oriented, surface cracks
{a << A/4) the magnitudes of the four scattering coefficients 500’ To1» T
and rll are approximately equal. However, as the crack through-thickness
dimension, a, is increased, Too and T4y approach unity monotonically, but 1o
and o1 reach a maximum at a/t ~ 0.5 and vanish for 2/t = 1. In addition, the
signs of the coefficients Toq and Ty depend on which side of the plate
contains the flaw. In contra;t, the signs of To0 and Iy, are always positive.
These features can be used to classify flaws with respect to their relative
position within the plate.

A comparison of the numerical results for buried, centered, and eccentric
flaws shows that the magnitudes of r01, Tige and ry, are not significant when.

a < A/f2. By symmetry, r01 = rlO = 0 for buried, centered cracks.

Furthermocre, the phases of FOO* FlD’ r01, and rll are -90° for very small

through-thickness dimensions and approach 0° for deeper cracks. Note that the
phases for buried and surface cracks approach 0° more rapidly.

An analysis of the above results indicates that significant results about
the flaw characteristics and through-thickness dimensions can be obtained from
the knowledge of the scatteringc coefficients, L

3.5 Experimental Verification

Although the main conclusicns have been made on the basis of
two-dimensional modeling, they have been found to be in very close agreement
with experiments conducted on flaws of finite length and calibration
standards. Thus, it can be expected that the general results outlined above
can be used as a basis for raticnal inversion procedures for estimating flaw

parameters from the available ultrasonic data. Because the magnitude and
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phase of the scattered signaTs depend strongly on the position of‘the flaw
within a plate, classification of flaws with respect to position must be
performed first to select the appropriate set ‘of sizing curves.

The theory of Eq. 83 has been directly compared with experimental results.
Figure 42 shows a comparison of experimental resuits for surface notches in
flaw-plate calibration specimens with a calculated response, using ay = bg = 1,
a; = bl = 1.6, z = 50 mm (2.0 in), Lo, = 210 mm (8.27__in), £ = 454 kHz, and t =
15.9 mm (0.525 in). A slight correction for the affects of two-dimensicnal
diffraction was made. Measuréments were taken from the left {"triangles") and
right ("squares") of the simulated flaws. It is seen that the experimental
data adhere very closely to the calculated curve. Similar results were
63,64

obtained for other classes of flaws.

3.6 Detectability Limitations: Long Flaws

In practice, the detectability of particular flaw types in a girth weld
is not determined by ultrasonic-signal-to-electronic-noise considerations.
Instead, the detectability limitations are determined primarily by: 1) flaw
reflectivity as a functicn of flaw type, size, nosition, and orientation and
2) the presence of an uitrasonic background caused by transducer sidelobe
radiation and surface irregularities. The ultrasonic background level caused
by transducer sidelobe radiation can be reduced by using proper EMAT design
techniques. However, the ultrasonic background level caused by topographical
jrregularities, for example, weld reinforcement, alignment mismatch ("high-Tow"}),
and "drop through," cannot be eliminated because, at Tow ultrasonic frequencies,
it is not passible to resolve the flaw signais from the unwanted ultrasonic
interferences.

The scettering of SH plate waves by certain surface irregularities {e.g.,

weld reinforcement and alignment mismatch) can be modeled analytically, but
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ultimately the results of such calculations must be verified experimentaliy.
Here, a combined analytical-experimental approach is used to determine the
principal factors limiting the sensitivity of the SH-wave EMAT system. For'

. simplicity, the analysis is Timited to the case of two-dimensiﬁna1 scatterers.
Physically, this means that only flaws and surface irregularities longer than
the transverse resolution width are considered. (Detectability of sharp flaws
shorter than the ultrasonic beam width is discussed in Section 3.7).

To determine the reflectivities of very 1ong, buried and surface flaws, a
number of flat-plate calibration specimens were prepared. The specimens were
made using 15.9-mm (0.625-in) thick pipeline steel (API-5LX-70) sections that
were 1220-mm (48.0-in) Ilong and 120~-mm (4.7-in) wide. To permit a systematic
study of the effects of flaw position and orfentation within a weld, four
different categories of artificial flaws were used: 1) thin surface slots,

2) centered, buried slots, 3) off-center, buried vertical slots, and

4) off-center, canted slots. The surface and off-center slots were designec
to simulate actua?! weld flaws (incomplete fusion, inadequate penetration, and
cracks) in shielded-metal-arc (SMA) g{rth welds. The width of the slots was
intentionally held below 0.4 mm {0.016 in), which is substantially Tess than
the bulk shear wave wavelength (7.4 mm, 0.29 in) at 454 kHz, the inspection
frequency). The artificial flaw dimensions are summarized in Table 5, and the
characteristic flaw®dimensions, A, B, and C, are defined in Fig. 43.

The buried artificiaT flaws were made by filling the "Y-grooves" in
Fig. 43 using a combined tungsten-inert-gas (GTAW), gas-metal-arc (GMA)
welding procedure. To simulate the effect of weld reinforcement, alignment
mismatch ("high-Tow") and "drop through," additional flat-plate specimens were

prepared. The maximum dimension for the three surface irregularities was

3.2 mm (0.126 in).
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Tabte 5 — Artificial Flaw Dimensions

Specimen No. As _ B . ¢ ‘ Type of Slot
m in M i mm in
1 6.37 0.251 1.58 0.0622
2 5.88 0.231 2.15 0.0846 Off-center
3 5,38 0,212 1.85 0.0768 vertical
4 4.88 0,192 2.15 0.0846 , slots
5 3.62 0.143 3.12  0.123 {buried)
6 2.38 0.094 4.22 0.166
7 0 0 5.48 0.216
8 6.88 0.271 0.76 0.030 Centered
g 6.58 0.259 2.50 0.098 vertical
10 5.5 0.22 3.8 0.15 slots
11 3.62  0.143 7.45  0.293 (buried)
12 0 0.50 0.020
13 0 0.75  0.030
14 0 1.03 0.041
15 0 1.1 0.043
i6 0 1.5 0.059 Vertical
17 0 1.75 0,069 edge
18 0 2.18 0.086 slots
19 0 2,50  0.098
20 0 3.18 0.125
21 0 3.78  ¢0.149
22 0 5.2 0.20
23 ¢ €.33 0,249
24 0 7.47  o.294
25 Full penetration weld (no defect)
26 6.07 0.239 0.97 0.083 0.75 0.030 Off-center
27 5.2 0.20 2.55 0.100 2.15 0,085 canted
28 3.33  o0.131 5.07  0.200 4.3 0.17 slots

126




~\

B

.

Vertica! Flaw

(a)

t
A

L S
c
T"}B

Canted Flaw
(b)

Fig. 43 - Geometry of vertical slot (a} and canted siot (b)
calibration specimens. The slot dimensions are

summarized in Table 5.

127




An examination of Eq. 89 shows that the reflection amplitude ratio, RS,
is strongly dependent on the flaw-to-EMAT spacing, z, and on the EMAT-to-EMAT
spacing, Ltr' A similar result can be obtained for the refiection amplitude
ratios of the three topographical irregularities: weld reinforcement, a1ignment
mismatch ("high-low"), and "drop through." For example, in the case of weld

reinforcement, the reflection ampiitude ratic can be determined from:

JB W T :E: :E: a_ exp {-38 z)A b exp[-38 (z + L, )]
R = OW W T ne0 n-oonmm m tr (90)

2t }E: a,b exp iBthr)

with

n_ = Sin(e, +ep) W2 (BBEE)% (91)

nm mnm
I
(sn t g W, /2

where Hw and '1'w represent the mean width and thickness of the weld reinforcement.

]

Assuming typical values of W =20 mm (0.79 in), T = 1.6 mm {0.063 in),

qn = 0 for n > 2, it can be shcwn that

&y = bo = 1, a; = b1 = 1.6, and a
the value of Rs does not exceed 0.12 when t = 15.9 mn (0.625 in) and f = 454
kHz.40 The above estimate has been verified experimentally using actual girth

welds and flat-plate calibration specimens.

Figure 44 shows the variation of the ampTitude reflection ratio as a
function of the distance, z (with Lip = 210 mm, 8.27 in), obtained using &
15.9-mm (0.625-in) thick flat-plate calibration specimen designed to simulate
a SMA weld reinforcement. It is apparent that the background signal ratio
associated with the simulated weld reinforcement does not exceed 1.2, in
excellent agreement with the theory of Eq. 90. This observation is very
significant, since the presence df the weld reinforcement is one of the

principal factors in determining the ultimate sensitivity of this inspecticn

system,
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If vertically polarized plate waves (Lamb waves) were used to probe the
weld, the reflected ampfitude ratio associated with the weld reinforcement
would be significantly 1arger.§3’65 Physically, this is related to the fact
that Lamb waves in a thick plate, which can support several propagating plate
modes, are tightly bound to the surfaces and do not exhibit large displacements
in the interior of a p1ate,59 In contrast, the SH0 plate wave dispiacements
are uniform and the SHl‘ plate wave displacements exhibit only one null at the
mfdpiane of the plate (see Fig. 37). ‘

Significant levels of ultrasonic background signals can also be caused_by
the presence of an alignment mismatch conditibn ("high-low") and “drop through"
{at weld root). Figure 45 shows the measured values of the refiection amplitude
ratio, Rs’ at 454 kHz as a function of the distance, 2z, with Ltr = 210 mm
(8.27 in) and t = 1.59 mm {0.063 in) for a 3-mm (0.l2-in) alignment mismatch
and a 3.2-mm (0.13-in) bead at the weld root. It is seen in Fig. 45 that the
presence of a 2.8-mm (O.llQin) alignment mismatch caondition causes a
background signal level that is at least twice as large as that for a weld
reinfortement or root bead of comparable thickness. For comparison, & plot
of the coefficient RS as a function of z is shown in Fig. 46 for a vertical
surface slot 1.5~mm (0.055-in) deep and 100-mm (3.94-in} long.

An analysis using Eq. 89 in conjunction with calculated values of
Tage Po10 Typ and T'yq shows that buried sharp flaws scatter less efficiently
than surface sharp flaws of the same through-wall depth. Physicaily, this is
caused by the fact that shallow surface flaws exhibit a larger mode III
displacement jump (in Eq. 86) than buried flaws. This can be verified by
using elastostatic expressions for au, in Egq. 88, which are'va1id when the
ultrasonic wavelength is significantly longer than the flaw through-wall
dimension a.% In addition, shallow flaws lying near the midplane of the
nlate cannot efficiently scatter the SH plate waves and convert the SHl plate

waves to-SHO plate waves, and vice versa. This can also be verified directly
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by noting that Ta1v.T1p and '3 in Figs. 39 through 41 are negligible for
such flaws. As a result, shallow buried flaws are generally more difficult to
detect than surface flaws of similar dimensions.

It follows from Eqs. 89 and 90 and from the experimental data shown in

Figs. 44 and 45 that the relative amplitudes and phases of the flaw and
background ultrasonic signals are characteristically determined by the
distances z and Ltr and by parameters describing the surface irregularity and
the. sources of the ultrasonic background. As a consequence, & particular
selection of z and L, can result in significantly higher sensitivity to
certain categories of flaws. For example, for certain EMAT-to-weld separation
distances, significantly stronger reflections are obtaimed from flaws located
near the root of the weld than from flaws located in other parts of the
we1d.40 As a result, in this particular configuration, flaws lying near the
root of the weld may be easier to detect than flaws located in otﬁer parts of
the weld. However, this difficulty can be corrected by devising a detection
algorithm that utilizes ultrasonic data from different EMAT positions. In
this way, a more uniform interrogation of the entire weld can be ensured.

(The additional data are also needed for flaw characterization PUYpOSes. )
Equation 89 can be used to study the behavior of the fiaw reflection
signal as a function of the flaw position within the weld and thne EMAT-to-EMAT
and EMAT-to-weld separation distances, Ltr and z. For simplicity, it can be
assumed that the EMATs can only generate and receive signals carried by the
SHO and SHl plate waves. This simplification is justified by the fact that

the relative amplitudes (aO and al) of the two plate waves are 1 and 1.6,

r-espective1_y.4O The relative amplitude of the SHZ plate wave (a2) is approxi-

mately 0.3.40’64
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To emphasize the influence of flaw position within the weld on the
behavior of the flaw amplitude reflection ratio as a function of the separa-
tion parameters, z and Ltr’ it is convenient to fix the value of Ltr such that
BOLtr = BlLtr' This corresponds to the actual selection of the EMAT-to-ENMAT
spacing in the present experimental setup. Furthermore, it is convenient to
assume that only three categories of sharp flaws need be considered: 1} surface
flaws located near the top surface, 2) interior flaws located near the midplane,
and 3) surface flaws located near the bottom surface of the weldment. The
bottom surface corresponds to the surface opposite to the surface on which
both EMATs are located.

Assuming that the surface flaws, which must be detected, are very
shallow, it can be shown that the magnitudes of the scattering coefficients in
Eq. 89 (FDO’ Pll’ rUl* and FIO) are approximately equa].40 However, the
phases of the four coefficients are determined by which surface contains the
flaw. If the flaw is located near the top surface, then the phases of
Tog» To1» Tige and Iy; are identically equal. However, if the flaw is
Tocated on the bottom surface, then the phases of Tpyy and ryp are equal and
opposite to the phases of FOI and T'yp Finally, if the flaw is located near
the midplane of the we]&ment, then rOI’ rlO’ and rll either vanish or are
negligibly small, and only o0 contributes strongly to the reflected signal.

The double summation in Eq. 89 can be evaluated graphically using a
vector-diagram (phasor) representation. For simplicity, it is assumed here
that the magnitudes of the four scattering coefficients (FOO rOl’ rlO’ and
rll) are urity for the three categories of flaws. (This can be readily shown
to hold in the elastostatic limit, which is valid when the flaw through-wall
depth is a fraction of the ultrasonic wavelength, by using the linear

. . . 56 .
elasticity solutions for by, to evaluate Eg. 88.) Then, the amplitudes of
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the vectors (phasors) are determined by the SH plate wave amplitudes, a, and
bn’ and the relative phases are determined by the differences between the SH
plate wave propagation constants, Bys and the EMAT-to-weld distance. 2.

Figure 47 shows the evolution of the reflected signal amplitude for the
three representative flaw categories as a function of the EMAT-to-weld
distance, z. The vector diagrams for the case of surface flaws can be
compared directly with the experimental results for surface stots shown in
Fig. 46. For convenience, the vector diagram§ are evaluated at six
characteristic locations: 1) z =0, 2) z = F/Z(BD - 31), 3) z = w/(ao - 81),
4) z = 31/2(8y - 8;), 5) z = 2n/(8y - 8)), and 6) z = 5n/2(8y - By)-
Physically, the above locations correspond to the following flaw-to-EMAT
distances in Fig. 46: 0, 60 mm, 120 mm, 180 mm, 240 mm, and 300 mm (0, 2.36,
4,72, 7.09, 5.45, and 11.8 in). The vector diagrams are érranged vertically
in the figure, such that the column on the extreme Teft cofresponds to surTace
slots at the top surface, the center column corresponds to buried slots at the
middle, and the column on the right corresponds to surface slots at the bottom
surface. |

In Fig. 47, the vectors corresponding to the four terms involved in
evaluating the summation in Eq. 89 are represented by continuous Tines. The
resultant, corresponding to the actually observed signal amplitude, is
represented by dotted lines,

A comparison of results shown in Fig. 47 with the experimental data in
Fig. 46 show good quentitative agreement, except at z = 120 mm (4.72 in)for
the case of the surface slot in the top surface of the calibration specimen.
The discrepancy at z = 120 mm (4.72 in) is attributed to the effect of signals
carried by the SH2 plate wave, which has been excluded from the analysis.
Similar results have been obtained for other calibration specfmens, and the

effect was observed for weld f?aws.4o

135




T O mm
- ¢ ] 80 mm
?iT 4 | 120 mm

' *tT 240 mm

4 - 300 mm

(4,7 in)

(7.1 in)

(9.4 in)

(12 in)

Fig. 47 - Phasor diagram representation of the signals cobserved for

different positions of the calibration slot within a plate
at different transmitter-EMAT-to-weld-distances, Z.

L p = 210 mm (8,27 in).

t

136




Figures 48 through 51 show the results of scattering measurements
performed on calibration specimens containing surface and buried slots (see
Table 12, Sec. 8) Figures 48 and 49 show the results for verti;a] slots at
two particular EMAT-to-weld separation distances z: 65 mm (2.6 in} and
100 mm (3.94 in). Figure 50 shows the results obtained for vertical slots
whose centers coincide with the midplane of the calibration specimen (the
cross section of a typical specimen {s shown at the top of the figure). The
dependence of the reflection amplitude ratic on flaw through-wall depth, a, is
shown in the center of Fig. 50. It should be noted that this plot represents
an average of results obtained from a wide range (60-160 mm, 2.4-6.3 in)
of separation distances, z. The actual behavior of the flaw-amplitude
reflection ratio with the distance, z, is shown at the bottom of Fig. 50.
Characteristically, the amplitude reflection ratios in both plots (weld-crown,
up and weld-crown down) fall off monctonically with the distance, z. This
effect is caused by the fact that flaws located near the midplane of the
weldment are not strongly coupled to the antisymmetric SH plate waves. The
monotonic decrease of the reflection amplitude with the distance, z, is caused
by two-diﬁensiona1 diffraction effects.

Figure 51 shows the results obtained for canted slcts tocated above the
midplane of the calibration specimens. The cross-sectional view of these
calibration specimens is shown at the top of the figure. As in Fig. 50, the
average amplitude reflection ratio is plotted as a function of the through-
wall flaw depth, a. The evolution of the flaw signal with the distance, 2, is
shown at the bottom of the figure. In this case, note that the amplitude of
the flaw signal does not decrease monotonically with the distance. This
effect is caused by the fact that the canted fiaws were not located at the
midplane of the calibration specimen. As 2 result, they were weakly coupled
to the SH1 plate waves, causing the interference phenomenon illustrated in
Fig. 47.
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The experimental flaw responses, shown in Figs. 48 througnh 51, can be
used in conjunction with the experimentally established ultrasonic background
levels, shown in Figs. 44 and 45, to determine the inherent flaw sensitivity
~ limits of the low-frequency SH-wave EMAT system. The fiaw senﬁitivity Timits
can be obtained approximately from the intersection points of the horizontal
Iines.in Figs. 48 through 51, which correspond to the maximum expected
background signal level and the measured flaw response Curves. A more
ﬁrecise, statistical treatment would require additional experimental
measurements and knowledge of the flaw distribution function. Thus, for
vertically oriénted flaws extending beyond the transverse resolution width of
the ultrasonic beam, the minimum detectable flaw depths are 0.75 mm (0.030 in)
vertical surface flaws and 2 mm (0.08 in) for vertical buried flaws located
the midplane of the weldment. For buried flaws, which are canted at 30° with
réspect to the surface normal, the corresponding minimum detectable
through-wall flaw depth is approximately 3 mm (0.1 in),

3.7 Detectability Limitations: Short Flaws

Because the ultrasonic beam, which insonifies the weld region, has finite
width, it is important to understand the relationship between the factors
determining the transverse resolution of the SH-wave EMAT system and the
inherent detectability limits for flaws of finite length. When the flaws are
very long, their length, &, can be measured independently of the depth
parameter, a, by scanning paraliel to the welding direction. However, when
the flaw is short, then it is not possible to determine £ and a unambiguously.
Furthermore, the reflection amplitude ratio, Rs’ is reduced (Ea. 89), thereby
increasingrthe minimum detectable flaw depth.

To understand the physical principles that determine the transverse

resolution of the low-frequency SH-wave EMAT system, it is necessary to take
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Experimental calibration curve for sizing very long canted (30°) slots
buried near the midplane of a plate and typical variations of the signal
Tevel as a function of the transmitter-EMAT-to-weld distance, z.

l‘tr

= 210 mm (8.27 in}.

Flat-plate specimens 25 through 28,
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into account the effects of two-dimensional diffraction. This can be
accomptished by generalizing Egs. 78 and 8l to three dimensions. If the
transverse amplitude is Gaussian, as indicated by experimental evidence, then
the ultrasonic velocity field distribution near the flaw is giﬁen by:

)%

v (oyaz,r) 1w AL+ )(2)7He /22)" cos (nmy/t) x

exp (-an§x2/2hzz) exp (-§an2/22) exp [-j(e z - wr)] (92)
where W, is the half-width of the ultrasonic beam near the transmitter EMAT.
Corresponding expressions for the field quantities Tﬁg) and Ti;) can be
obtained from Eq. 92 by applying Hooke's taw. Equation 92 can now be directly
substituted in Egq. 88. For elongated flaws, whose surface length, 2, exceeds
the through-wall depth a by a factor of 4 or more, and assuming

2 << (z + Ltr}’ the result is:

-] . ]

= .m 3 ' _i
r ZZPleﬁ Ezexp ( JBnZ) a, an bm exp [ JBm(z + Ltr)] (93)
n=0 m=0
where
L
2
' I‘I’lrﬂ ?
rt::m ~ : %f exp (*jﬁnx /2z) dx
3 {5\ [En ) (94)
7z z+Ltr =z

The integral in Eq. 94 is recognized as a Fresnel integral whose behavior can

7 Specifically, the magnitude of the

be deduced from the Cornu spira1.6
integral in Eq. 94 increases monotonically for 2 < (4wz/5n)% ~ (2Az)% and then
converges in an oscillatory manner to an asymptotic value, In writing Eg. 94,
the effect of the exponentizl profile of the ultrasonic beam, expressed by the
last term in Eq. 92, was neglected. This was done on purpose, to emphasize

the fact that the transverse resolution of the SH-wave-EMAT system, (ZAZ)%,
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increases at a significantly lower rate than the ultrasonic beam width,
21t/ﬁwo. From the above, it can be concluded that flaws that are longer than
(th)i. behave essentially as two-dimensional, planar flaws. At 454 kHz and
z=50mm (2.0 in), (2;\z)* nv 27 (1.1 in). |

Because the form of the mode III displacement jump across the face of
planar flaw is not generally known, it is not possible to obtain a closed-form
expression for rén as a function of all parameters describing a planar flaw.
However, when the flaw length, &, is sufficiently short, it is possible to
assume that the phases and amplitudes of the incident ultrasonic fields are
constant over the face of the flaw. This assumption is equivalent to the
Fraunhofer approximation. It is then possible to calculate the scaftering
coefficient'rﬁo approximately; it alone determines the detectability of planar
flaws located near the midplane of the plate. ‘

To evaluate Too using Egq. 88, a well-known, closed-form elastostatic

solution can be used that is valid for elliptical, Buried cracks of length 2

and*through-wall depth a:51

(0) 8r1a2 1 -y T..
f g’ ds — >
%SF 35@(1-3/1) Z-u (95)

0)

where v is the Poisson's ratio and ¢{1 - a2/£?) is the complete elliptical

integral of the second kind.

Equation 95 can be directly substituted into Eq. 88. The result is:

P n ol Br2 1 - v [A\? Bs La? (96)
00~ T TV (T} 1T+ . Aol - a2/47)

The corresponding refiection amplitude ratio, RS, for an eliiptical flaw,

buried near the midplane of the plate and canted at an angle, I with respect

to the plate surface normal, is given by:
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2 q_. fa%cos?e 2 s o3
_(1+4) sg é_: " a] exp (-38z) exp [-jg (z+L )1
, a{2xz)?® o(1-a2/22)"
3 .
anbn[BnLtr/Bo(Z+Ltr)] exp ('anLtr)
n=o ' {97)

R {zeby )y —

For the range of experimental parameters stated previously, and & ~ 25 mm
(0.98 in) a = 2.5 mm (0.098 in), the coefficient R is 0.21. This value is
in excellent agreement with the experimentally observed value (Fig. 50).
Thus, Eq. 97 can be used to estimate the detectability of sharp flaws that are
shorter than (2Az)i. To estimate the detectability of shallow surface flaws,
the contribution of the scattering coefficients To1 Tior and Ty must be
included in the estimate of Rs‘ Since the function @l - a2/22) = =/2 at

a = & and tends menotonically to unity as a/f tends tc zero, the reflection
émpTitude ratib, Rs’ for e1ongéted, sharp %iaws is directly proportional to &
when 4a < ¢ < (2)\2)“}.68 Equation 97 daes not include a dependence on the beam
width, Zwo. This follows from the fact that the flaw is insonified by the
far-field of the transmitter EMAT. This assumption holds when (22/30w02)2

>> 1, which is clearly satisfied whén z>50mm (2.0 in), * = 7.4 mm,

(6.29 in)and Wy = 7.5 mm (0,30 in).

3.8 System Performance Limitations and Standards of Acceptability

The model-based results for flaws whose length cannct be resolved can be
combined with the empirically derived results for two-dimensional, planar
flaws that are longer than (212)% tc construct a phenomenological model
defining the 1imits of detectability for surface and buried flaws. It is
convenient to present the detectability limits graphically with flaw depth, a,
plotted as the y-axis and the flaw length, &, plotted as the x-axis. The
detectability limits can then be directly related to current flaw acceptance

standards based on the industry-wide such as those in Section & of API-1104
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s . . e 4,69
flaw acceptance criteria based on fitness-for-service considerations. “s

This is done in Figs. 52 and 53 for vertically oriented surface and buried
planar flaws,

In Figs. 52 and 53 the allowable flaw sizes are defined bj length vs.
through-wall depth curves, except for Section 6 of the API-1104 Standard,2
which does not address the flaw through-wall depth. The allowable flaw-size
curves were based on a yieided-ligament fracture mechanics model using
arbitrary, but realistic, parameters to characterize the toughness of the

materials and to estimate the stresses acting on the girth welds 5?

These
curves are used here only to illustrate the relationships between the
capabilities of the SH-wave EMAT inspection system'and different flaw
acceptance criteria.

In Figs. 52 and 53, the range of flaw sizes that can be detected is . |
bounded by the heavy s0lid lines. The range of flaw sizes that carnoti be

detected is indicated by the shaded areas. It is interesting to nete that the

maximum flaw length allowable by Section 6 of the API-1104 Standard coincides

3

with the resolution 1imit of the SH-wave EMAT system, (2xz)* when z = 50 mm

(2.0 in) and the operating frequency is approximately 500 kKz. Shorter flaws
are considerably harder to detect. As a consequence, the 454-kHz SH-wave EMAT
system may also be appropriately used in conjunction with conventional,
workmanship-based ﬁcceptance criteria, such as Section 6 of the API-1104
Standard.

It is interesting to observe (Figs. 48 and 49} that the amplitude of
ultrasonic signals backscattered from surface flaws increases monotonically in
the range 0 < a < A/3 and reaches a maximum when a ~ %/3. Cn the other hand,
in the case of buried flaws {Figs. 50 and 51}, the amplitude of the backscattered
signals increases monotonically in the range 0 < a < A/2 and reaches a maximum
value at a ~ Ax/2. When the above Timits are exceeded, the interaction of the

incident ultrasonic fields with the flaw becomes very complicated and the
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Fig. 52 - Summary of system performance characteristics for vertical
surface flaws. To change flaw length and depth.to inches,
multiply by 0.0394,
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Fig. 53 - Summary of system performance characteristics for
buried planar flaws. To obtain flaw length and
depth in inches, multiply by 0.0394, A
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low-frequency (long-wavelength) inversion algorithms for flaw sizing become
inoperative. Thus, a < A/3 for surface flaws and a < A/2 for buried flaws
define the maximum flaw depths that can be sized. Deeper flaws can still be
detected reliably, but cannot be sized unambiguously. These 1fmits are
indicated in Figs. 52 and 53 by horizontal Tines parallel to the x-axis. The
hatched areas in Figs. 52 and 53 represent a range of detectable flaws when
the Tength £ < (le)é and, therefore, cannot be determined independently of
the through-wall depth, a. (At 454 kHz the shear wavelength, X, is
approximately 7.4 mm (C.29 1in). For comparison, the average through-wall
depth of one SMA weld pass is approximately 3 mm. (0.1 in).

A consideration of the performance characteristics summarized in Figs. 52
and 53 reveals that fhe operational wavelength, X, and the EMAT-to-weld
distance, z, must be selected appropriately to assure the detection of fiaws -
that are significant from the point of view of a particular acceptance
standard for sharp flaws. The resolution of the system is reduced at longer
wavelengths, but the range of flaw dimensions that can be sized is increased.
In addition, the detectability limitations are determined principally by the
mass-loading effects of the weld reinforcement and the presence of alignment
mismatch. Conseguently, consideration must be given to 1imiting the maximum
dimensions of the weld reinforcement and alignment mismatch by employing
appropriate process and tolerance controls.

3.9 Inspection Protocol

The development of the low-frequency SH-wave EMAT system was guided by a
need for @ reliable ultrasonic inspection tool that would be capable of
detecting significant planar flaws in pipeline girth welds. The detection of
significant flaws necessarily involves a decision process based on a set of

nondestructive measurements and a set of acceptance criteria. The output of
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the detection process is always a binary decision, yes or no, and an
associated measure of confidence. The decision is based on models describing
the nondestructive measurements, the failure processes and associated safety
factors, and the knowledge of the statistical flaw distributioﬁ.70

Acceptance criteria for sharp flaws are normally specified in terms of
the principal length and through-wall depth dimensions. In addition, certain
failure models treat surface flaws more severely than buried flaws. As a
consequence, the inspection system must be able to classify the flaws in terms
of their relative position within the weld and to estimate their principal
dimensions. This can be done simultaneously using ultrasonic measurements
from different locations along scan lines that are perpendicular and parallel
to the pipe circumference. Two possible experimental configurations can be
used to accomplish this task; they are il?usfrated in Fig. 54.

Figure 54a shows the preferred inspection configuration. The
configuration.of Fig. 54a uses twd arrays of EMATs that are translated
mechanically along the direction parallel to the girth weld. Each array is
composed of a number of independent sets of EMATs that are positioned at
different distances from the weld. A simplified inspection configuration is
shown in Fig. 54b. The simplified configuration uses only one set of EMATs,
as illustrated in Fig. 54, that is scanned along the girth weld in a "zig-zag"
manner. In this case, the measurements are repeated on the opposite side of
the weld., It is evident that both inspecticn configurations can perform the
scattering measurements that are needed.

A flow chart, exemplifying a bossib1e inspection protocol, is shown in
Fig. 55. Because most girth welds are free of significant sharp flaws, the

inspection protocel involves & preliminary "detection” threshold, which

permits bypassing the decision process involving acceptance criteria. The
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Simplified EMAT System for
raster Inspection along girth

Fig. 54 - Two possible implementations of a practical SH-wave

EMAT inspection system.
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Fig. 55 - An inspection protocol for fully automated

inspection of pipeline girth welds.
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protocol assumes that ultrasonic measurements are made (as illustrated in
Fig. 55)and processed to compute the reflection amplitude ratio, RS, for each
measurement Iocafion. If a signal level is observed that exceeds the
preliminary detection threshold, then the flaw is classified aﬁd measured
-using the theory developed in this report. The decision concerning the
significance of the flaw can then be made. If the measure of confidence is
Tow, then additional available information may be included in the decision
process. The additional information may include visual observations, process
control information (welder's notes), radiographic data, and conventional
ultrasonic data. For this purpose, a subsidiary "loop" is included in the
inspection protocol. At the end, the results of the decision process are
appropriately displayed and recorded. Permanent recording of the pre-
processed Tow-frequency ultrasonic data is also envisioned.

Since the decision processes must include consideratihn of factors that
cannot be zdeguately modeled or simulated in & laboratory environment, success-
ful implementation of the proposed inspection protocol will involve considerable
field experience. In addition, independent data describing the statistical
distribution of flaws will be reguired frbm destructive assays.

3.10 Summary

Significant progress has been made in developing a Tow-frequency
ultrasonic system optimized for inspection of girth welds %n large-diameter
pipelines. This system offers the following advantages: 1) rapid inspection
rates, 2) elimination of transducer coupling agents, 3) insensitivity to weld
reinforcements, 4) minimum dependence on operator skill and judgement, 5) full
automatability, 6) tunability of the system to signal the presence of
rejectable flaws based on any established fracture mechanics accept/reject

criterion, and 7) permanent data recording. Other ultrasonic inspecticon
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systems provide comparable overall performance; In contrast to existing
systems, the present system is designed to provide the sbecific information on
flaw content and sizing required by the accept/reject criteria of a
fitness-for-service analysis of flaw significance. |
Phenomenclogical models of the ultrasonic measurement process have been
devised to extract the dimension and position information from the ultrasonic
data from planar flaws. In addition, the inherent performance limitations of
the system have been established theoretica11y and empirically in a controlled
laboratory environment. The results indicate that the new system offers
considerable advantages over conventional ultrasonic and radiographic methods.
In particular, it uses noncontacting electromagnetic-acoustic transducers
whose efficiencies can be calibrated for each measurement. In addition, it
operates at low ultrasonic frequencies, which reduce the complexity of data.
interpretation. At its present state of development, the SH-wave EMAT
inspection system has the following deficiencies: 1) performance has not been
demonstrated with real flaws under field conditions, 2) field proven hardware
remains to be developed, 3) personnel trained in the system are not readily
available, 4) equipment calibration standards remain to be developed, and 5)
sensitivity of the system to detecting tight cracks closed by compression

stresses has not been determined.
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4. SIGNIFICANCE OF BLUNT FLAKS

M. B. Kasen

4,1 Introduction .

It has thus far been assumed that both sharp and blunt (nbinanar) flaws
would be treated as significant and subject to an accept/reject criteria based
on analytical fracture mechanics principles. But a number of studies have
concluded that flaws such as porosity, slag, and arc burns have a very low
probabi]ify of initiating cracks in toush weld metal and may be considered
innocuous in a fitness-for-service ana?ysis.7l-77 It was therefore of
interest to determine if this proposition could be defended in pipeline girth
welds.

4.2 Experimental Procedures

A series of girth welds containing large contents of porosity, slag,-
ard arc burns were fabricated in 1016-mm (40-in) APl 5LX-E5 pipe and in
1220 mm (48-in) API 5LX-70 pipe of 15.%-mm (0.625-in) wall thickness. The
objective was to obtain welds having flaw contents equal to or in excess of
the worst case obtainable under field welding conditions. Welds meeting API
1104 workmanship quality were also produced. Automatic and manual (SMA)
processes were represented, with fixturing, consumables, and personnel
reflecting field procedures as much as possible. Welding parameters and joint
designs, as reported by the fabricator, appear in Table 6. Typical welding
electrode compositicns are given in Table 7. Chemical composition of the base
and weld metals are given in Table 1 (Section 2). Tensile properties of the
weld metal and typical fracture toughness data on the welds are summarized in
Table B, Detailed metallurgical and mechanical characterization is presented

in Appendix B. Flaw contents obtained are illustrated im Fig. 56.
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Table 7 - Typical Welding Electrode Compositions

Process
Element Shielded Metal Arc* Automatic’

Mn 0.47-0.51 1.35
Si 0.07-0.10 . 0.70

| Cr 0.12-0.13 ----
Ni 1.03-1.70 1.15
Mo 0.01 ' -
v 0.02-0.03 ——
C --- 0.10
S va- 0.015
P --- 0.015

Values reported by the fabricator in percent by weight

*AWS E8010G
+AWS E70S-€
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Table 8 — Typical Weld-Metal Properties

Yield Strength at Toughness, CCD, at Critical COD, Slow,
Weld Type Hardness 0,27 0ffset, 25°C (77°F), ~18°C («0,4°F) 0°C (32°F) Stable Crack Growth

MPa psi x 103 mm in mm in mm in
Automatic HRC 30 725.0 105.2 Q.082 0.0032 0.0%4  0.0037 0.074 0.0029 at 0°C (32°F)
Manual HRB 91 465.0 67.4 0.124 0.004% 0.,0187 0.00074 0,079 0,003l at =18°C {-0.4°F;
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Fig. 57 - Drill pattern used to simulate buried porosity in
manual (SMA) welds in APL 5LX-70 pipe. To obtain

the dimensions in inches, multiply the millimeters

by 0.03%4.
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Fig. 58 - Specimen and instrumentation used for low-cycle fatigue
studies of the significance of blunt weld flaws in crack
initiation. Dimensions are in millimeters; to obtain

inches, multiply by 0.0394,
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low-cycle fatigue, producing hysteresis Toops as illustrated in Fig. 59. A
(28 +2°F)
temperature of -2 :1°CAwas maintained to simulate the lowest anticipated
seryice temperature of the ANGTS line. This was accomplished by controlled
metering of liquid-nitrogen vapor into a chamber surrounding fhe specimen.
The cyclic rate was held to 0.2 Hz or Tess to minimize internal heating. The
imposed strain was either slightly over weld-metal yieid (#0.0022) or
approximately twice weld-metal yield (£0.0045). The total strain range was,
therefore, either 0.0044 or 0.0090. This technique was selected because,
although pipelines are not normally subjected to such severe cyclic loading,
any flaw found innocuous under the imposed conditions can conservatively be
considered innocucus in essential1§ statically locaded structures. 2 A similar
approach has been used to demonstrate the inherently innocuous nature of blunt

flaws in pressure vessel weldments, /277

As cyclic testing proceeded, development of cracks in the weld region
Eeduced the effective cross-sectional area, causing a drop in the Tload
required to maintain the selected strain range. Monitoring of the load there-
fore provided an indication of the number of cyc11c‘reversa1s required to
jnitiate cracking in each weldment. A 10% load drop, corresponding to
development of about a 10% cracked area in the specimen cross section, was
used as the criterion for crack initiation. This criterion was selected
because, once initiated, crack-growth rates were relatively rapid under the
severe test conditions, regardless of flaw content. Cyclic straining was
continued until a load drop corresponding to a 40% cracked area was obtained
to permit the influence of flaw type and content on crack propagaticn to be
studied. Testing was stopped at 3000 cycles if this critericn had not been
reached. Specimens were then broken in tension. The desired strain range was

initially established by strain gages located at the weld, as illustrated in

163




A !eve} of borosity obscuring 12 to 15% of the projected'area of the weld
radiographs was desired, since this level represents more than twice the
obscuration level that would be practically allowable based on the probability
of excess porosity interfering with radiographic detection of sharp flaws (see
Section 6). This level was easily obtained during automatic welding by
disturbing the shielding gas during deposition of two internal weld passes.
Several attempts were made to produce this level of obscuration during manual
welding by improper welding technigue, excessive drying of the E8010G
electrodes, or by fracturing the flux coating of the electrodes. Although a
large amount of porosity was produced in a given pass, the final welds were
found to contain far less than the desired level of obscuration. This flaw
was therefore simulated by drilling a pattern of 3.175-mm (0.125-in} diameter
holes in five successive interior weld passes and overwelding. The procedurg
is i1lustrated in Fig. 57, and the result is illustrated in Fig. 56c.

Slag was produced by improper cleaning of an interior weld pass. As
illustrated in Fig. 56b, this typically resulted in formation of “wagon
tracks" due to slag entrapment from the EB010G electrodes at the sides of the
weld bead. Lying adjacent to the fusion line, this type of slag residue has
the highest probability of contributing to brittle fracture because of the
stress concentration caused by the weld reinforcement. Arc burns were
introduced at random on the heat-affected zones of sound welds after the
welding had been completed. This simulated the worst case, because there was
no annealing of the brittle martensite phase that forms under the burns due to
rapid cooling.

Large, transverse weld specimens, having dimensions and instrumentation
as illustrated in Fig. 58, were prepared from selected regions of the welded

pipes. These specimens were subjected to fully reversed, strain-controlled,
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Fig. 59 - Schematic of hysteresis loops formed during low-cycle, strain-
controtled fatigue test program. Crack initiation was defined
as corresponding to a 10% locad drop to maintain the desired
strain range. Specimens were broken in tension after a 40% load
drop. Tests were run at strain levels just over yield (jﬁy =
4+0.0022) and at twice yield (jZey = +0.00%).
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Fig. 58, while control of the 4.45-Mi (1 x 108 1bf) servohydraulic test
machine was proyided by an extensometer spanning the weld region. Figure 60
i1lustrates the actual appearance of hysteresis loops produced by the
extensometer and load cell during a test of a sound manual weld.

Specimen asymmetry due to pipe curvature produced a bending moment during
compression, tending to cause failure by column buckfing rather than in
tension-compression. This was countered by development of the specimen-
support system illustrated in Fig. 61 and by ensuring that the specimen halves
were in good alignment prior to 2 test. The latter was achieved by slightly
bending the specimens to remove the distortion caused by release of residual
welding stresses when the specimens were remoyed from the pipe.

A1l the specimens were radiographed prior to testing. Severa) specimens
were stereoradiographed after achieving the 40% load drop but before final
fracture to determine if useful information could be obtained on the crack
path relative to buried flaws. However, the cracked region could not be
defined with a resolution justifying continuation of this nrocedure.

Weldments were tested with the weld reinforcement both intact and removed
by flush grinding. Results with the reinforcement intact were of most
interest in interpreting flaw significance, since this condition exists in the
field. Removing the reinforcement forced failure through the flawed region
and provided useful information on flaw interaction during crack initiation
and propagation.

4.3 Low-cycle Fatigue Resuits

Results of tests conducted with the weld reinforcement intact are
summarized in Table 9. Similar data for specimens tested with the

reinforcement removed appear in Table 10, Results of tests on unwelided parent
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tested at 0.0090 total strain with weld reinforcement removed.

Specimen No. 95103,
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- Adaptor Plates (pipeline steel)
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S 277 ] el ¢
..r-; ‘R ( I ¢— ,_:(?;1 |

4

:' 203 179 .

g 3/8-16 Bolts (US)) . ,
BRS¢ R -%{ ,":é' |

25.4 o -25.4 ] 217 t

e 90 — ' 256.5 — 38~

Fig. 61 - Specimen support system required to prevent
failure in column buckling during low-cycle
fatigue testing. Dimensions are in millimeters;
to obtain ‘inchés, multiply by 0.03%4,
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Table 9 - Results of Low-Cycle Fatigue Program Conducted with Welds Having
Reinforcement Intact and with Parent Pipe Materials

Cycles to Load Drop

Flaw Type Specimen No. Strain, *% 10% 40%
Sound 1-3543 0.45 114 LYRj
(Automatic) 1-5159 0.45 159 516
1-12103 0.31 . 585 1005
1-4351 0.22 * -
X2-121129 0.22 885 (1}
Porosity 4-0210 0.45 87 500
(Automatic) 4-2028 ' g.22 3012 4852
X2-6674 0.22 397 *
X2-2028 0.22 863 *
Sound . 3-6775 0.45 106 128
(Manual) X7-84592 0.45 75 272
3-8391 0.22 1118 1276
X7-6876 D.22 1358 1833
Stag 5-8290 0.45 110 247
(Manuatl} 5-0816 0.45 30 49
X7-5260 0.45 88 185
5-5088 0.22 1015 1388
5-9810¢6 0.22 760 1236
Porosityt Xp-2 0.44 70 81
(Manual LP-4 0.45 99 127
XP-6 p.22 812 821
XpP-8 0.22 1085 1117
Arc Burn 3-2028 0.45 231 242
(Manual) 3-2836 0.45 154 285
3-3644 D.22 1159 1500
Arc Burn PA-1 0.45 B53 2830
(Parent X-65 PA-2 0.22 (1) -—--
Pipe)
Parent X-65 p-2 0.45 1740 1813
Pipe p-1 0.22 3124 -———

*Not achieved after 3000 cycles. Test discontinued.
tArtificially introduced. See text.
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Table 10 - Results of Low-Cycle Fatigue Program Conducted with Welds
Having Reinforcement Removed

Cycles to Load Drop

Flaw Type Specimen No. Strain, % 10% 40%
Sound 1-111119 0.34 120 2130
(automatic) 1-1119 p.22 * -
1-0311 0.22 + -
Porosity 4-4452 0.45 155 165
(automatic) 4-1220 0.45 30 49
‘ 4-5563 0.45 117 276
4-2836 0.22 1026 1525
4-3644 .22 387 1505
Sound 3-7583 0.45 81 136
{manual) 3-85103 0.45 118 215
3-0008 0.22 1766 2073
5-4351 0.22 2621 +
Slag : 5-115123 0.45 26 44
{manual} 5-717% 0.45 104 198
5-0008 0.45 250 363
5-6371 0.22 3582 442
5-5563 0.22 132 168
Arc Burn 3-1018 0.45 169 188
(manual}

*Not achieved after 2426 cycles. Test discontinued due to malfunction.
tNot achieved after 1754 cycles. Test discontinued due to malfunction.
:Not achieved after 3000 cycles. Test discontinued.
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pipe material and of parent material containing arc burns are included in
Table 9. Figure 62 presents the data of Table 9 1in graphical form,
illustrating the number of cyclic reversals required to initiate cracking (10%
load drop) as a function of strain range. Figures 62 a through ¢ illustrate
the results with individual flaw types; all results are combined in

Fig. 62d. Data of Table 10 do not abpear in graphical form; however, the
lower bound performance of this group tested with reinforcement removed is
indicated by the dashed line on Fig. 62d. )

These data show that some welds containing porosity or slag initiated
cracking at lower cycles than did sound welds; others withstood higher cyclic
loading. A minimum of 30 reversals at twice yield or about 450 reversals at
just over yield were required to initiate cracking, regardless of the content
of porosity, stag, or arc strikes. Comparison of the perfarmance of weided
specimens with that of unwelded plate {llustrates that the strain
discontinuity at the fusion line caused by the contour of the weld
reinforcement was the dominating factor in lowering fatigue life in the welds.
Weld failure occurred predominantly at this location, regardiess of flaw
content. The failure path was occasionally observed to pass through some of
the porosity and slag. HNeither crack initfation nor propagation was affected
by the presence of arc burns in welded specimens. Arc burns finitiated
cracking only when they were introduced at the minimum cross section of
unwelded plate. Here, cracking was observed to begin at the strike after
853 cycles at twice yield (Table 9). No effect was detected at the lower
strain level in arc-struck parent plate.

It has frequently been observed that the number of cycles defining low-

cycle fatigue life, NC, can be expressed as a function of total strain range,
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beys by a relaticnship of the form
PEtN? = constant (98)

implying a straight line relationship bet&een Tog LI and log Nc' having a
slope of -m. Gurney78 has noted that results reported by a number of
investigators for steel weldments of different configurations fall within a
relatively narrow scatter band on such a plot, producing a slope of
approximately -1/3. Figure €3 illustrates that a very similar result is
obtained when the average number of cycles to crack initiation is plotted as
a function of total strain range for manual welds tested with the
reinforcement intact in the present program. Welds containing porosity and
slag produced a relationship of the form AstNg'B = 0.04. However, the
averaged data from the sound welds {including those containing arc burns)
appeared to form a different population following the relationship AatNg‘4 =
0.07. This resulted in a divérgence between the sound and flawed weld data at
the higher (zan) strain rangé, suggesting that the high porosity and siag
content of the welds had somewhat reduced the cyclic life to crack initiatien
under this test condition. No effect of the flaw content is observed at the
lower (isy) strain range. |

Figure 64, illustrating the average number of cycles to crack initiaticn
as a function of total strain range for manual welds tested with the reinforce-
ment removed, shows that forcing the failure to occur through the flawed weld
interior rather than at the fusion 1ine resulted in fewer cyclic reversals to
initiate cracking than in tests with the reinforcement intact. In this test
mode, it is seen that slag is a more significant flaw than porosity in
reducing cyclic life to crack infitiation. But, even under this severe test

condition, 26 cyclic reversals were reguired to initiate cracking at twice

yield, whereas 132 cycles were reguired at just over yield. This suggests
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Fig. 63 - Averages of 1ifetime to crack initiation following
Eq. 98 for specimens with weld reinforcement intact.

173




w“" Y T T T 7T T 7T] 1 T T T T 177 i
<] =2

. 10 - -
Wl C R
O . .
= i -
< - -
o ot i -
< ----- Slag: A¢,Ng23= 0.03
g [~ Porosity: 8¢,N2-37= 0.05 i
| 3 —— Good Manual: A€ Ng.u = 0.04
w 10+ _
2 ! :
- C ! I 1 4t aa gt L ]
o 20 100 1000

CYCLES TO 10% LOAD DROP, N,
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that, even if the reinforcement were removed, porosity, slag or arc burns

would pose 1ittle danger to the integrity of pipelines fabricated with welds
having the toughness studied in this work.

4.4 Fractographic Analysis

Fractographic examination showed little flaw jnteraction at the lower
.strain level (isy). As shown in Fig. 65, the cracks in automatic welds
containing a large amount of porosity were observed to propagate as single
crack fronts with negligible initiation from individual pores. The higher
strain (:Zey) did cause cracks to form from individual pores in both the
manual and automatic welds, with the cracks coalescing to form the fracture
surface.

The presence of halos around slag stringers and micropores was noted on

the fractured surfaces of all manual welds. This phenomena, illustrated in

Fig. 66, is described in the literature as "fisheyes“79’80 and_is attributable

to hydrogen embrittiement of the region adjacent to pores and surfaces 1o
which hydrogen has segregated during the welding operation. Their appearance
here suggests that hydrogen segregated in this manner is very stable, because
the specimens were tested one and one half years after welding. The mechanism
of fisheye formation is not well understood; however, lack of fatigue
indications on the fisheye surface is indicative of a pop-in type of crack,
perhaps reflecting a stress-induced diffusion of hydrogen from its segregated
site into the surrounding weld metal during loading. It is generally assumed
that fisheyes anly form in weld metal stressed beyond yie]d;79 however, this
has not been firmly estab?ished.‘ Whatever their cause, fractographic analysis
indicated that the fisheyes contributed relatively little to fatigue crack

initiation unless they penetrated the specimen surface. For example, the main
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fatigue crack in the specimen illustrated in Fig. 66b initiated and propagated
in a region remote from the large internal fisheye.

In addition to the fatigue work described above, two specimens each
representing sound automatic welds and welds containing automafic and manual
porosity at levels shown in Fig. 56 were pulled to failure in tension at -2

(28 £2°F).
ﬁl“C.f\ResuIts, given in Table 11, showed no effect of the flaw content on the
static tensile strength. A1l welds failed through the heat-affected zone of
the API 5LX-70 pipe.
4.5 Discussion
| These results show that the probability of crack initiation from
porosity, stag, and arc burns during Tow-cycle fatigue was very Tow in the
ﬁanua? and éutomatic pipeline girth welds tested in this program. Although
some reduction in life to crack initiation was noted when welds containing_
large quantities of porosity and slag were tested at the highest strain range
(iZEy), the geometrical discontinuity formed by the weld reinforcement was
found to dominate the fatigue failure mode in ail tests conducted with the
reinforcement intact.

This is consistent with the findings of others on the relative effect of
the geometrical discontinuity created by the reinforcement as compared with

73,77,78,81 In the absence of brittle fracture

that of buried blunt flaws.
initiation, the primary structural effect of such flaws is to reduce the
effective weld cross section. However, porosity content causing a 12 to 15%
radiographic obscuration will reduce the cross-secticnal area by only about 1%
in welds of the thickness studied in the present wnrk,78 wﬁereas the weld
reinforcement itself typically contributes 5 to 8% to the tﬂickness of the

weld region. Therefore, a negligible effect could be predicted for

circumstances where the weld-metal yield strength matches or exceeds that of
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Table 11 - Ultimate Stress for Welds Pulled to Failure

in Tension at -3°C (27°F)

Condition

" Sound Automatic

Automatic Porosity

Manual Porosity

Ultimate Stre553 Radioéraphic
MPa psi x 10 Obscuration
651 94.4 . None
648 84.0
665 , 96,5 n15%
651 94.4
675 97.9 n12%
681 98.8
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the parent pipe material. Table 9 shows that this was the case in the present
study.

Even with the reinforcement removed to force failure through the highly
flawed weld metal, the welds showed a high tolerance to fatigué crack initiation
from the blunt flaws. Because strain levels were well above yield, these data
indicate that the probability of crack initiation from such flaws would be
negligible if such welds were subjected to the essentially static loading
conditions of operating pipelines.

Therefore, the results of this study suggest that porosity, slag, and arc
burns are innocuous as fracture initiation sites in girth welds fabricated
with materials of the toughness equal to or exceeding that listed in Table 8.
The validity of this conclusion has not been experimentally demonstrated for

72,73

welds of lower toughness. However, as noted by Harrison, the rounded,

blunt shapes of such flaws and their inherently small criticél through-wall
‘dimensions (see Section 5) make them size-for-size less harmful than cracks of
equal dimensions. He observes that if the critical flaw size is so small as
to indicate serious risk of fracture initiation from porosity and slag, it is
doubtful that the selected material has a toughness appropriate for the
application. Harrison concludes that porosity and slag reguired no special
consideration in regard to brittle fracture. This concept has been accepted
by Commission X of the International Institute of Welding (IIW) following the
recommendations of an IIW Working Group on Significance of Defects.73’7q' This
Group, representing Japan, England, and Belgium, based its conclusions on: 1)
the examination of approximately one hundred cases of fatigue by brittle
fracture in ferritic steel weldments, during which no insta&ﬁe of fracture
initiation at porasfty or slag was observed, 2) results of tests at many

laboratories demonstrating that such flaws have little or no effect on stetic
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failure load, and significantly less effect on fatigue 1ife than the surface
profile and, 3) consideration of theoretical elastic and fracture mechanics
analysis. The group concluded: "Provided materials of adequate notch
ductility or fracture toughness for the particular service application have
been used to tolerate the smallest planar defects which can reliably and
practically detected, porosity, slag inclusions, and surface irregularities,
in amounts up to which they can be clearly identified as the only defects
present, will have no significance on failure.by brittie fracture“.73

The present work appears to substantiate these general conclusions with
one exception: The detection of fisheye crack formation from the surface of
entrapped slag in welds made with the E8010G high-hydrogen electrodes suggests
that it might be prudent to reserve judgement on the potential significance of
slag until the conditions for formation of fisheyes are better defined.
Although such cracks were developed during low-cycle fatigue in the present
work, they are found on tensile, bend test and similar fracture surfaces
produced at low strain rates.79 The possibility of their formation as the
result of pipe-laying stresses or other imposed static loads cannot,
therefore, be ruled out at the present time. Should this occur, fisheyes may
constitute a signficant flaw in weld metal of lower toughness than that
studied in this program.

The probability of arc burns contributing to fracture is related to the
probability of crack initiation in the hard martensitic regicn produced by &
burn and to the probability that such a crack is of critical size for fracture
propagation in the parent material. As a first approximation, the carbon
equivalent {CE) of the parent materia]rmight be taken as a measure of tne
former probability, because this parameter is controlled in the selection of

pipeline material to limit the martensite content and hardenability in the
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heat-affected zone of the weldment. A typical formula for pipeline construction
might be

CE=C+ Mn/6 + (Cr + Mo + V)/5 + Ni + Cu/l5 , (99)
yielding a CE value of 0.414 for the API 5.X-65 material used for the arc-burn
studies. A typical maximum allowable CE value for 16-mm (0.63-in) thick
pipe would bé 0.40; consequently, it 1is concluded that the arc-burn
significance tests were conducted under a conservative criterion from a
hardenability point of view. Despite these conditions, no cracking was
observed in any of the arc burns, either before or after testing.

Even assuming cracking was present, the literature suggests that
propagation would be unlikely owing to the high toughness of current pipe
materials. Fearnehough and Jonessz‘have noted that a2 number of tests
conducted in the United States and England have demonstrated that defect
failure in modern pipeline materials is primarily controlled by plastic
collapse phenomena and that the critical defect size {s, therefore, associated
with tensile properties. Results of the study to develop appropriate
accept/reject curves for current pipeline materials (see Section 2) support
this view in concluding that a model based on ligament yielding is most
appropriate. These considerations suggest that the contro11in§ parameter for
partial wall defects i$ flow stress on the remaining pipe wall. Lumb and
Fearnehough®3 have analyzed a large number of accidental pipeline failures and
data from experimental burst tests by this criteria, noting that in no case
was failure was found to initiate from flaws having depths Jess than 20% of
the wall thickness for applied stresses equal to the specified minimum yield
strength of the flawed material. This corresponds to a tolerable flaw depth
of about 3 mm (0.1 14n) for pipe of the thickness studied in the present work.

The experimentally determined relationship between arc-burn width and depth
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(see Fig. 69) shows that by this criterion a 12-mm (0.47-in) wide arc burn
would be acceptable, even if it were treated as a crack of equal dimension.
Such a large arc burn is unlikely to occur in practice, substantiating the
 conclusion about the innocuous nature of this type of flaw inrpipe materials
that fail by plastic collapse.

Figure 67 combines the results of the present low-cycle, strain-
controlled fatigue program on pipeline girth welds tested {reinforcement
removed) with the results of a similar low-cycle fatigue program conducted by
the British Welding Institute (BWI) in their assessment of the significance of
porosity and slag on the performance of pressure vessel weldments, 75578
Specimen sizes, flaw contents, and parent-metal yield strengths were very
similar in both programs. The Welding Institute study was conducted at 25°C (77°F)
over a total strain range of approximately 0.0009 (below specimen yield
strength) to 0.0045 (approximately twice specimen yield strength), with cyclic
strain applied between a preset maximum and zero. In contrast, the present
study investigated flaw significance under higher total strains of
approximately 0.0044 and 0.0030, produced by fully reversed joading at -2°C {(28°F}
Therefore, the present work extends the Welding Institute data to higher
strain levels and to lower fatigue 1ife. The Welding Institute data reflect
cyclic Yife to a 60% load drop, whereas the present data reflects a 40% drop;
however, this difference in failure criteria is insignificant in view of the
high crack propagation rates at the higher strain levels.

As noted in Fig. 67, coplottimng of the data suggests a change of slope
in the log Ast-vs.-]og Nc plot in the vicinity of 103 cycles where the total
strain range has reached about 0.007. This is consistent with the observation
that the fatigue failure mode changed from propagation of a single fatigue

crack front through the flawed welds at the Tower strain range (isy)
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Fig. 67 - Combined results of the NBS low-cycle fatigue study and results

published by the BWI in a similar study. 73,76 Change in slope of
the number of cyclic reversals to develop cracks in 40 to 60% of
the c¢ross-sectional area, NC. as a function of total strain range

is attributed to a change in the failure mode at high strain levels.

A1l data are from welds with the reinforcement removed.
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to multiple initiation and coalescence of cracks,from individual flaws at the
higher strain range (125y). Newman and Gurney84 have also noted that multiple
initiation of fatigue cracks is usually observed at high stresses, leading to
rapid crack coalescence. Thus, the conclusion of Harrison ei a1.7% that

extrapolating information on flaw significance established under high cycle

conditions to endurances of 102 cycles on a strain basis may be incorrect for
highly flawed welds; a valid extrapolation may be confined to endurances above
103 cycles. It also suggests that the constant in Eq. 98 determined from the

Ae -vs.-NC curve above 107 cycles may not be a valid indication of failure

t
ductility on the first loading cycle for flawed welds.

4.6 Summary

The probability of fracture initiation from buried slag and porosity or
from arc burns has been assessed in manually and automatically welded pipeling
girth welds. Highly flawed welds and sound welds were subjected to fully
reversed, strain-controlled, low-cycle fatigue at strain levels just above
weldment yiéld and at twice yield. The primary criterion for flaw sensitivity
was a comparison of the number of cyclic reversals for crack initiation in the
flawed welds and in the sound welds. Additional information on the
contribution of the flaws to crack initiation was obtained from fractographic
analysis of tests conducted with the weld reinforcement removed.

Porosity and slag had no discernable effect on the cyclic life to
initiation at the Jower strain level. There was evidence of some reduction in
cyclic 1ife in the flawed welds, in particular welds containing slag, at the
higher strain tevel. But, even under this most severe tes;’condition, a
minimum of 30 cyclic reversals was required to initiate cracking. Arc burns
played no part in crack initiatioq in any of the weldments, regardless of

test condition. A comparison between the performance of flawed welds, sound
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welds, and unwelded pipe material showed that the geometrical discontinuity
formed by the weld reinforcement dominated the crack initiation process,
regardless of flaw type or content.

Fractographic examination showed no initiation from indivfdua] pores at
the lower strain level, but such initiation was observed at the higher strain
level., Fisheye cracks surrounding micropores and siag inclusions were
observed on the fracture surface of all manual welds tested, indicating
localized segregation of hydrogen to such flaws during welding with the high-
hydrogen cellulosic electrodes. Such flaws appeared to have a minimal effect
on cyclic 1ife to crack initiation, unless they penetrated the surface.

Because the strain levels were above yield and because the flaw levels
were equal to or in excess of those anticipated under worst-case field
conditions, these data indicate that the probability of crack initiation from
such flaws in statically stressed pipelines containing realistic flaw contents
is vanishingly remote. Note that the validity of this conclusion has been
demonstréted at only one level of weldment toughness and hardenability.
Particularly in the case of arc burns, it cannot be assumed that the
conclusions reached in this study can safety be extrapclated to weldments of

Jower toughness.
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5. INTRINSIC LIMITATIONS ON DIMENSIONS OF BLUNT FLAKS

M. B. Kasen, G, E. Hicho, and R. C. Placious

5.1 Introduction

Flaws of a three-dimensional, blunt configuration, such a§ porosity, slag
and arc burns, presently account for the majority of remedial welding under
workmanship criteria. This partially reflects the sensitivity of radiography
to detection of such flaws. Section 4 of this report considered the more
general question of the significancewof such flaws, assessing their influence
on the mechanical stability of we]dmeﬁts under fatigue conditions. We here
" consider the question of how blunt flaws might be measured, assuming they are
considered significant in a fracture mechanics analysis.

Poor sensitivity and diffuse reflection from the flaw periphery limit the
detection and measurement of the through-wall depth of porosity and slag by .
uftrasonic means. Radiography is able to detect such flaws, but gives direct
information only on their projected dimensions. Through-wall flaw depth can
be estimated by scaling the radiographic density of the flaw to a known
density difference--for example, to the density difference caused by a
radiographic penetrameter shim of known thickness or to density differences
produced by a step wedge exposed and developed under the same conditions as
the radiograph of interest. Such an approach was used in applying fracture
mechanics principles to assessing the need for remedial welding of flawed
girth welds in the Trans-Alaska 01l PipeTine.4 However, intrinsic and human
variables plus uncertainties about conditions under which the field radio-
graphs were made introduced large uncertainties into the measyrements. This
led to extreme comservatism in assessing blunt flaw significance. Subsequent
analysis of the procedures useddd has shown that some sources of ipaccuracy

could be ameliorated by improving control over tne radiographic inspection
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process, and procedures using advanced state-of-the-art electronic technigues
could be used to reduce _thé subjectivity of such measurements.>’
Unfortunately, such improvements would increase the cost of pipeline
inspection while providing relatively modest gains in measurement accuracy.

It was therefqre of interest to consider more cost-effective ways of
assessing blunt-flaw through-wall dimensions. One such approach is based on
the rationale that the depth dimension of porosity and slag should be related
to the radiographically projected dimensions and that the maximum flaw depth
should be intrinsically limited to the depth of the weld pass in which the
flaws occur. The Trans-Alaska pipeline work4 had shown that the depth of arc
burns could be correlated with burn widths measured from field radiographs.
The present work sought to confirm the va1idity'of the principle for porosity
and slag. '

5.2 Experimental Procedures

Pipeline segments containing porosity and slag were cut out
circumferentially adjacent to the weld reinforcement. The segments were taken
from the welds fabricated as detailed in Table 5 and were selected to provide
examples of isclated flaws. Samples containing the flaws were then
radiographed normal to the weld and in the plane of the pipe so0 as to reveal
both projected flaw length (or width) and flaw depth {(through-wall flaw
dimension). Slag in the form of “wagon tracks" in the manual welds required
sectioning of the welds down the centerline and studying each half
independently. The samples of porosity were obtained from automatic welds.
Several methods were investigated for measuring the flaws; the method finally
selected was an image-enhanced television projection of the flaw images at
enlargements up to four diameters. Correlation of flaw dimensions with that

of the weld-pass depth was established by measuring pass depth directly from
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polished and etched weld cross sections. It was recognized that the true flaw
size is somewhat larger than that revealed by the projected dimensions;
however, the latter was used because it is the criteria used in all flaw
measuring from radiographs, as required for a fracture mechanfcs analysis.
'Thirty*nine specimens containing slag and ten containing porosity were
studied. -

5.3 Results

The ‘experimentally determined relationship between the through-wall
depth, Df,-of porosity and slag and the thickness of the weld pass, H, in
which the flaws occur is shown in Fig. 68, Similar data illustrating the
relationship between the radiographically projected dimensions are i1lustrated
in Fig. 69.

Both techniques confirmed that the‘through-wa11‘depth of porosify and
slag was essentially confined to a dimension equal to or less than that of the
depth of the weld pass in which they occur. Flaw depth was also confined to a
dimension less than that of the average weld-pass thickness measured between
the plate surfaces. The widths of slag stringers, Nf, were always less than
slag depth, whereas the length of the pores, Lf, was equal to or larger than
their depth. The projected length and depth of pores appeared to be lTinearly
related for very small pores, but this relationship broke down as the pore
size approached that of the weld-pass depth. Slag depth could not be
predicted from slag width.

Fractures of the porous weld iilustrated in Fig. 70 provides additional
evidence that porosity in an underlying pass is not likely to be extended into
a successive sound pass during multipass welding. Here, the ;ucceeding pass
has cut into the porous region of the underlying pass, but the quality of the

successive pass was not affected. The difficulty experienced in producing
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high levels of buried porosity during manual welding (see Section 4) suggests
that this assumption is generally valid.

Results of prior studies on the inherent depth limiations of arc burns
~are illustrated on Fig. 69c.4 In practice, the arc-burn depth-is taken as the
intércept between the burn diameter {or maximum width) on the ordinate of this
figure and the Tower‘bound of the scatter band depicting total burn depth.

Arc-burn length is measured directly from the radiograph.

5.4 Summary

It has been shown by direct measurement on automatic and manual welds
thaf the maximum throughwwall-depth of slag and porosity is intrinsically
Timited to a maximum dimension egual to the depth of the weld pass in which
such flaws occur. It was found that the depth of porosity or slag could not
be predicted from the projected dimensions of such flaws on a radiograph.

-These results confirm that éharacterizing the average weld-pass thickness
associated with a specified welding procedure can provide an upper limit to
the through-wall dimensions of porosity and slag, should such information be
desired in a fracture mechanies analysis. It is probable that a more precise
measurement would rarely be justified in practice, because it is probable that
most flaws having depths equal to that of the average typical pipeline
girth-weld-pass thickness would likely be accéptabie.

These present results complement previous studies demonstrating an

inherent limitation to the through-wall depth of arc burns based cn burn

width.
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6. PRACTICAL LIMITATIONS ON BLUNT FLAW CONTENT

USING RADIOGRAPHIC INSPECTION

M. B. Kasen

Although the studies described in Section 4 of this report indicate that
blunt flaws have a low probability of dinitiating brittle fracture,
their presence may interfere with detection of significant, sharp flaws during
the inspection process. This is much less of a concern when ultrasonic
techniques are used, because the proximity of blunt and sharp flaws should
enhance rather than diminish the flaw signal. But when radiography is used as
the inspection method, the high radiographic density produced by blunt flaws
can mask the presence of sharp flaws unless limits are placed on the
permissable size and distribution of blunt flaws.

Slag does not present a problem in this context because of its localized i

nature in the weld. However, a primary concern is the possibility that

excessive scattered porosity can mask the presence of sharp flaws, such as !
lack of fusion, incomplete penetration, or cracks, when radiography is used as :
the primary inspection tool. Studies by the British Kelding Institute72 have

suggested that obscuration must be limited to less than 10% of the projected

radiographic area to avoid this possibility. The British Standards

Institution has, therefore, recommeﬁded 1imiting the permitted cobscuration to

less than 5% for ferritic steel weldments having a Charpy V-notch energy

absorption of not less than 40 J (29 ft-1bf) at the minimum service

temperature. For materials of lower toughness, porosity should be assessed as

a planar flaw on the basis of flaw interaction.8 The Working Group on the

Significance of Defects under Commission X of the International Institute of

Welding has reached a similar conclusion in proposing acceptance levels for
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defects that may fail by brittle fracture.74 This group recommended accepting
porosit} contents up to 5% of the projected area of the radiograph for welds
in ferritic steel having yield strengths up to 482 MPa (70 x 1O3 psi),
provided that the weld metal has a minimum Charpy energy absorption of 41 J
(30 ft-1bf} at the minimum service temperature. In other cases of lower
toughness, 3% obscuration would be acceptable. These would appear to be
reasonable figures, because welds containing less than this level of porosity
are easily obtéined by good practice, and the probability of 5% obscuration
masking sharp flaws in tough weld metal is very low. Since Section 4 has
shown that there is a neingib1e affect on crack initiation due to a 13 to 15%
obscuration by porosity, a 3 to 5% level would also appear to be conservative
from a performance point of view. |
Several procedures have been suggested for correlating the percentage of
radiographic obscuration due.to porosity in welds with porosity content by
\.rcﬂume.n’g6 However, such methods are, for the most part, tedious and time-
consuming and provide more detailed information than is required for field
interpretation of weld quality. If a 5% maximum obscuration level is chosen,
a reasonable means of distinguishing between the appearance of a weld
containing porosity at a 3% and at a 5% obscuration level should be
sufficient. One possibility is to compare the radiograph with a series of
sketches illustrating the appearance of porosity distributions covering the
range of interest. Such a series, based on similar sketches currently used in
API 1104 and in other weld-quality standards, is shown in Fig. 71. These
illustrations suggest that, if an acceptance level of 4% were specified, an
interpreter might err one percentage point higher to a 5% level, but would be
much less.likely to err 2% to a 6% obscuration level. This is because the
human eye is much more capable of judging small differences in obscuration at

low obscuration levels than at high levels.
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The importance of the dot distribution size in the reference standard is
{llustrated in Fig. 71. Here, it appears that the percentage obscuration
increases from top to bottom, whereas in fact each sketch has the same

5% obscuration. This difference in visual perception is caused by a
progressively finer dot distribution from top to bottom among the sketches,
illustrating that reference sketches containing more simulated large pores

than would be likely in the radiographs would give the interpreter 2

conservative bias.
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Fig. 71 - Possible development of a radiographic reference standard for establishing

1imits to permissible obscuration due to scattered porosity. Series (a)
illustrates the relative ease of distinguishing percentage differences in
obscuration in the 3 to 7% range. Series (b) illustrates that the eye

is biased toward a higher degree of obscuration as the size of the scattered
porosity decreases. Each of the sketches in (b) contains 5% obscuration.
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7. CONCLUSIONS

Studies have been conducted to establish fitness-for-service criteria for
large-diameter pipeline girth welds. |

1. A fracture mechanics analysis model that relates allowable flaw
sizes to applied stress level and fracture toughness has been developed,
verified experimentally, and used to calculate allowable flaw-size curves for
the proposed ANGTS pipeline. The model is based on a yielded-ligament
principle and incorporates a Erhough—thickness plasticity correction.
.Experfments on surface cracks in tensile panels, welded pipe segments, and
-large-diameter {900 mm, 35-in) pipes confirmed the validity of this model.
The applicability of the model is limited to pipelines with maximum stresses
in the longitudinal direction below the specified minimum yield strength of
'§he pipe. It is further limited to pipelines where the yield strengths of the
weld and base metal are similar. The degree of similarity in yield strengths
has not been established, but the desirability of higher yield strength ir the
weld metal has been clearly demonstrated. The use of allowable flaw-size
curves can be considered for either general pipeline use or for site-specific
engineering assessment. Allowable flaw-size curves generated using typical
pipeline operating conditions and weldment properties are more conservative
for long flaw lengths than those derived using the procedures of Appendix A of
the 16th edition of APl 1104.°
| 2. Radiography has serijous deficiencies as an inspection tool in a
fitness-for-service analysis. Experience and laboratory studies have shown
that it is relatively insensitive to significant sharp flaws in a fracture
mechanics evaTuation; Through—wail.f1aw dimensioning from radiographs has

also been found to be inaccurate. Ultrascnic methods are sensitive to sharp
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flaws and are more adaptable to measuring flaws. However, conventional
systems are too slow and complex for routine pipeline inspections. In this
study, a new ultrasonic inspection system was developed for this task. The
system utilizes electromagnetic transducers (EMATs) to generaté
long-wavelength shear (SH) waves. Unlike conventional technigues, this
approach does not require contact between the ultrasonic transducer and the
pipeline. The long-wavelength, low-frequency signal simplifies flaw detection
because the signal scales monotonically with fncreasing through-wall dimension
in the range of interest. Specifically, it has been shown that vertically
oriented 0.75-mm (0.030-in) deep and 25—mm (0.98-in) long surface flaws and
2-mm (0.08-in) deep and 25-mm (0.98-~in) long interior flaws can be reliably
detected and measured. Detectability limits for shorter fiaws have been
determined and related to representative workmanship and alternative acceptance
standards. Furthermore, it has been demonstrated that the flaw signal is -
relatively unaffected by differences in type, orientation, and roughness of
the flaws. The use of SH waves enhances sensitivity to sharp flaws oriented
perpendicular to the surface, while providing relatively low sensitivity to
blunt flaws. This facilitates detectability of the most significant flaws in
a fitness-for-service analysis. The system is much less sensitfve to the
presence of weld reinforcements than are conventional systems. It is adaptable
to full or partial automation, and it increases the reliability of flaw
detection and sizing because it depends less on operator skill. At its
present state of development, the SH-wave EMAT inspection system has the
following deficiencies: 1) performance has not been demonstrated with real
flaws under field conditions, 2) field proven hardware remains to be

developed, 3) personnel trained in the system are not readily available,
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4) equipment calibration standards remain to be developed, and 5) sensitivity
of the system to detecting tight cracks closed by compression stresses has not
been determined.

3. The presence of large qhantities of buried porosity and slag, or of
arc bﬁrns in manual welds has been shown to have aAneg1igible effect on the
Jow-cycle fatigue 1ife of the pipeline girth welds evaluated in this study., A
similar result has been shown for porosity in automatic welds. Because the
applied strains were well in excess of yield streﬁgths, and~the flaw levels
were in excess of those anticipated under worst-case field conditions, these
results indicate that the probability of crack initiation from such flaws
would be negligible if such welds were subjected to the essentially static
loading conditions of operating pi§é1ines. These results suggest that such
blunt flaws may be considered innocuous as fracture initiation sites in girth
welds fabricated with materials of the toughness studied in this program. The
validity of this conclusion has not been experimentaily demonstrated for welds
of lower toughness; however, the conclusion is consistent with that of others
who have addressed the problem of blunt flaw significance in weldment failure.
It is emphasized that these conclusions pertain only to buried porosity and
slag and to arc burns not associjated with cracks. Porosity breaking the
surface or arc burns centaining cracks should be treated as equivalent-sized
sharp flaws.

For welds having substantially lower toughness than that evaluated in
this program, blunt flaws may be conservatively treated as sharp flaws of
equal dimensions. This work has shown that the maximum through-wall dimension
of porosity and slag is intrinsically limited by the depth of the weld pass in

which they occur or to flaw-width criteria in the case of arc burns. The
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upper limit to flaw depth provided by these criteria can therefore be conserva-
tively used in a fracture mechanics analysis, eliminating the need for measuring
the through-wall depth of flaws in the %ield.

Low-cycle fatigue caused fisheye cracks to form Adjacent fo micropores
and slag in all welds made with EBO10G cellulosic electrodes, even though testing
was performed one amd one~half years after welding. This indicated ‘a stable,
residual hydrogen content in the weld metal. Available data indicate that
such flaws can also oﬁcur if static loads approach or exceed weld-metal -yield,
suggesting the possibility that such flaws could develop during the pipe-]aying
operation subsequent to the inspection process. Except when they penetrated
the surface, such cracks did not appear to affect the fatigué strength signi-
ficantly, suggesting that they are basically innocuous flaws in weldments of
the toughness tested. However, it cannot be assumed that cracking from this
source will remain innocuous in weld metal of Tower toughness. Conditions ‘

under which fisheye cracks develop in high-hydrogen electrode pipeline welds

deserve future study.

201




8. RECOMMENDATIONS

B.1 Implementation of Inspection Methods

The practical implementation of a fitness-for-service inspection system
for a pipeline involves many factors outside the scope of this report.
Névertheless. it {s instructive to consider the technical factors that might
influence the manner in which the inspection system is integrated into an
overall quality control program. Three possible dptions, based solely on

perceived technical merit, are listed in Table 12,

8.1.1 Option I
The first option assumes that all of the welds will be inspected by an

automated ultrasonic system tc provide the basic flaw detection and measuring
capability required for the fitness-for-service analysis. It is also
envisioned that some fraction of each welder's production be inspected by
conventional radiography to provide control over'workmanship, serviceabiiity
of welding equipment, and quality of consumables. Since welds inspected by
radiography would also be inspected by ultrasonic means, radiography would not
be used to establish an accept/reject criterion for weld quality. This option
is technically preferable because it differentiates between the purpose of
gach inspection technique and uses each in the area of its greatest strength.
Documentation provided by Section 3 of this report suggests that an

ultrasonic system based on low-frequency SH waves generated by electromagnetic
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Table 12 - Technical Options for Field Implementation

Fitrness-for-Service Criteria

NDE Method Flaw Assessment Workmanship

Option Primary Backup ~ Sharp Blunt Criterion

I . Automated None 2 vs. a  None 10% RT*

uT F(EMAT)

11 Conventional Manual L vs. 2 Lf VS, Df* RT
RT UT (EMAT)

111 " Conventional None L only Lf V5. Df RT
RT '

*RT = radiographic inspection

TUT = ultrasonic inspection

¥ Assume Df is limited to average pass thickness
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transducers (EMATs) would provide a promising option for flaw detection and
measuring with the best adaptability to automation. Such a system will not
respond to the presence of blunt flaws unless they are very Tafge or Tocally
concentrated. This is a gistinct advantage because, as documented in Section 4
"of this report, blunt flaws may be considered intrinsi§a11y innocuous, from a
fitness-for-service point of view, if minimum toughness levels are maintained.
There is no possibility of sharp flaws being obscured by the presence of bTQnt
flaws, because proximity of the two flaw types will erhance the ultrasonic
signal,

This option assumes that blunt flaws not detected by the ultrasonic
inspection method can be neglected, based on the work described in Section 4.
Strictly speaking, this assumption has only been validated for weld metal of
the toughness studied in this program; however, the conservatism built into
the present investigation, along with the conclusions reached by others who
have studied the problem, suggests that the assumption would probably be valic
for any reasonable minimum toughness specified for pipeline construction.
Additional conservatism arises from the realization that slag, which this work
has shown to be the most 1ikely of the blunt flaws to initiate fracture, is
relatively easily detected by ultrasonic means due to its solid nature.

8.1.2 Option II

Option 11 considers the case where Option I is premature for existing
technology. Here, radiography is assumed to be the main inspection system,
and ultrasonic methods are used selectively to measure the through-wall depths
of sharp flaws that are detected by radiography. Flaw length would be
measured directly from the radiographs. This option is less technically

desirable because of the relatively poor sensitivity of radiography to sharp
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flaws, which are the most significant from a fitness-for-service point of
view. Again, ft would appear that development of a portable, manual variant
of the ultrasonic system described in Section 3 of this report'wou1d be very
useful in this option.

Some restr%ctioh must be placed on the allowable content of blunt flaws
when radiography is used as the primary inspection tool. Section 6 has
discussed the Timitations iﬁﬁosed on porosity content due to obscuration
concerns. The extent to which large individual pores reduce the weld cross-
sectional area and, therefore, reduce the weldment tensile strength:must also
be considered in some circumstances. This is unlikely to be a problem in
girth welds made in thick-wall line pipe where the average weld pas§ thickness
{and therefore the maximum through-wall dimension of a pore) is a small
percentage of total wall thickness. But it could become a problem where
thinner wall pipe is used or where welds are fabricated with automatic
processes producing deep, narrow weld passes. Such concerns can be avoided by
limiting the allowable dimensions of individual pores to that of a permissible
sharp flaw based on a fracture mechanics accept/reject criteria, assuming pore
depth to be equivalent to that of the weld pass.

In addition to 1imits on the quantity and size of alloweble porosity,
consideration must also be given to its distribution. A localized cluster of
porosity exceeding the obscuration limit could conservatively be treated as a
single crack of length equal to the maximum cluster dimension and having a
depth equal tc that of the average weld pass. Since a linear distribution of
porosity is frequently found to be associated with incomplete penetration,87

it would be prudent to treat closely spaced groups as an eguivalent-sized

sincle crack,
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In view of the tolerance of tough weld metal to relatively large sharp
flaws (see Section 2}, it is unlikely that applying a fracture mechanics
assessment to the significance of porosity will result in appreciable remedial
- welding.

Where it is desired to do so, limitations on the allowable length of
entrapped stag may also be conservatively established by considering the slag
inclusion to be a 5harp flaw of the length indicated on the radiograph to have
a through-wall dimension equal to that of the average weld pass depth.

As with porosity, this brocedure is not expected to contribute sub-
stantially to the amount of remedial welding reduired where weld metal of
appropriate toughness is used. Should it be desirable to place a limitation
on acceptable slag width, the present work suggests thatra‘rationaT limitation
would be the same as for slag depth. Although Fig. 68b (Section 5) shows that
it i3 not possible to determine slag depth from projected width, it indicates
" that the maximum width will not exceed that of the weld pass depth.

Excessively wide slag width may, therefore, be taken as an indication of
an excessively deep weld pass. Note that applying this approach to the manuat
girtnh welds studied in the present work would result in a practical limitatieon
(O.i in) on slag width and depth--the same as has been proposed as upper Timits
on these parameters under the brittle fracture criteria in the British
Standard Institution Document PD 64393 (1980).88

Where it is deemed necessary to analyze the significance of-arc burns on
a fitness-for-service basis, they may also be treated as equivalent-sized
sharp flaws having lengths equal to that of the burns and having through-wall
depths scaled from the maximum burn widths by use of Fig. 68c (Section 5). A
precedent for this approach was established by the Trans-Alaska Pipeline

(TAPS) work.?®
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These suggested limitations on the content of blunt flaws when inspection
is conducted by radiography are summarized in Table 13.

8.1.3 Option I1I

This option assumes that appropriate ultrasonic methods for sizing planar
flaws are not available and that all inspection criteria must depend on
information obtained by radiographic techniques. This aption is least
technica11y desirable, since sharp flaws are not easify detected and
sharp-flaw depth cannot be accurately measured using radiography. Unlike
blunt flaws, one cannot, in general, assume an inherent Timitation on the
through-wall dimension of sharp flaws. The only alternative is to limit sharp [
flaw length by the criteria of existing workmanship standards.

On the other hand, the suggested treatment of blunt flaws presented under
Option II and detailed in Table 13 are equally relevant to this option. Since
the majority of current remedial welding is done to remove blunt flaws having
sizes in excess of that permitted by workmanship codes, this'proposed '
alternative criteria for acceptability of blunt flaws could substantially
reduce pipeline construction costs by providing a more rational approach %o

deciding when rvemedial welding is justified to remove such flaws.
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Table 13 - Suggested Limitations on Allowable Content of Blunt Flaws

POROSITY
Quantity
Less than 5% radiographic obscuration
Size

Equivalent single crack*

Distribution
Clusters: Over 5% obscuration treat as equivalent single crack*

Linear: Treat groups separated by less than twice wall thickness as
equivalent single crack* :

SLAG
Treat as equivalent single crack*
ARC BURNS

Treat as equivalent single crack*

*Through-wall depth inherently limited to average weld pass depth.
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8.2 Implementation of Fitness-for-Service Criteria

A fracture mechanics approach‘to assessing the significance of weld flaws
to pipeline integrity can be applied in several ways, dependiné on the
objective of the user. Its use in determining the technical basis for
requiring remedial welding in the event of code violations revealed during a
postconstruction audit has already been demonstrated during the TAPS program.
However, the full potential of the approath fequires applying the principles
before and during pipeline construction to reduce the need for remedial
welding consistent with pipeline structural integrity and safety and, hence,
.to reduce construction cost.

The latter philosophy can be implemented in two basic ways: One is to
establish accept/reject criteria for weld flaws before the construction
begins. This would require defining the maximum applied and residual stresseé
and strains for designated portions of a 1ine where such judgments can be
effectively made and combining that information with a characterization of the
minimum fracture toughness of the weld metal, as deposited by the consumables
and processes selected for the line. Allowazble flaw-size curves based on such
data could then be routinely applied during construction. Procedures assuring
meintenance of minimum weld-metal fracture toughness during constructien would
nrobably be required. Consideraticn might be given to generating a series of
allowable flaw-size curves reflecting differences in weld-metal toughness,
which would permit welds of lower than expected toughness to be accepted,
provided that the increased restrictions on flaw size associated with the
lower toughness were not exceeded. Advantages of this generalized approach
are overall economy and simplicity of field implementation. The criteria
established by this approach may be overly conservative for some nortions of

the line: however, this can be minimized by proper selection of 1ine segments.
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Alternatively, a specific-site approach may be selected, either in
conjunction with the generalized approach or independently applied. This
involves an engineering critical assessment of welds at highTy“stressed
Tocations, locations where the welds are subjected to unusually Tow
temperatures or where other environmental factors must be taken into
consideration, Since toughness, stress, and allowable flaw size are related
by the fracture mechanics model, allowable flﬁw-size curves can be constructed
to address any desired set of conditions. It would be necessary to generate
appropriate accept/reject criteria reflecting the specific prevailing
conditions. Such an approach would probably result in requests for variances
from accepted code requirements. Therefore, at the start, it might prove
useful to generate a family of allowable flaw-size curves covering the
variables anticipated during construction. Availability of such a family
might significantly facilitate implementing either the generalized or
specific-site -approach. _

When qualifying weld metal to a fracture toughness criteriz, it should be
recognized that weld metal deposited with high-hydrogen, cellulosic electrodes
will initially have a low toughness due to the high-hydrcgen content in the
weld deposit. Toughness will increase with aging time after welding, because
the hydrogen content is lowered by diffusion.90 Therefore, qualifying
conditions should inciude a delay time subsequent to welding, selected to
represent the toughness at the time of maximum weldment stress in the line.
Since residual hydrogen content is affected by a number of factors, it may be
necessary to characterize the change in toughness with aging time for a

particular welding procedure.
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8.3 Future Research

B.3.1 Fracture Mechanics

Procedures for the use of elastic-plastic fracture mechanics for the
derivation of allowable flaw-size curves are in the early stages of
development. Further work is recommended to increase confidence in the
analytica] results. Future research needs in the areas of analytical model
development, model verificati%n, and implementation are summarized below.

Analytical Model Development The present analytical model presented is a

relationship among stress, flaw size, and toughness. For applicability to
situations where the strains exceed yield, a relationship among strain, flaw
size, and toughness is needed. Further developments should be incorporated
into the strain-based model: First, the behavior of small flaws in a large
section (such as large-diameter pipe) needs to be modeled to account for
gross-section yieiding. Second, the differing stress-strain relationships of
the weld and the base plate should be incorporated into the model. Third, the
influence of residual stresses on fracture at high strain levels should be

assessed.

Maodel Verification The model verification studies inm the present program

were Timited to the analysis of results of large-diameter-pipe tests conducted
as part of an independent program. Direct observations of the spread of
plasticity are needed for proper modeling of the plastic-zone circum-
ferentially cracked pipe in bending. Further tests are needed to verify the

curvature correction proposed herein. Ard finally, verification of the
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fundamental assumption of the fracture mechanics approach would greatly
contribute to confidence in the analysis, that is, verification that
large-diameter pipe does fracture at & critical value of CTOD measured in a

fracture toughness test.

Implementation. Given an allowable flaw-size curve, an implementation

strategy is needed to ensure that the assumptions used in the derivation are
adhered to dufing pipeline construction. Improvements in the CTOD testing
method are needed, particularly for evaluating weld-metal toughness. A
statistical samﬁ]ing procedure is needed to ensure that the yield strength and
toughness of the pipeline girth welds exceed the values used to establish the
allowable flaw-size curves.
- 8.3.2 Inspection

Recent studies have shown that it is feasible to increase substantially
the detection sensitivities of the SH-wave EMAT system with respect to planar
flaws that are canted with respect to the through-thickness direction.
Examples of such flaws include cracks in the heat-affected zone (HAZ) and
incomplete fusion. To improve the detectability of such flaws, the present
SH-wave EMAT system would have to be augmented by an additicnal SH-wave EMAT
that would be sensitive to the SH2, SH3, and SH4 plate waves. It can be shown
theoretically that these three plate waves are scattered much more strongly by
canted planar flaws than the dominant SHD and SH1 modes.?} The techrolcgy for
constructing such transducers is now available.’2

Another topic that requires further quantitative investigation is the
effect of residual and applied residual stresses on the functioning of the
SH-wave EMATs. It is believed that under certain circumstances, the efficien-

cies and pure-mode characteristics of the periodic-permanent-magnet
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EMATs may be significantly degraded. As a consequence, the EMAT performance
characteristics should be verified experimentally using a pipe section welded
by approved procedures and squected to realistic membrane andiresidual
stresses. Current understanding of how SH-wave EMATs function on a surface
under stress is very limited.

It is believed that additional work is needed in the area of signal
analysis. For example, accurate estimatioﬁ of the SH-plate wave scattering
coefficients could be obtained Ey nonlinear least-squares fitting of the
measured signal amplitudes as function of the distances separating the EMATs
from the weld along scan lines that are perpendicular to the pipe girth,
Then, the confidence levels in the ultrasonic measurements would be improved.
Also, better estimates of flaw shape, cant angle, position within the weld,
and other relevant characteristics would be obtained. The least-squares
fitting approach is particularly appropriate since an accurate, predictive
model for the flaw scattering ampiitudes is now available.

Finally, it is believed that construction of a fieldable prototype of the
454-kHz SH-wave EMAT system is necessary. The fieldable system would be
needed to establish the influence of specific environmental conditions and
welding practices on the inherent limitations of SH-wave EMATs and suggest
possible improvements. The prototype system would be evaluated as a 1imited
section of pipeline that has been fully characterized using other availabie
nondestructive testing (NDT) procedures, including ultrasonics, radiography,

and penetrant and visual examination.
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8.3.3 Metalluray
Metallurgical parameters affecting the toughness of weldments in pipeline

steels deserves further study. The sensitivity of weld-metal foughness to
variations in chemical composition of the filler material, to variations in
welding procedure, and to the interaction of such paraﬁeters should be better
defined to increase confidence in the assumption of an existing minimum
toughness level in the fitness-for-service analysis. American Welding Society
(AMS) classifications of electrodes used in pipeline construction presently
give electrode producers wide latitude in selecting a chemistry that will
produce weld metal meeting the minimum mechanical properties of the specifi-
cation. This ﬁs because, up to now, weld strength. has been the dominating
consideration. For example, the AWS specification for type E8GLOG electrodes,
commonly used in manual welding of API 5LX-65 and API 5LX-70 pipelines
establishes minimums for Mn, Si, Cr, Ni, Mo, and V, but regquires that only one
of these elements meet the minimums in order to comply with the specification.
It is expected that this compositional latitude will, in itself, cause a
substantial variation in weld-metal toughness; however, the extent to which
this is true is presently unknown. An egual uncertainty exists with regard to
the variation in toughness produced by a given electrode composition at
different heat input levels. These uncertainties now require that each
manufacturer's proprietary electrode be evaluated for toughness under 2
specific welding procedure. This is a tedicus and expensive process.
Resolving these uncertaidties will permit establishment of parameters
necessary for prequalifying electrode types on the basis of toughness, thus

reducing cost while maintaining weldment reliability.
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The present study indicates a negligible probability of fracture initia-
tion from arc burns in contemporary pipeline materials. However, a relation-
~ ship between arc-burn significance and toughness, hardenabiiit}. and other
metallurgical parameters has not been established. It would be desirable to
do so to provide increased confidence in the findings of the present study.
For example, it would be valuable to determine if any circumstances exist
under which excessive deterioration of heat-affected-ione toughness could
significantly exacerbate the significance of arc burns.

The conditions under which fisheye cracks can form in weld metal depos{ted
by the shielded-metal-arc procéss should be determined. It is of particu1a}
importance to determine the probability of their formation as a result of
pipe-laying stresses because, should this occur, significant flaws could be .
introduced into the welds after the inspection process. The literature
suggests that this is a distinct possibility, because such flaws have been
most often observed during berd testing where the weld metal has been strained
beyond yield. The study should correlate the probability of fisheye formation
with the hydrogen content of the electrodes and should establish the required
postweld heating conditions required to eliminate thgjr formation, should they

prove to be a problem in pipeline construction..
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10, APPENDIXES

Appendix A - Details of Calculation of Allowable Flaw-Size Curves

D. T. Read

The method used here to calculate allowable flaw-size curves was to
calculate many critical flaw sizes {critical length-depth pairs) and then draw
a curve through these points. Each point on such a curve is a solution to
Fg. 65 of Section 2.5.1 of this report; that is, at each point, the total CT0D
i§ egual to the material fracture toughness.

Because of the complexity of the relationships between CTOD and applied
stress and flaw size, closed-form solutions are not found. Instead, an
iterative approach is used. For each flaw length value, CTOD is calculated
for a series of flaw depths. Using a Newton-Raphson iteration procedure, the
computer program guides the selection of new depth values until the calculated
CTOD matches the material fracture toughness. When the correct depth is found
{to within 1 part in 106), the length-depth pair is added to the 1ist of such
pairs to be used for the allowable flaw-size curve, and a new value of flaw
length is selected. Typically 60 to 100 length-depth pairs are sufficient to
define the curve,

The computer program we used is listed below. Each curve requires
approximately 40 s of processor time on a modern large-scale scientific
computer,

Following the program listing, an example calculation of CT0D for one
crack length s shown. This example begins with a listing of input
parameters. Then a specific vaiue of flaw length is chosen, and the
calculation steps, including check for full-ligament yielding, iterative
ntastic-zone calculation, calculation of CTOD, and comparison to material

fracture toughness, are listed. Table A-1 gives quantities that are needed

for the calculation.
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A visual aid to this solution process, Fig. A-1 shows the behavior of

Eqs. 70 and 75. The caltculated ry value occurs where the two curves

intersect.
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Computer Program

PROGR AM YIELIG(INPUT:QUTPUT'llOOO!TAPEBB'IIOOQ)TAPEI.TLPEZ)
REAL KU
NOTATIONS
H IS CRACK DEPTH
€ IS CRACK RALF LENGTH
T 1S PLATE THICKNESS
R IS PIPE RADIUS
W IS PLATE FULL WIDTH
Cl IS 2%C/w
Al IS WY
DELTA2 IS (EFFECTIVE CRITICAL CTOD) * E /7 W / YIELDST
E IS YOUNGTS MIDULUS
NJ IS PDISSON®S RATID (*#s%% Kt AL NUKBER ##%#%x)
STRES3 IS5 APPLIED STRE3S
YIELDST IS5 YIELD STRENGTH
S IS STRESS/YIELDST
Al) IS ARRAY DF CRACK DEPTH VALUES )
FLU) IS ARRAY OF CRACK LENGTH VALUES
COMNMON PI», DELTA2, Cl, S
CO%sON /JGEJOM/ Hs C» Ty R
~ COMMON /MATPR/ YIELDST» E» NU
DIMENSION FL(L00)s A(100)» LMESS(B}
PI = 3,141592654
PRINT L
1 FORMAT(* PROGRAM TO CALCLATE AND PLOT A VS L CURVES USING THE YIEL
I0ED LIGAMENT MEDEL¥p//7)
PRINT 2
2 FORMAT!* CRITICAL £0Ds YIELD STKENGYH» AND APPLIED STRESS ARE N3IW
1READ IN.¥)
READ (Ls*) COOCR, YIELDST, STRESS
IF{ZE0FI1}«NED) GOTD %999
CODRES = 00,0015
YSKSI = YIELDST /7 1000.
SKS5I = STRESS £ 1000C.

OO0 OOMNOON0ONO0n

F

SET UP AND MARK THE PLOT
PLOTTING SUBROUTINES FROM THE #DISSPLAF (REG. TRADE MARK)

PACKAGE ARE USED IN THIS PROGFAM,.

[zsXaXeEnXg)

CALL ID{w#DAYE READ» X38533A V5 LS#,100}
CALL CIMPRS

CALL NKJBRODR

CALL AREAZD(Z2e» 24}

CALL HASPEC(88s»FILE¥])

CALL ENDPLLO!}

CALL RESET (#NCBRDRR)

CALL TITLE(#ALLOWABLE FLAW SIZESS$#,100,
1 #DEFECT LENGTHy INS%,100,
2 mwDEFECY DEPTH, INS#£,100,
3 6.0, 6,00

219




C‘LL ERAF ‘5.0’ 5&0! 25-0! 0&0! OGII 0-6}

ENCODE{B80» 410, LMESS) CODCR
410 FORMAT(#CRITICAL CTOD = »pFT7e3s¢ IKNeSE)
CALL MESSAG(LMESSs100s1a6s 5.5)

ENCDOE( 80,415, LMESS) COORES
415 FORMAT{#RES,. STRSe CTOD RED. » #,FB.h,# IN.S!}
CALL MESSAGILMESS»100s146s 5.0)

ENCODE( 80,420, LMESS) YSKSI
420 FORMAT{#FL.OW STRENGTH = #sF5.1s% KSI.$%¢)

CALL MESSAG(LMESS»100s146s 4.5)

ENCODE(80,430,LMES3) SKSI
430 FORMAT(APPLIED STRESS = ¥,F5.1»% KSI.$¥)

CALL PESSAGILMESS»10Cs1e6s 4.0}
<
c
c

PRINT 10» CCDCkRy YIELDST» STRESS
1¢ FORMAT(* CRITICAL COD = %5, Fl2.6s% IN¥»/, -

1 * YIELD STRENGTH = *,F12.0,% P3I%*,/»

2 % APPLIED STRESS = ¥, F12.0s* P3Ie*)
c HERE WE SPECIFY A STEEL PIPELINEs 48 INCHES IN DIAMETER

E = 30.286

NU = 0.29

R = 2%,

K =2, % Pl ¥ R

T = 625
C EFFECTIVE CRITICAL €00 IS CRITICAL COD LESS RESIDUAL STRESS EFFECT.

CODCk = CODCR -~ CODRES

DELTAZ = E ¥ CODCR/W/YIELDST

NBETS = 100

RELLMAX = (0,15

S = STRESS /7 YIELDST

D3 1000 IPT = 1,NPTS

C1l = RELLMAX # FLOAT(NPTS = IPT) / FLOAT({NPTS)

C =W * (Cl /7 2.
€ THREE CANJIDATE VALUES OF FIRST TRIAL VALUE OF Al ARE CALCULATED

AlSImMP = 1, - 5 + DELTA2/2./Cl

AlLY = 1, = §

ALNSY = {1, = 3} / C1

ALINSY = AMINI(ALNSY»1.0)

ALTR = AMINY (ALSIMP» O.99F99%ALNSY)

DEVTARG = ]1.0E-C6

STEPSZ = 1,00

DEVPREY = 1,0E100

D0 3¢C IIY = 1, 15

CEVVAL = DEV (ALTR}

DEVSIZ = ABS(DEVVAL)

IF{UEVSIT +GT. DEVPREV) GO TO 280
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DEVREL = ABS(DEVVAL/DELTAZ)
IF(DEVRELe LT, DEVTARG) GUTYO 312
ALTRN = AITR - STEPSZ * DEVWAL/DDEVDACALTR)
IF(ALTRN.GT+AINSY.ORLALTRN.LT.(ALLY/2.}) GOTO 280
ALTR = ALTRN .
DEVPREY = DEVSIZ )
IF(STEPSZ «LT. 1.0) STEPSZeAMINLIIL3*STEPSZs0e5%(STEPSZ4140))
G0OTO 2399
280 STERSZ = STEP32/2.
DEVPREY = 1.0E100
AlTR = Q0,75 % ALLY
299 CONTINJE
300 CONTINJE
AFAIL = ALTR*T
FLFAIL = w *# C1
PRINT 356s» FLFAIL, AFAIL
306 FORMAT(2 FLAW DEPTH ITERATION FAILED TO CONVERGE ATs />
A # LENGTH = #,F7.2s¢ DEPTH = #,F5.2)
312 Al = ALTR
. FLIIPT) = ¥ ¥ (1
A{IPT) = T ¥ Al
IF(AL.GT.Ca75) GOTI 1020
1060 CONTINJE
1020 L1LAST = IPTY

0D 1043 I = 1, ILAST
PRINT 1025, FLUI}s AL}
1525 FORMAT{ZEL445)
1040 CONTINJE

c
c
CALL CJRVE{FL, A, ILAST,O)
CaLl FRAME
CALL ENDPL{-1)
c
c
GOTOD 4 -
9993 CALL DINEPL
CALL EXIT
END

FUNCTIIN DEYIAL)

REAL NU

COMMON PIs» DELTAZ2» Cl» S
COMMCN ZGEOM/ Hy) C» T R
COMMON /PATPR/ YIELDSTH E» KU
H =T % Al

W= 2. % PI * R
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100

200

3age

als

315
320

FOR THIS VERSION, ALWAYS USE SIMPLIFIED LINE SPRING
USE OF CURYEATURE IN SLS DEPENDS ON CRACK LENGTH

£0D=J FACTOR M SET TO 1 IN DENOMINAYOR DF
TERY ON RIGRT OF NEXT STATEMENT,.
DELELAS & SLY*SLY#F*F*PI*H/L/N

coo=-J FACTDR M SET T3 1 IN DENCHINATJR OF

IF(H +G6T. ©.0) 60 TO 1080
CALL NEwMAMNIHs C» Tp» Ws F» C)
SLY = ].«Al

"IF (S J6T. SLY) GOTO 200

2 ND TERM ON RIGHT OF NEXT STATEMENT.

VEV = DELTAZ = S*¥S*F*F¥PI%H/Q/

RETURN

CONTINJE

STRESS = § * YIELDST

CALL LSJUYIELDST» E» NU, H,

A STAPLY,STCLOS)

)

DELELAS = CTDO®E/W/YIELDST
IF {(STAPLY

DEV = DELTA2 = DELELAS
60 YC 300
CONTIMNJE

C»

T» Ry STRESS, 0.0,

CTGD,CMOD»

eGTe 0ed) SLY = STAPLY/YIELDST
IfF (STAPLY «GT. 0.9) GO TC 200

CP1 = [2./PI) # ASIN( SIN(PI¥#C1/2.) 7 COS(PI*{le-(1,-5)/AL)/2.} )

RYL = 3.5 ¥ {CP1-Cl}

DEV = DELTAZ = DELELAS = 2.%({CleRYL)*{5-3LY}

CORTINUE

RPITE(25,310) 5, STRESS,

FORMAT{(2 S = ®p EL4&.:5»

Ei4.5y # SLY = ¥y El4.5)

WRITE(2,315) H» C

FORPAT (2 H = #,

WRITE(2»320) DELTAZ,

FOxkMAT(# DELTAZ = #,
END

FUNCTION DDEVOALAY)

Y = DEV(A}

AM = A ¥ (3,09 - 1,0E~03
IF{aMLT40.0) AM3.0

YM = DcV(AM)

DDEVDA =
END

El"-s,# C s g,
DELELASS
E14.5) #DELELAS = ¥,

(Y — YH) /7 (A - AM) -

STAFLYs 5SLY
¢ STRESS = #,

Ei4a5}
DEV
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L) ONOMNMOOOOO0OO000O0O0

SUBROUTINE KEWMAN{Hs C» T» W» F» Q}
COMMON PI» DELTAZ2s Cls S
REAL Mly M2, N3
CSAY =

FORMULAS SET UP FOR C > H
ir (H o GTo C) C=H
ARG = (PI/2.) % (2. * C / w) * SQRT(H/T)
Fu=l./SQRT(COS(ARG))

ANGULAR FACTOR = FPMI = 1 AT ROOT
FPHI = 1.

G FACTOR = 1 AT RODT
G =1,
M1=1,13=0,09%(H/C)
M2m=0,5&+0.857({0.2+H/C)
M3x0e5=14/{0.65+4HITI+L4s ¥ (1le~HIL)#*24
Fa{MleM2%(H/T)*#2+NM3#(H/T)*¥#4)*¥FPHI®G*FW
O=l,+1%64%(H/C)**L,565
C = C3AY
RETJRN
END

SUBRDUT INE LSJUSFLIW,EsNUsHsCsToR»ST»SBs CTGOsCHOO,STAPLYSSTLLOS)
REAL NJ» NUT, NUB, KF .
DATA (PI=3.14159265)
SIMPLIFIED LINE SPRING MCCEL FOR CALCULATION GF APPLIED CTOD FOR
SURFACE FLAW AS A FUNCTIOMN DF STRESS FOR ELASTIC CASE WITH ROOT PLASTIC

ZONE CORRECTION.
NOMENCL ATJRE

HPHYS = PHYSICAL CRACK DEPTH

H = EFFECTIVE CRACK DEPTH

T = PLATE THICKNESS

CPHYS = PHYSICAL CRACK HALF-LENGTH

C = EFFECTIVE CRACK HALF=LENGTH

W = PLATE FULL WIDTH

ST = APPLIZED TENSILE STRESS

SB = APPLIED BENDING STRESS

SFLOW = FLOw STRENGTH

E = YOUNG®s MODULUS

NU = PUISSONTS RATIO

LLY = FLAG FOR LIGAMENT YIELDING

ASSUME PROPORTIONAL LOADINGs LET BINT = M/S
BONT = SB/ST

s4%¢%  HERE THE CALCULATION BEGINS ##ss»
HPHYS = H
HSAV = H
CPHYS = ¢ :

LLY IS FLAG INDICATING LIGAMENT YIELLING, LLYSO MEANS NI LY.
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OOOOOOO00Go0 aOnoO (o] [ g) OO On

OO

[ g oMo

LLY==100 - -
PROCEDURE TO SEE IF LIGAMENT IS FULLY YIELDED OR NOT
MAXIMUM EFFECTIVE VALUE OF H IS H ¢ {T=H}/2 :
AT THIS H VALUE, MAXIMUM CLDSURE STRESS HAS BEEN REACHED
MAXIMUM CLOSURE STRESS» AT FULL LIGAMENT YIELDs IS SCMAX
MAXIMUM CLOSURE STRESS OCCUKS WHEN SFLOw IS APPLIED ON
THE wHOLE LIGAMENT
SCAAXsSFLOWS(T~H}/T
MAXIMUY ALLDOWED EFFECTIVE H EXTENDS HALFWAY ACROSS THE LIGAMENT
”'H*‘I-H),Zo
STAPLY IS APPLIED STRESS AT FIRST OCCURENCE OF FULL LYGAMENT YIELD
CALL CALCL{HsCyTsRsNU» 02,003,040, NUT7sNUB)
STAPLY=SCMAX®*D/INJST*{04+NUR)=NUBE*D34BONT)
IF{ ST «GTs STAPLY ) GO TO 52
LIGAMENT I3 NOTY FULLY YIELDED
SET STAPLY » =1000s TO INDICATE THAT THE LIGAMENT HAS NOT FULLY
YIELDED
STAPLY = =1C00,
CALCULATION OF RO3T PLASTIC ZONE STARTS HERE
SAVE STARTING VALUE OF Hs NO PLASTIC ZONE» AS HSAY
H STARTS AT H IS HSAVs AND INCREASES
UNTIL THE CORRECT PLASTIC 20NE SIZE
IS REACHED BY AN ITVERATIVE CALCULATION
NOMENCLATJRE? HSAV IS VALUE OF H BEFOKE ENTERING ITERATION
HSTART IS VALUE O3F H AT START OF ITERATION
HCI IS VALUE DF H AT STARTY OF CURRENT ITERATION
CELTAH IS SmaLL INCREMENT OF H

BEGIN ITERATIOW

H = HIM

HSTART=H

DO 50 11=1,30

HCI=H

DELYAM= .01l *H

IF (DELTAH oLTe C.0021) DELTAH = 0,0001

HeH+DELTAH

CALL CALCL(H,CsTyRuNU, D2,03,042D2NUTsNUB)

CALL CLOSUR{DZ2»03,0&4,0)HUT»NLUB»ST» S8 STCLOS,SBCLOS)
STCLOS, SACLOS ARE TENSILE ANLC BENDING CLDSURE STRESSES FOR H~DE LTAH
SAVE THESE VALUES GF TENSILE AND BENDING CLOSURE STRESSES

STCSAV=STCLOS
SBCSAY=5BCLOS
ALTERNATE PROCEDURE IS TD CALCULATE CLOSURE STRESS FROM THE
PLASTIC ZONE SIZE. THE IDEA IS TO FCRCE CONSISTENCY.
CLOSURE STRESS FROM PLASTIC 2ONE SIZE IS SCLOSPZ
CALL SCPZ(MsHSTART,T»SFLOws» SCLO5P2)
SCLOSPZ IS ALTERNATE CLOSURE STRESS FOR HeDELTAH
SCPISaveSCLOSPZ
Het~DELTAH
CALL CALC1(HsCsTsRsNUs, 02,03,04,D,NJ7,NUB)
CalL CLOSURIGZ,303»24sDaNUTHAUB»STSS8) STCLIS»SBLLOS)
CALL SESPZC(HsHSTART,T,SFLOW, SCLOSPZ)
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C DSTCOH, DS3CDH ARE DERIVATIVES DF CLOSURE STRESS, MOMENT WRT H
DSYCOH={STCSAV~STCLOS}/DELTAH
DSBCOH=(SBCSAV=~SBCLOS)/DELTAH
DSCPIOM={SCPZSAV=-3CLOSP2) /DELTAR
C MAKE THE INDICATED CDRRECTION TG H
HeH+{STCLOS-SCLOSPZ)/Z(DSCP2OH=DSTCDHY
IF(HCI. LT, 0.000001) GO TO 50
IF( ARS({H-HCI)/HCI) LT. O0.0C1 } 60 10 55
50 CONTINJE
C ITERATION COMPLETE. H IS EFFECTIVE CRACK LENGTH
PRINT 51, Hy C
51 FORMAT(» ITERATION ON PLASTIC ZONE SIZE FAILED TD CONVERGE«#+/»
a 2 H= #yFT.4sr C = #, FTu4) '

G0 YO 55
52 CONTINJE ‘
C 'LIGAMENT 13 FULLY YIELDED. HsHPHYS#{T-H}/2
C HERE WE CALCULATE THE C40D AND CTOD UP TO LIGAMENT YIELDING
C THESE #ILL BE ADDED TO THE CONTRIBUTION CALCULLATED BY THE YIELDED
C LIGAMENT MIDEL LATER
LLY=100
S3APLY=30NT*STAPLY
CALL CLOSURD2,33534,0,NUT,NUB,STAPLYsSBAPLY, STCLLY»SBCLLY)
STCLOS = STCLLY
SBCLOS = SBCLLY
ST = STAPLY
SB = S3APLY
C CTOD ACCRJING AFTER LIGAMENT YIELDS WILL BE CALCULATED ELSEWHERE
55 CONTINJE
€ WE NJW HAVE A PLASTIC=-ZONE-CORRECTED CLOSURE STRESS STCLOS
C A PLASTIC-ZONE=-CORRECTED CLOSURE MOMENT SBCLOCS
C NOw CALCULATE DELTA AND THETA, TO GET COD S
DELTA=4 ¥C*{ST-STCLOS)/E
C USE CUKVED PLATE EXPRESSION FOR LONG CRACKS, FLAT PLATE
C EXPRESSION FOR SHORT CRACKS "
IF (2.%C GV, 0.,025*2.0%PI%R) GO TO 7C- -
THETA = (SB=SBCLIS) * 8,%¥(1.+NUIKC/(I.+NUI/E/T
GO TQ 80O
70 THETA = SQART(R/T)Y * (2.734) * ((3.,%(1e—NUSNU))**0.73)
~ * (SB-5BCLOSM/E
8c CONTINUE
C HERE WE CALCULATE APPLIED K FACTOR, TO GET CTOD
CALL KJALCCSTCLOS, SBCLGS, He Ty KF)
CTOD = KF*XKF*{1.=-NUSNU)}/E/SFLOV
CHOD=DELTA+THETA®T
H = HPYYS
END
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SUBROUTINE SCPZ(H)HSTART,T»SFLOWs SCLOSPL)
C THIS SUBROJTINE CALCULATES ALTERNATE CLOSURE STRESS SCLOSPZ
C FROM PLASTIC ZONE SIZE
PI = 3.1415627
HPLASTHITART+#2,%# (H=HSTART)
[IF(HPLAS LT. 1.0E-10) €0 TO 10
. QeSIN(PISHSTART/2./T)ISIK(PI#HPLAS/24/T)
IF(Q «6T. 0.9999) GO YO 10
SCLOSPZ=(2.,*SFLON/PI)*ACDS(Q)
RETURN
10 SCLOSPZ = 0.0
END

SURROUTINE CALC1(H»CsTsRaNU» (02,03,04»D0,NUT7»NUB)
REAL nU, NU7, NUB
DIMENSION X(13)» Y{19), Z(13)
DATA (PI = 3.14159265)
DATA
af X(l}=l.97061),
af X{2)=lla.437), ,
al X(3)}s7.7086)»
af X(4)al5.0143 )»
af X{5i=280.121 1}»
i X{6)==1093.,72)>»
af X{7?7}=3418.98 }»

al  X{8)==T7686.92}»
Al X(91=127%4.1 }s
al  X(10)==13165.)»
Al X(LL)®786B.27)s
al X(12)==1740425 )
Al X{13)=124.136)
DATA
a{ Y(1)=21.9735),
al  Y(2)8=2.2166 ),
al  Y(3)}%21.6051 }s
Al Y(4)==56,3133),
al  Yi{5)1=1964¢3 )y
al  Y(5)==406.251}»
a{ Y{7)=644.5335 ),
Al Y(8)==408.957)»
al  Y(3)=-159.693),
Al Y(10)»=588.988),
al  Y(11)®4266.55))
al  Y(L12)==2997.14 )»
al  Y(13)==6050.78 )»
al  Y(L4)=B855.36),
al  Y(L5)%3515.643)s
al  Y(Lbl==11764,1 )»
Al Y{LTI=4727.98))
al  Y(18)=1695.61)s
al Y(13)==E45.896 )
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DATA
al Z(1)=1.,971 b
a( L(2)m=4 4277 )»
~f 2(31234.4952 )»
i Z(4)==165,732)>»
~{ I(5)=6264393 }»
af Z(a)w=2144.46)>
af 2(T)=T7043,42 )
al 1(8}=-15003.2)»
af I(31=37853.3 )»
a( Z(10}=5=52595.5)»
af ZCL1i=48079¢3)»
a{ 2{(12)==25980.2 )»
al I(13)=6334.24)
X1sH/T .
D2=0,
03=0.
0420, .
IF{ X1 «LTe 1eGE~5) X1=1,CE~-5
00 10 K=1,13
I = K -1
02=02+X{K)*(x1%*{2.%]))
03=03+Y(K) ¥ (X1%¥*1})
CoxDaeZ(K)*{X1¥*]}
10 CONTINUE
' DD 20 K=14519
I=K=-}
D3sJ3+Y{K}®(X1**])
20 CONTINUE
Q2=x1*X1%D2
D3mx1*¥X1*03
GamX1leX1%*04
IN THE NOTATIGN OF KINGtS PAPER CON THE SIMPLIFIED LINE SPRING MODEL,
02=A11 O03=412 QésAz2
NUsNUp NUT={C/TI*{2/(1=-NU*NU})
NUT= (C/TI*2.7(1.=NUSNU)
THE QJANTITY NB DEPENDS ON THE CRACK LENGTHs FOR CRACKS LESS _
THAN 2,5 & OF THE CIRCUMFERENGCE, WE USE THE FLAT PLATE EXPRESSION.

el g o0

FOR LONGER CRACKSs THE EXPRESSION FOR CURVEATURE IS USED
IF{2.%¥C GTa 025%2.%P[*R} GJ TO 3C
NUB & (C/T)*24/3/7{14~NU}/7(3.+NU}

_ 60 T1 40
30 NUB ® SORTIR/T) * {1.764) 7 (L 3,%(1e=NU*NU) ) #5,25)

40 Da{02+NUTI*(U4+NUBI=03%03
END

[g]
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SUBROUTINE CLOSURI32,03,06420,NU7,RU8»ST»58,
REAL MNJT» NUSB

C CLOSURE STRESS, SIGMA SUB C» IS STCLOS
C CLOSURE MCYENT» M SUB C» IS SBCLDS

10

> > 22> %

P2 rrr»

STCLOS=(NUT*(044NJB)*ST-NUE*D3¥S3)/D
SECLOS=(~NUT#D3I*ST+NLA*{O2¢NLT)*582/D
END

SUBROUTINE KCALC{STCLCS,S3CLOS»H»Ts KF)
REAL KF
DIMENSION U({7), V(7]
DATA (PI = 3.141592654)
DATA (J(1) = l.12)»
(UL2) = 6.52 )

(U{3) = =12,3%)»
(UCd) = B89.05),
(UC(5) = =1B8B.61})»
(Ul6) = 207.39)»
(Ui7) = =-32,05)
DATA (V(1l) = 1.12),
(Vvi2} » =1,89), -
(v(3) = 18.01),
(Vi4) = =8T7.3%)s
(Vi5) = 241.9])
(V(t) = =313.%94),
(i = 168.0L)
X1 = H/T
Gl = 2.0
G2 = Q0,0
DT 1C K=1,7
I = K =1

Gl = Gl + U(K)*{X1*¥({2%]})
G2 = G2 + ¥(K)}*{X1%3])
CONTINJE

STCLOS» SBCLOS)

KF = (STCLOS#*G1l + SBCLOS*GZ)*SQRT{PI*X1I*5QRT(Y)

RETURN
END
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‘Example Allowable Flaw-size Calculation

An example of a hand calculation of critical flaw depth for a given flaw
tength follows. Computer results, instead of guesses, were used to reach the
final step in both the plastic-zone and critical-depth iterations. The

allowable flaw-size calculations are complex; computer costs are insignificant

compared with manpower costs.

I. Input parameters

0,125 mm

H

e

CTODRS 0.038 mm

g = 517 MPa

o = 434 MPa

E =2.08 x 10% MPa
v =0.29

R = 610 mm

t = 15.9 mm

II. Short flaw, use Egs, 28 through 33
Long flaw, use Eqs. 63 through 74
Dividing 1ine is 2¢ = 0.025 x 2 » x R = 96 mm
ITI, Critical condition: GC = CTODE + CTODLY + CTODRS
Therefore we demand CTODE + CTODLY = 0.087 mm

IV. Procedure: for every &, find a so that

CToD, + CTODLY = 0.087

E
A. Choose & = 201.1 mm for this example. From II, above, we see that

we have the long-flaw case.
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B. Choose a.trial a value, 2.75 mm.
(The first trial a value 15 arbitrary, but the better the choice,
the fewer iterations needed.)

€. Calculate CTODEL + CTODLY for this a value.

H

1. Check for full ligament yielding.
a. Using Eq. 14,
o = (1 - a/t) o = 427.6 MPa

b. At full ligament yielding, a + Zry = £ ry = 6.575 mm;

aeff
aeff/t = (0,586

=3 + = 9,32 mm
a ry m

To apply Eq. 70 we need o from Eq. 72, which requires S
from Eq. 74, '

In Egs. 72 and 74 we need 311> 31ps and LPYE

From Table A-1, 8y ~ 3.136; 315 = 1.746; 85y = 0.983

Applying Eq. 72 we find

34
2.610)% [12(1 - 0.2921/

0.0993 +&
72 (1 - 0.292) 15.9%

-(1.746)2

201.1
3.136 + 1773 (1-0.292)t

(3.136 + 13.809) (0.993 + 0.8018) - 3,0485
27,364

AppTying_Eq. 72 and using values from the previous step where

needed, we get

a, = 13.809 {0.993 + 0.80183/27.364 = 0.9057
Applying Eq. 70, we find
5. = 0.9057 X 434 = 393.1 MPa
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We note that o< e therefore the ligament is not fully
yielded.

Therefore, we know

CTODLY =0

r.B < 6.575

y mm

2. Find the value of ry for which Eqs. 70 and 75 are satisfied.

a.

Guess initial value of ry:
let = 4,164
e ry mm
Apply Eg. 70 :
\
= 1
ry = 4,164 ;
(a/%)esfective = 0-43%° |
From Table A-1, all = (,8989; ay, = 0.5917; 359 ~ 0.3955.
Equation 74 gives:

S = {0.8989 + 13.809) (0.3955 + 0.8018) - 0.3501
= 17.260

Equation 72 gives: o 13,808 {(0.3955 + 0.8018)/ 17.260
= {,9579

Equation 70 gives: 0y = 0.9579 x 434 = 415.7 MPa

Apply Eq. 75

sin(0.2717) _  0.2683 _ 4 344
STATL.0944) 0.8887

arc cos {0.3019) = 1.2641

ag = 416.1 MPa

9, from Eq. 70 agrees with 9 from Eq. 75 to better than 1
part in 1000. This is sufficient for a hand calculation.

Therefore, ry = 4.164 for the trial a value, and a = 2.75 mm.
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3. Apply Eg. 66
We need 9y and S
From Table A-1, we have 9 = 2.7187 and 9y, 1.5561
We already have 0y = 415.9, averaging resu]ts-of Iv.C.2.h.
and IV.C.2.c. |
To get m, we apply Eq. 73 and then Eq. 70. Using values
calculated above, we have

B. = 13.809 x 0.5517/17.260 = 0.4734

From Eq. 70, m = -0.4734 x 434 = .205.4 MPa

In applying Eq. 66, we convert t to meters to retain
consistent units:

K (0.0159)% (415.9 x 2.7187 - 205.4 x 1.5561]

It

102.3 MPa-mJ‘r

1t

4, Apply Eqg. 11

CTOD, = 8.913 x 10™%m

8.913 x 10 2mm

1}

0.08913 mm

5. Our calculated CTOD is within 2.4% of the critical value. This

is sufficiently accurate for a hand calculation.

Therefore, for £ = 201.1 mm, we have found a = 2.75 mm, and we have one

point on the allowable flaw-size curve.
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7 l ] I ]
Eq. 70 _

e O o = 434 MPa
E ,_ £ = 200 mm ,
gl . a=275mm \ -
g ' t=15.9 mm
) | _
: 4
W
2
< sk -
Eg !
5 Eq. 75 ) _
ﬁ 2 - a=2.75mm
o t=159 mm

1 oc=517 MPa .' -

o ! ! |

0 100 200 300 400 500

TENSILE STRESS ON EDGE CRACK, o,, MPa

Fig. A-1 — Plot of plastic zone radius, ry, vs. tensile stress on
equivalent edge crack, o,, for two different equations,
The intersection of the two curves is the plastic-zone

radius for the specified input parameters. To obtain

inches, multiply millimeters by 0.0394; to obtain psi x 103

divide MPa by 6.894,
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Table Al. Parameters used in calculation of allowable
flaw size curves.

ErFECTIVE EEFECTIVE
I VA A1 212 AZ2?P £Y ] ALY
+0100 D002 «0002 D002 «1986 »1955 »01080
0200 « D00 20008 « 0008 2Ble 2729 #8200
J0300 aDOLE DNty ngir 348556 1AnY ok FuYs
0400 0032 0031 «002% 4007 <3737 Ty
20800 « 0050 » 004N «00&Y 4503 wA205 #0500
ADBDE 20073 2008 2NOEY 11X LAY Dans
RILT) «0100 JH093 0087 3401 »A930 0700
0800 #0131 0122 #0113 3822 3255 «00800
20900 alllnn nl%s 0143 2B212 LY JAennh
1000 +0209 #0151 N 1841 8627 130 21000
1100 0256 0233 #0211 « 7038 w5139 1100
21200 X110 D278 JN251 aT439 abk12 al2an
«1300 «0367 w0328 w029 aTRA2 wB8TH «1300
#1400 0432 20333 #0340 E24E LT 1400
21500 oD% 04 2D8467 <0393 alrsy allRA 21580
« 1600 NITH 20508 NI 9076 . T34 21806
+1700 0649 D578 0501 9501 «TETT «1700
L1B0C DT LORSE L0882 25524 ALY Llann
1900 .11 0735 NTY 1.0377 8155 «1500
« 2000 D920 «DBZ4 20095 1.0830 8392 »20Q0
22100 alle? 20918 2DTRT 1.1293 AREDR A2160
#2200 w1238 «101% M1} 1.1768 N 119 «2200
2300 «1340 «1127 0925 1,225 «9101 #2300
12409 21537 W12 L1010 1.,2180 A5140 a2800
+ 2500 1707 21305 «1100 1.3217 581 «2500
2600 «1084} 1468 «11%94 1.201C «G827 +2800C
L2100 22090 a1839 al294% 1.415% 1.0077 22300
« 2500 2304 «i7ES 1358 1.4526 1.0332 «2800
w2900 o538 1542 1308 1.5511 1.0%91 «25G0
L2000 a2IBY 351! L8231 1.8017 1 OREY YT
L3100 3053 2299 R LT 1.6T4% 1.1137 23100
»3200 « 3349 2452 1872 1.736% 1.1422 23200
23300 albps 2 Z8GH 220086 1.80%0 1.1714 21200
W 3400 +H0D04 2917 w2148 1.,8771 1.2020 +3400
3500 PLERS! *3150 2295 1.5500 1,2325 3500
2A600 2 THT 3400 w2453 2. 0258 1. 28582 ANE00
3700 5194 1655 TSN 2.1049 1.3000 «3700
«X800 « 5455 354G « 2793 2.1074 13351 +3000
23800 sfine 24251 22877 2a2738 1.3714 2800
4000 YL LA5TY 23171 243638 1.4094 L4000
24100 «T2TH 4520 31376 Z.4576 1.6487 4100
L4200 J150% SZRG 21593 FRITS labP3s 4200
4100 wH5 B4 T 3822 2.RES2 1.531% 24300
v 4400 9321 «B1C7 40L& P 1.575% YY1
L4500 1.0120 JREED 4323 2. RE0Y 1.8215 L8500
4600 1.06086 LTCHT %591 3.000C 1.£692 4800
LATO0 1.192% fTHES hBB2 3,1251 1.7 4700
20800 1.2984% aB124 + 5187 3.25858 1.2700 LR B0
+hR00 1.405]) « 2723 + 3552 3.3550 I.8235 24900
<5000 1.52%55 38T « 5857 3,54600 1.8794 25000
L5100 Y. AR50 1.0050 JH223 1.5080 1.8474 L23a0
35200 1.7991 1.0809% $6513 1.8557 1.5985 29200
+5300 1a954% 1.1808 .T027 4. 0283 Z.0821 <5300
(5400 2,1242 1.2473 1Y &, 20k4 2L1ES JAenD
5500 243054 143407 «T940 LT 2.1860 5500
+ 5600 2.511%9 1.h416 NTYS &,5985% 2.2729 5600
25700 2.733% 1.4508 .11 4,0121 2,3508 5700
5800 2.8763 1.6690 9558 5, 01EF 2,4332 3800
«5500 32427 1.7972 1.0174 5,27198 245297 L5900
25000 3,535%4 1,9185 1,083T 5. 5168 2. 6137 SROD0
5100 3.8575 2.0882 1.1551 5,.81C1 z.7130 5100
#4200 4.2125 2.2535 1.2321 b,1026 2.0191 #6200
6300 445065 2.4381 1.3156 6.4160 2.93130 £300
25400 5,084 2,419 1.4056 £.T7526 3,055 B4 00
G500 S.5104 2.8491 1.5037 Tel1aT 3.107T 5500
26400 6.0541 0882 1.6105 7.9055 33305 6400
— 4BTO0 b, 5A9R 3,1520 1.7224 2.52P% 31,4853 JE1I00

+HA0D T.3156 6442 1.8554 B.386E 3.6533 5000
+ 5500 B.00617 3.9688 1.9957 8.8854 3.8347 w6900
JIB00 B, 3C0% &,1302 S.1225% - Y2.X ] 4,0354% L2000
«T100 SaBebT ©.T345 2.3253 10.0230 4 252K «T100
L7200 10,9178 3,1883 2.5175  10.06740 4, 4904 «T20C
L7300 12,1745 8,599 2.7322 11, %P9 4, 7501 I
JTA00 13,5213 6.2777 2.572% 12,1158 53,0340 JTHD0
L7500 19.1134 8.9341 3,2637 13.0437 5,344k 7500
27600 16,5621 T.bB22 $,%4%4 140027 S, ARM0 AYeng
JTTA0 18.0%42 LD 3.296% 15,0642 6.08623 57700
JT8008 21,5039 9.522¢0 4,202  1&,2410 baATZN #7200
L3600 26,3578 AN, ASAD 8,418 17,5472 £.§227 225800
<A020  27.%9%% 11.98G5 5.2%80 13,5088 Toh1%% L3000
LB160 31,5174 13,4053 5.8%131 20.&134 T84 8100
L aPrD  3x, 2439 35,.27he K, 5150 22,4106 R.84kA3 JA203
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APPENDIX B - Metallographic Analysis and Mechanical Characterization

of API 5LX-70 Ueldments

J. G. Early
METALLOGRAPHIC ANALYSIS

Metallographic examinations were carried out on sections representative
of the automatic gas-metal-arc (GMA)} girth weld and the manual shielded-metal-
arc (SMA) girth weld on API 5LX-70, 15.9-mm {0.625-in) thick pipeiine steel.
Weld procedures are described in Section 4.2.

The automatic weld shown in Fig. B-1 contains seven passes, including the
root pass, hot pass, fill passes, and the reinforcement pass. The base-plate
microstructure, shown in Fig. B-2, is heavily banded and consists of alternate
layers of polygonal ferrite and nonpolygonal ferrite (acicular ferrite or -
low-carbon bainite}. The banded microstructure originating from chemical
segregation in the ingot is a result of the plate-rolling operations prior to
pipe fabrication. The plate midthickness region (Fig.-B-Zb) exhibits thicker
nonpolygonal ferrite layers than regions near the plate surfaces. The manual
SMA weld, shown in Fig. B-3, contains eight passes,.

MECRANICAL CHARACTERISTICS
Hardness

Profile sections from each weldment containing weld metal, HAZ, and basé
metal were prepared for hardness surveys. Profile schematics of the two types
of girth welds identifying the weld-pass boundaries are shown in Fig. B-4.
Vickers hardness measurements and Rockwell A Scale hardness measuresments were
taken throughout the base metal, HAZ, and selected individua! weld passes.

The average hardness numbers were converted, where necessary, to the Rockwell
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Fig., B-1 — Profile section of automatic GMA girth weld in plate W1-1. Cross
section shows base metal, HAZ, and weld metal. Plate rolling
direction is «——. Etch: 5% nital. Magnification: 5X.
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Fig. B-2 — Photomicrograph of base plate A from plate Wl-1. Light etching phase
is polygonal ferrite; dark etching is nonpolygoral ferrite. Plate
rolling direction is +———e . (a) Near outside plate surface.

(b) Near plate midthickness. Etch: 5% nital. Magnification: 200X.
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Fig. B-3 — Profile section of manual SMA girth weld in plate W4-2. Cross
section shows base metal, HAZ, and weld metal. Plate rolling
direction 15 e———. E£tch: 5% nital. Magnification: 5X.
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Pass Hardness
No. HRA

—“DNMN
4]
'S

Manual SMA Weld, Plate W4-2

 Fig. Bk - Profile schematics of automatic and manual girth welds.
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A Scale, HRA, for comparison. The hardness values for individual weld passes
are indicated in Fig. B-4, and the summary of all hardness results are given
in Table B-1.

The average hardness of the HAZ in the automatic weld is intermediate,
lying between the lower base-metal hardness and the higher weld-metal hardness.
For the manual weld, the average HAZ hardress is somewhat higher than the
base-metal or weld-metal hardness. Furthermore, the average HAZ and weld-metal
hardness values for the automatic weld are higher than the average vaiues for
the manual weld. These gbservations are consistent with the cbservation that
the automatic weld is generally narrower than the manuat weld, indicating
either lower average heat input, higher average welding rates, or a combination
of both, resulting in less tempering of the automatic weld HAZ and a higher
cooling rate for the automatic weld metal,

Tensile Strength | -

The tensile properties of the weld metal from both weld types were
determined at -101°C (-150°F) and +24°C (+75°F). The strength at intermediate
temperatures was determined by interpolation between the two temperatures.
Standard ASTM subsize round tensile specimens, 0.635-cm (0.250-in} diameter
with a 2.54~cm (1.00-7n) gage length, were prepared such that the reduced gage
length section contained only weld metal with the specimen axis parallel to
the weld axis. The gage-length section of specimens from the automatic weld
generally sampled weld passes 4 and 5, whereas specimens from the manual weld
generally sampled weld passes 5 and 6, {Fig. B-4).

The tensile tests at -101°C (-150°F) were carried out inside an environ-
mental chamber in which the atmospheric temperature was controlied by balancing
cooling from liquid nitrogen and heating from electric resistance heaters.
The specimen temperature was meastred with a thermocouple attached to the

gage-length section, and the test temperature was controlled to z3°C {#5°F)
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Table B-1 - Hardness Data Summary

Average HRA Values

x
Weld Base Metal HAZ Weld
Type " A Side B Side A Side B Side Metal
Automatic 57 (KRB 93) 57 (HRB 94) 62 (HRC 23) 62 (HRC 23) 65% (HRC 30)
Manual 57 (HRB 93) 56 {HRB 62) 60 (HRC 20) 60 {HRC 20) £6 (HRB 31)

* ,
Converted from Vickers hardness numbers.
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during the tests. The ftest machine crosshead speed was 0.13 mm/min
(0.005 in/min) to yield and 0.76 mm/min (0.030 in/min) after yield. The
tensile properties for each girth-weld type and of the API 5LX-70 base
material are summarized in Table B-2.

The manual-weld specimens wefe taken from two welds; the automatic-weld
test specimens were taken from a single weld. The results of the tensile
tests for the manual-weld specimens from both plates at the two test tempera-
tures indicate good weld uniformity, and thus the measured tensile properties
can be used as representative of each weld type. The average ultimate tensile
strength and yield strength of the automatic weld increased 15% and 11%,
respectively, as the test temperature was Towered from +24°C (+75°F) to -101°C
(-150°F)}. For the manual weld, the average strength properties increased
about 21% for the same change in test teﬁperature. The tensile ductility.
parameters, percent elongation, and percent reduction in area were not found
to be strongly temperature dependent.

Fracture Toughness

It was anticipated that these weldments would have sufficient plasticity
so that slow, stable crack extension would occur within the temperature range
of interest. Crack-tip-opening displacement (CTOD) tests were carried out
over the temperature range of +24 (+75°F) to -101°C (-150°F). The temperature
dependence of the fracture toughness was determined for the weld metal and HAZ
regions of both weld types. An estimate of the lowest temperature at which
reproducible, slow, stable crack growth would cccur was made from the tempera-

93,94

ture dependence data and a multiple specimen resistance curve approach™ "’

and was used to determine the critical CTOD at the initiation of stable crack

growth.
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Table B-2 =— Tensile Properties of the Test Materials at Room Temperature

Material Yield Strength Tensile Ultimate Elongation Reduction Notes
0.2% offget, strength, in 25 mm (1 in) of Area,

MPa  psix 10 MPa  psix 10° z z
Base metal AGLw 71.2 549 79.6 26 69 Average of three tests
Manual weld 465 67.4 555 80.5 28 66
AWS EBOL0G
Actomatic weld 725 105 BIO 117 21 66
AWS EI05-6

* The upper yield s:réngth of the bane mwetal was 532 MPa (77.2 psi x 163y,
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A1l fracture tests were carried out in three-point bending on specimens i

of the preferred geometry, as described in British Standards BS5762 (?979).93 |

In the weld-metal specimens, the machined notches were oriented parallel to
the weld axis and centered totally within the weld. For the HAZ specimens,
the machined notches were oriented parallel to the weld axis and centered so
that the final crack location afte; precracking would place the central
portion of the fatigue crack front in the HAZ.

The introduction of fatfgue precracks into weld-metal and HAZ specimens
presents a special problem because of the requirements on the straightness of
_the fatigue crack front.g5 Typically, the transverse residual stress pattern
associated with multipass welds in plates and pipe (e.g., from surface to
surface through the plate thickness or pipe-wall thickness) changes from
tensile stresses near each surface to a balancing compresﬁive stress in the -
interior. Fatigue crack growth in this stress envircnment often results in
two areas of growth near the surfaces in the residual tensile stress region
and little or no growth in the residual compressive stress region, as shown in

Fig. B-5. There is some evidence that measured fracture toughness properties

from ;pecimens exhibiting this bimodal fatigue crack shape are_higher than
those from specimens with a straighter crack shape, particulary in the elastic-
plastic toughness region.96
To reduce the effect of nonuniform fatigue cracks, the ligament region
ahead of the notch in all CTOD specimens was compressed about 1% following the
procedure of Dawes.gT’98 The actual load necessary to cause a 1% plastic strain
in the through-thickness direction waé within 5% of the calculated load.
Several studies with weld-metal specimens have shown iittle effect of the

. compression treatment on the measured crack-opening dispiacement.%’97
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Fractographs of COD specimens illustrating the effect of compression
pretreatment on fatigue crack growth. (a) Without compression pre-
treatment; type E8010 weld metal; test temperature = +24°C (+75°F).
(b) With compression pretreatment; type E8010 weld metal; test
temperature = -45°C (-50°F). Magnification: 7X.
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After the compression pretreatment, fatigue precracks were grown at 24°C
(75°F) by sinusoidal leading of each specimen at a frequency of 20 Hz with maxi-
mum and minimum loads of 6.7 kN (1.5 1bf) and 0.1 kN (0.02 1bf). The final ratio
of crack length to specimen width was about 0.50. The average ngmber of cycles
required was 25,500 for the automatic-weld specimens with a range of 22,300 cycles
to:29,000 cycles. For the HAZ specimens, the average number of cycles was 24,660
with a range of 21,000 cycles to 27,000 cycles. For the manual weld and HAZ
specimens, the averages were 21,130 cycles and 20,940 cycles, with ranges of
20,000 cycles to 22,500 cycles and 19,000 cycles to 22,000 cycles, respectively.
The shapes of the resulting fatigue cracks were generally straight except near
the surfaces, with Tittle evidence of the bimodal behavior, as can be seen in
Fig. B-5b. |
The crack-opening-displacement procedure was based on British Standard
355762 (1979).93 Each specimen was Toaded in displacement control at a rate
of 0.25 mm/min (0.010 1n/min). The instantaneous load and displacement, as
measured Dy @ clip gage attached to the Specimen surface, were continuously
recorded. The temperature was monitored by a thermocouple attached to gne of the
screw-in knife edges on the specimen. At the conclusion of each test, the speci-
men was rapidly unloaded and heat-tinted to mark the extent of crack growth.
Each specimen was then cooled in liquid nitrogen and broken, and the amount of

crack extension was determined.

The CTOD value for each test was calculated using the relations:

KZ(} - \)2) 0.4(‘“ - a}V . (B-l)
CTOD = - b
Euy E 0.4W + 0.6(a + hc)
and
K = YP/(tk?)
where: Y = stresé intensity coefficient at a/W
P = load
t = specimen thickness
W = specimen width
¥V = plastic component of clip-gage opening displacement
hg = distance of ¢lip gage from specimen surface
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The interpretafion of the calculated value of CTOD depends on observations
of the load-displacement behavior and the type and egtent of crack growth at
the test temperature. The results of the analysis of the temperature depen-
dence of the fracture toughness are summarized in Tables B-3 and B-4 and
Fié. B-6. The weld-metal data for both welding processes show a regular
progression in crack growth behavior from Tow test temperatures to high test
temperatures: for example, unstable or brittle fracture or pop-in without
evidence of slow, stable crack growth at the lowest temperatures; through
unstable brittle-fracture or pop-in after some slow, stable crack growth at
intermediate temperatures; to stow, stable crack growth through the maximum
applied load at the highest temperatures. The higher-strength automatic weld
did not exhibit slow, stable crack growth until the test temperature was
increased to -18°C'(-0.4°F); The lower-strength manual weld exhibited sltow;
stable crack growth at -46°C (-51°C). -

The HAZ data for both welding processes showed a similar regularity in
thé crack growth behavior at the lowest and highest test temperatures: no
stable ' crack growth at the lowest temperature and only slow, stablie crack
growth through maximum appliied load at the highest temperatures. However,
considerable variability in crack growth behavior was observed at the inter-
mediate temperatures, with less correlation between the presence or absence of
sTow, stable crack growth and temperatures.

The greater variability in the HAZ resuits is probably associated with
the geometrical relationship between the weld and specimén notch orientation.
The welds are single-V type so that when the fatigue crack is grown only the
central portion of the crack Zabout 25% of the crack front) lies in the HAZ.
The remainder of the fatigue crack lies in the weld metal on one side and the

plate base metal on the other side. Thus, the resulting or controlling




Table B-3 - Temperature Dependence of Fracture Toughness‘for the
Automatic Weld

o S i
w133 W 73 -9 0.5042 5, = 0.028
W135 W -46 -51 0.5287 5, = 0.076
W128 W <18 -0.& 0.5388 5, = 0.084
w1214 W .18 -0.4 0.5215 5, = 0.089
w129 W .18  -0.4 0.5189 5, = 0.079
139 W 0 32 '0.4971 61, = 0.084
w138 W 21 70 0.5101 6, = 0-122
w134 W 21 70 0.5093 g, = 0.108
w1216 HAZ -101 ~130 0.5018 5, = 0.018
N123 HAZ .01 -150 D.4359 = - & = 0.041
W121 HAZ 73 -99 0.4B54 - s = 0,061
w1218 HAZ “18  -0.4 0.5064 §rax = 0-437
W1212 HAZ 0 32 0.5133 §ray * 0-262
W1213 HAZ 6 32 0.5053 gy = 0-508
w1210 HAZ 24 75 0.5080 5., = 0.442

* WM = weld metal; HAZ = heat-affected zone

+ where: 6_ = CTOD at unstable fracture or onset of arrested brittle crack
growth without evidence of slow crack growth.

& = CTOD at unstable fracture on onset of arrested brittlie crack
growth with evidence of slow crack growth.

Smax ™ CTOD at maximum applied force.
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Table B-4 - Temperature Dependence of Fracture Toughness for the Manual Weld

Specimen ' Temperature, a/W CT0D

Number Type o¢ op Criterion*
W434 WM 101 -150 0.5044 5, = 0.010
W436 WM 101 -150 0.5050 5 . = 0.053
w431 WM =73 -99 0.5143 5 . = 0.036
w432 WM .46 -51 0.5086 5, = 0.097
WA39 WM 18" -0.4 0.5200 5 = 0.084
w4117 WM .18 -0.4 0.5033 § oy = 0-229
w438 WM 0 32 0.5173 § gy = 0-226
w433 WM 21 70 0.5054 5., = 0.236
Wa12 . HAZ -101 150 . 0.5026 s = 0.053
w4110 HAZ -101 <150 0.5132 5. = 0.018
WA15 HAZ SERICTI 0.5971 = 0.114
Wal14 HAZ .18 -0.4 0.5074 5 = 0.127
w4113 HAZ .18 -0.4 0.5142 6, = 0.076
w417 Wz -18  -0.4° 0.5292 g, = 0.155
w418 HAZ 0 3 0.5117 5, = 0.188
WA111 HAZ 0 32 0.5121 g © 0.432
Wa1g HAZ 24 75 0.5159 §nax = 0-249
Wall HAZ 21 70 0.5057 &, = 0.226

¥ where: & = CTOD at unstable %racture or onset of arrested brittle crack
growth without evidence of slow crack growth,

§ = CTOD at unstable fracture on onset of arrested brittle crack
growth with evidence of slow crack growth,

Spax ™ CTOD at maximum applied force.
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Fig. B-6, — Temperature dependence of crack-opening displacement for

(a) zutomatic GMA girth weld and (b) HAZ from the automatic

girth weld.
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fracture toughness is variable because it depends on the detailed shapé of the
fatigue crack, the resulting stress intensity due to the applied load, and thé
expected difference in toughness in each of the three regions.

Using the temperature dependence of the CTOD toughness parameter as shown
ianab]e B-3 and B-4, an estimate was made of the Towest température at which
consistent and reproducible slow, stable crack growth would occur, At this
temperature, arrested britt1ercrack growth or pop-in would not be expected.

These temperatures were estimated to be 0°C (32°F} for the automatic weld and

-18°C (-0.4°F)} for the manual weld, and the temperatures far each HAZ were
estimated to be -18°C {-0.4°F) and 0°C (+32°F), respectively.

A multiple-specimen resjstance curve approach was used to determine the
critical CT0D, 51,'at the 1nit%ation of stable crack growth. The crack-opening-
displacement procedure was based on Appendix A of British Standard BS5762
{1979).93 Each fatigue precracked specimen was loaded in displacement contro?
at a rate 0.25 mm/min (0.010 in/min) to various values of clip-gage displace-
ment to obtain various amounts of crack, &, for each increment of slow, stable
crack growth. Then each specimen was rapidly unloaded and heat-tinted to mark
the extent of stable crack growth. Each specimen was cooled in 1iquid nitrogen,
fractured, and the amount of crack extension measured. The results of these
tests are summarized in Tables B-5 and B-6 and Figs. B-7 and B-8. The F
representative of the initiation of stable crack growth was taken as the value
bf crack-tip-opening displacement at zere crack extensions, aAa = 0. The
values of 61 for the automatic and manué1 girth welds are 0.074 mm (0.0029 in)

at 0°C (32°F) and C.079 mm (0.0031 in) at -18°C (-0.4°}, respectively, and the

HAZ values of §; are 0.14 mm (0.0055 in) at -18°C (-0.4°F) and 0.17 mm

(0.0067 in) at 0°C {+32°F), respectively.



Fable B-5 — Critical CTOD for Initiation of Slow, Stable

Crack CGrowth for the Automstic Weld

Specimen Temperature, P, aa, CTOD,
Number  Type °C °F KN L1bfx 107 a/¥, mm in mm in
w122 WM 1} -32 17.1 3.84 0.5018 0.431 o.0170 0.076. ¢.0030
Wi126 WK ] 32 18.1 4,07 0.5006 0.356 0.0140 0.087 0.0038
K124 WM 0 32 17.4 3.51 0.5060 ‘ 0.663 0.0260 0.099 0.C03%
wizl7 WM 32 17.5 3,93 0.5041 0.533 0.0210 0.107 0.0042
w1215 HAZ (8 -0 109 402 0.5081 0.152 ©0.0060 0,108 0.0043
W1310 HAZ ~1B -0.4 1B.9 4,25 C.505% 0.086 0.0034 £.163 0.0064
W1311 HAZ -18 -0.4 18.3 411 0.5113 G.401 0.0158 0.195 0.0075
w1312 HAZ -18 0.4 13.4 4,38 0.5054 0.142 0.00356 0.196 0.0077
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* Table B=6 -~ Critical CTOD for Initiation of Slow, Stable Crack Growth
for the Manual WeldA

Specimen Temperature, 42, cToD,
Number  Typew oc op kN 1bEx 10 a/W rm in mm in
w4119 WM -18 0.4 13.92 3,129 0.5092 0.066 2.0026 0,084 -+ 0.0037
w4118 WM =18  .0,4 14,41 3.240 0.5042 0.122 0.0048 0.119 -6.0047
walle WM =18 -0.4 14.54 3,269 0.5137 0,277 0.0109 0.142 0.c036
w413 WM 18 -0 14,52 3,264 0.507%  0.246 0.0097 0.167  0.0066
Wild HAZ -8 0.4 14,12 3.174 0.5140 0.361 0.0142 0,185 0.0073
K4120 HAZ 0 a2 14.14 3,179 0.5117 0.129 0.0051 0.150 0.0059
w4ilz HAZ 0 2 15,79 3.325 0.5169 1.85 ©0.0728 0.178 0.0070
W4lls HAZ 0 32 15.50  3.485 0.5131 0.081 0.0032 0.231  ©.0091
w12l HAZ 0 a2 16.06 3.610  0.5087 0.193 0.007¢ 0.300 0.0L18
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Fig. B-7 — Crack-opening displacement for the initiation of slow,

stable crack growth (a) for the automatic girth weld
at 0°C (32°F) and {(b) for the manual SMA girth weld
at =18°C (-0.4°F). To obtain inches, multiply the
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The measured 8 ax of 0.083 mm {0.0033 in)} at 0°C (+32°F) for the automaticg
weld is consistent with the calculated P of 0.074 mm (0.0029 in) because of
the lack of - a strong temperature dependence of the CTOD {Fig. B-6a) and the very
shallow slope of the CTOD-vs.-stable crack extension curve (Fig. B-7a). The
Gmax of 0.023 mm (0.00091 in) at -18°C (-0.4°F) for the manual weld is consis-
tent with the calculated §; of 0.07% mm (0.0031 in) because of the stronger
temperature dependence of the CTOD (Fig. B-6b) and the steeper slope of the.
CTOD-vs.-crack extension curve (Fig. B-7b). Although considerably greater
scatter was observed in the HAZ data, the same general relationship was

observed when comparing the ca1cu1ated-61 to émax'
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