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Abstract

Criteria for acceptance of discontinuities base on fitness-for-purpose are developed for
Qelds in HSLA-80 (A710) steel. Fatigue tests on 66 members with transverse groove
welds as well as longitudinal fillet welds are described. The discontinuity at the origin
of each fatigue crack is characterized. These wglds contzﬁned a variety of
discontinuities and covéred the full range of quality. Fatigue crack growth calculations
can accurately predict the observed cycles to failure for the larger internal
discontinuities in transverse groove welds, whereas the longitudinal fillet weld fatigue
lives were much greater than predicted. Data are then used in a fitness-for -purpose

assessment.



1. | Introduction

1.1 Projéct Overview and Problems with Current Assessment of

Discontinuities

Currently, most ships (military and commercial) are not directly designed for fatigue

Y
crack control, although there is some underlying consideration of fatigue strength in
setting the allowable stress [1,2]. The Navy is considering advanced double-hull
surface combatant ships. The multiple load paths (redundancy) and improved stiffness
in a double hull design offer potentially improved strength and stability to
conventional stiffened panel hull construction [3]. If the allowable primary stress is
increased to take advantage of high—strength steel, the magnitude of the stress ranges
are also increased. However, results from large-scale fatigue test indicate that the
fatigue strength of welded details in air is independent of the type and strength of the
steel [4 - 7]. Therefore if the allowable stress range is increased, specific details are
more likely to exhibit fatigue problems.

SN

Investigations were made into the fatigue life of common ship details as part of the
U.S. Navy - Lehigh University "Fleet of the Future" cooperative program funded by
the Office of the Secretary of the Navy Manufacturing Technology Program

(MANTECH). The objective of the technical direction letter TDL 91-01 for Phase 1.3a

was to perform experiments to determine the fatigue failure modes of HSLA-80



cellular members characteristic of the "advanced unidirectional double-hull" surface
combatant ships. This objective was met through fatigue tests conducted on over 170

large-scale welded HSLA-80 steel specimens.

One way to reduce the likelihood of fatigﬁe problems is to reduce the size of initial
discontinuities that can lead to fatigue cracking. Weld discontinuities are present in all
welded structures with ships being no exception. The effect of these discontinuities on
the lowering of the fatigue resistance of a structure has been well documented [8 - 16].
The present weld discontinuity assessment standards for military ships [17] as well as
bridges [18] for fatigue are based on traditional workmanship standards that maybe
conservative and therefore lead to excessive repair. These standards are largely based
on shipbuilding experience that has evolved over the years based on the smallest
discontinuity that can be detected using non-destructive testing techniques (NDT) [13].
The excessive repair has the disadvantages of increasing fabrication costs as well as

the possibility to re-introduce more harmful discontinuities.

One solution to the problem of discontinuity assessment for fatigue is a fitness-for-
purpose evaluation. In this approach, the diséontinuities are judged against a standard
that is related to the intended fatigue performance of the weld. If the discontinuity
meets or exceeds the fatigue life required by the standard, it is left in place [15]. The
fitness-for-purpose approach is used in Britain to assess weld discontinuities.

Procedures for assessing the significance of buried and surface discontinuities found



usi%/NDT are given by \thc British Sta.n(iards Institute Publisheci Docﬁment 6493 [19].
The British fitness-for-purpose approach uses fracture mechanics principles of fatigue
crack growth in as;cssipg the significance of planar discontinuities. For volumetric
disconﬁnuiﬁes,' fracture mechanics theory is not applicable and the fitness-for-purpose
approach is based on a very large volume of experimental S-N data published in the

literature [11, 12].

1.2 Objectives and Scope

The advénced double hull ships are likely to be fabricated from modern high-strength,
low alloy (HSLA) :c,teels which offer increased weldability, strength and toughness
relative to conventional ship steels. The new design and new materials shoulci lead to
safer and more affordable ships [3]. However, since the new design and new
materials are outside the scope of existing empirical design bases, fatigue experiments
were conducted. Fitness-for-purpose assessment has the potential of reducing the
amount of weld repair by the acceptance of innocuous discontinuities that are currently
judged rejectable. Fatigue data and initial discontinuity sizes for the large planar and
volumetric discontinuities observed in the experiments are used to show that a fitness-

for-purpose approach to weld discontinuity assessment can be applied to ship

structures.



The British procedure is used as a guide t.o develop a fitness-for-purpose model for
use in evaluating the fatigue performance of large planer and volumetric
discontinuities 0b_sérvcd in the experiments. The model is then used to predict the
fatigue lives for the givén experimental variables. The results of the model are then

‘ compared to the observed fatigue data and comparisons drawn. Comparisons with the

current assessment standards are also made.

It is intended that this method can be used to assess weld discontinuity of all shapes,
sizes and locations in the weld as well as in any material. However, data presented
refers to HSLA-80 steel. It is hoped that fitness-for-purpose evaluation be

incorporated into the advanced double hull concept as well as current hull concepts.



2.  Background

2.1 Exisience of Weld Discontinuities

Research has shown that all welds contain internal metallurgical discontinuities [14].
These can be categorized by two groups, planar and volumetric. Planar discontinuities
include cracks, lack of penetration and lack of fusion. Volumetric discontinuities
include inclusions and porosity. The causes and a general description of these

discontinuities can be found in the literature [8, 20].

2.2  Current Weld Discontinuity Assessment

Current assessment standards are based on workmanship and have their roots in the
capabilities and limitations of the available NDT techniques at the time of the writing
of the standard [13]. It has been long recognized that the arbitrary assessment
standards have no direct relationship to service conditions of the joint in question.
This produces one level of quality. It has been past practice to make the assessment
standard more restrictive as the NDT techniques have improved. This is based not on
engineering principle but on what past practice has found to be acceptable. There is
no rational basis for fixing these limits. As better NDT techniques have developed,
smaller and smaller discontinuities have been found and hence the acceptance level

lowered. This philosophy of repairing the smallest discontinuity that can be detected



w

with the available NDT techniques seems. unwise when with the aid of hindsight, it is
known that welded joints containing the same size of discontinuities have preformed
satisfactorily in serice. ‘When the discontinuities could not be detected, there was little
éonccm about them [14]. Therefore, the removal of these smaller discontinuities may

not be necessary.
2.3  Effects of Unnecessary Weld Repair

The removal of discontinuities that would preform satisfactorily leads to the possibility
of introducing more harmful discontinuities as well as a higher cost. The removal of a
discontinuity can be harmful irrespective of material and welding process. Sandor in
his study of discontinuities in the U.S. shipbuilding industry found that weld repair
leads to the introciiuction of new discontinuities, increased Tesidual stress and distortion
and the aggravation or extension of pre-existing discontinuities that went undetected
during the original inspection [13]. These introduced discontinuities could be more
harmful and would also be harder to detect. This also has been reported in the
literature [14, 21] Weld repair is usually done under conditions of poor accessibility

and high constraint, this leads to the high residual stresses and distortion.

Weld repair also affects the cost of the final product. Additional costs are incurred
due to weld repair. These costs include additional welding supplies and personal

required, late delivery, interruption of work and schedule and occupation of work



space. Also, weld repair often involves not just welders but other persons from other

trades [13].
2.4  Current Discontinuity Assessment Standards

The current assessment standards used in Naval shipbuilding and bridge construction
are military specification Mil-STD-1689 and the American Welding Society (AWS)
Bridge Welding Code respectively. The maximum acceptable discontinuity sizes for
the 8 mm longitudinal fillet weld and the 9 mm web and 13 mm transverses groove
welds using radiographic test (RT) and magnetic particle test (MT) for both codes are
shown in Table 1. For volumetric discontinuities, porosity and inclusions, the AWS
assessment is based on the size of the discontinuity and the weld size, thus the
increased acceptable discontinuity for the web and flange of the transverse groove
welds. The military specification is based only on the size of the discontinuity.
Planar discontinuities including cracking, lack of penetration and lack of fusion, are
not allowed by both codes. The philosophy of assessment is that all cracks are

detrimental.



2.5  Fitness-for-Purpose Evaluation
2.5.1 Introduction

One solution to the problem of discontinuity acceptance for fatigue is a .i"ltness-for-
purpose assessment. In this approach, the discontinuities are judged against a
standard that is related to the intended fatigue performance of the weld. If the
discontinuity meets the fatigue life required by the standard, it is left in place. This
has several advantages over the current approach, even though structures that have
been fabricated to these arbitrary standards have preformed well in the past. The
major advantage of the fitness-for-purpose approach is the reduction of costs due to
weld repair. Millions of doliars each year is spent in removing and replacing
discontinuities that would have been acceptable under a fitness-for-purpose standard.
A study of weld discontinuities in shipbuilding done by Sandor [13] found that the
repair of innocuous discontinuities consisting primarily of porosity and slag that would
have been acceptable under a fitness-for-purpose assessment added $0.5 million to
v$1.0 million (1981 dollars) per ship. Another study cited by Boulton [14] states that
87% of weld metal removed in the repair of pressure vessel seams in the United
Kingdom would have been considered acceptable if a fitness-for-purpose approach had

been taken.



2.5.2 Fitness-for-Purpose Concepts

_Fimess-for-purposé’s advantage over the current assessment standard is that it is a

_ rational way to look at £he discontinuity’s effect upon the fatigue performance of the
structure in question. Fitness-for-purpose relates the discontinuity size, shape, location
as well as stress range and &c acceptable final crack size to the expected fatigue life.
Thus, a discontinuity can be assessed in a rational way. Fitness-for-purpose uses two
methods of relating discontinuity size and fatigue life, fracture mechanics and data

from fatigue experiments (S-N data).

Fracture mechanics principles are used to relate the discontinuity size and fatigue life
if the foilowing assumptions are valid. These assumptions are that the discontinuity
and associated fatigue crack is planar (sharp tipped), the stress around the
discontinuity and crack can be determined and that the fatigue crack propagates in a
predictable way. Planar discontinuities include cracking, lack of penetration and lack
of fusion. Fracture mechanics is used because many factors change from discontinuity
to discontinuity. These factors include location, size and shape. It would be
impossible to test all combinations so fracture mechanics is used to quantify the effect

of the discontinuity [14].

For planar discontinuities, the fracture mechanics fatigue crack propagation law is

integrated from the initial discontinuity size to the final crack size that is permissible

10



in the structure. The permissible crack size is determined by the function of the
structure. In pressure vessels, this is usually the crack size that will cause leakage. In

_bridges, the final crack size is usually the size that will cause local failure.

If the assumptions for the use of fracture mechanics can not be met, a traditional S-N
curve approach is used. In this approach the discontinuity is categorized by one
simple measurement, usually the length. It is assumed that all other variables remain
constant. These variables include location and shape of the discontinuity. Data of
stress range and cycles to failure from fatigue test data are grouped for a given set of
discontinuity sizes. The S-N data are then analyzed statistically to give a 95% lower
confidence limit (mean minus two standard deviations) for the data with the specified
discontinuity size. This analysis is usually preformed with a slope equal to the
exponent of the fatigue crack propagation law [14]. This approach has been developed
by Harrison [11,12] to be used to quantify volumetric discontinuities including
inclusions and pores. Fracture mechanics can not be used since volumetric
discontinuities are blunt and do not meet the requirement of being sharp tipped.
Fracture mechanics has been applied to volumetric discontinuities before [22] but

results are usually very conservative [8].

Using the above two methods, quality curves that relate stress range and the number of
cycles to failure for a given discontinuity size and final crack size can be determined.

The curves are then used to assess the discontinuity based on the expected stress

11



range, life of the structure and tolerable final crack size. The curves are usually set
equal to the fatigue design curves. An examples of these fatigue design curves are the
American Association of State Highway and Transpbrtation Officials (AASHTO)

fatigue design curves shown in Figure 1 [23].

12



3.  Description of Experiments

3.1  Test Specimens

An experimental program was conducted on large-scale members to determine the
fatigue strength of HSLA-80 weld details used in the advanced double-hull design and
to examine crack propagation behavior in cellular structure. Experiments were
conducted on large I beams (Figure 2). The beam specimens include longitudinal

welds and transverse groove welds.

The fatigue test specimens shown in Figure 2 were constructed at Ingalls Shipbuilding
in Pascagoula, Mississippi using materials and fabrication techniques typical of
modern surface combatants in accord with Mil-STD-1689. The material is a copper
prccipitaﬁon—harciencd steel conforming to Mil-STD-S-24645(SH)-Class 3, commonly
referred to as HSLA-80. It is similar to ASTM Specification A710, Grade A, Class 3.
The steel was produced by Bethlehem Steel Corporation at their Burns Harbor, Indiana
plant. The minimum specified yield strength of the steel is 550 MPa and the actual
yield strength was approximately 620 MPa [24]. The weld joint designs are in accord
with Mil-STD-22D. The longitudinal fillet welds were made with the submerged arc
welding (SAW) process with the MIL 100-S welding wire. The groove welds were

done using a semiautomatic carbon-dioxide shielded flux-cored arc weld (FCAW, MIL

13



100-TC). The welds were visually inspected and a randomly selected 10% of the
beams were inspected with a magnetic particle test (MT). Tack welding and repair
\;velding were made with both the FCAW process and the shielded-metal arc welding

(SMAW) process using E1018 electrodes.
3.2  Design of Experiments

The purpose of the I-beam specimens was to produce S-N curves for weld details
typical of the advanced unidirectional double-hull ship design. This design is referred
to as the double hull. The double-hull is compased of two shells with continuous web
plates or girders fillet welded to the shells. The double-hull ship may be assembled in
12 meter modules, which is approximately the distance between bulkheads. The shells
and girders contain butt splices that are generally made without significant restraint
before these pieces are joined with fillets welds. A highly-restrained butt splice is
made to join two modules. The decks and bulkheads are not examined in this study.
The only other welded details relevant to the double hull will be miscellaneous

attachments and the attachment to the bulkheads.

As shown in Figure 2, the I-beam cross sections included a 13 mm thick flange which
featured the weld details of interest and was subjected to. the maximum applied tensile

stress. This tension flange will be referred to as the "top" flange, although the actual
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orientation of the beam in the test frames varied. These specimens all had a 9.5 mm
thick web and had'a 25.4 mm thick "bottom" ﬁange. The asymmetric design was used
to assure failure in tl;e fop flange which contained the weld detail of interest. For all
types of specimens, there were only a few unintended failures in the "bottom" flanges.
Data associated with unintended failures of the bottom flange or with unintended
failures in the shear span could usually be used as longitudinal fillet weld data unless
the failures were due to base plate failure. The fatigue test set-up for the I beams
(shown schematically in Figure 2 and in the photographs in Figure 3, 4 and 5)
allowed for reversed loading and for constant bending moment in the center span (1.2
meters). The use of a large beam with a constant-moment region enables a large

volume of the particular weld details to be subjected to a constant stress range.

3.2.1 Longitudinal Welds
Thirty-three beams with double sided longitudinal fillet welds were tested. It is
important to realize that the "specimen" tested was a 1.2 meter length containing such

double sided fillet welds. Since the weld defects are randomly distributed, the fatigue

strength could depend on the length of weld under consideration.
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3.2.2 Transverse Groove Welds

Thirty-three transverse groove welds specimens were fabricated such thai the groove
welds in the web and flanges were made before these parts were joined with
longitudinal fillet welds. Each specimen contained two flange groove welds and two
web groove welds, one in line with a flange groove weld and one offset from the other
flange groove weld (see Figure 2). Usually, after one groove weld cracked it was
"repaired” and the test continued until the other cracked, giving two data per

specimen.
3.3  Testing Procedures

All specimens were tested on 3.05 m span with two point loading centered on the
span. The distance between load points was 1.22 m on all test specimens. To suit
available actuators, two types of test frames were used to allow for stress reversal as
well as positive loading. Testing was performed at the Fritz and ATLSS Laboratory
facilities of Lehigh University. The cyclic waveform was close to a sine wave in all
cases. Two types of actuators, Amsler and TSS, were used at Fritz Engineering
Laboratory. Two different test stations, with a pair of beams in each station, were
used with the two types of equipment. One station had two independent Amsler

variable stroke hydraulic pumps each supplying oil pressure to two Amsler jacks on
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each beam. The pump used a fixed operating speed of about 4.5 Hertz (264 cpm).
Each actuator has a maximum dynamic capacity of 244.6 kN. The jacks are very

reliable and quiet but cén only be used at positive load ratio.

The other test station used a MTS pump system with one TSS actuator per beam. The
actuator was centered on a spreader beam to apply equal load at tw-o load points. The
TSS actuator was digitally controlled from a personal computer and allowed a variety
of testing frequencies. Frequency was generally limited by the response of ;he
actuator and the framing structure. These computer controlled tests were run at
constant frequencies from 2 to 4 Hz. The maximum dynamic capacity of the TSS
actuator is 489.3 kN. Figures 3 and 4 show photographs of each Fritz Laboratory

test frame.

Only TSS equipment was used at the ATLSS Laboratory facilities. This equipment is
capable of reversing the load through zero, i.e. negative load ratio. All of the I beam
test stations at the ATLSS Laboratory were constructed to accommodate reversed
loading, aithough some positive load ratio tests were done also. At the ATLSS
facility, hydraulic pressure is supplicd‘from a bank of five 120 gpm pumps. A total of
three test stations each with two beam specimens were used at ATLSS Laboratory.
One TSS actuator was used per beam with a spreader beam to distribute load to two

load points, as shown in Figure 5. Each actuator was individually controlled using a
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multichannel system on a personal computer using constant frequencies from 2 to 4

‘Hz. The maximum dynamic capacity of the actuators are 490 kN and 980 kN.

To avoid confounding the effect of uncontrolled variables (such as temperature,
humidity, and personnel) w;th the primary control variables, the order of testing was
randomized. Test frames were chosen as they became available which was
approximately random. Tests were performed in a load control mode, and the stress
range was determined using strain gages in all cases. The Amsler equipment was
calibrated according to pressure, while load cells were used in most of the TSS
actuators. Displacements were monitored to detect failure. The nominal stress range
was determined using strain gages which were monitored periodically to assure that
the stress range remained constant. Occasional adjustments in the Amsler equipment
were necessary. The strain gage data were generally consistent with the load
measured from the load cell and the beam displacements. Each beam was typically
visually inspected for cracks every four hours (except 4 a.m.). At first visual
observation, the number of cycles, the location, and length along the surface of the
crack were recorded. Cycling was continued under load control until failure. As
discussed in Section 3.4, failure was defined according to a change in compliance of
the beams that caused the displacements to increase by 2.5 mm. This change in
displacement was used to automatically shut off the tests. By the time this increase in

displacement had occurred, the crack had extended 3/4 to full width of the subject
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flange. Beachmarking and fatigue crack growth calculations confirm that more than
90 percent of the life is consumed before a through-thickness crack develops.
Therefore, variations in‘the failure criteria after this point have a relaﬁvely small

impact on the total fatigue life.

In the case of groove welds tested, specimens were spliced as soon as possible after
the first crack was identified in the beam. Figure 6 shows a typical splice. Since the
life of the specimen from initial visual detection to total failure was relatively short
compared to total life, the small difference in cycles between these data and those
which reached the defined failure is insignificant. The welds in each beam were far
enough apart so that the nominal stress in the second weld detail was not affected by

cracking in the first.
3.4  Definition of Failure of Specimens

The accepted Naval definition of fatigue failure is the development of a through-
thickness crack, since this might lead to leaking. However, unlike the celiular
structural system may have significant damage tolerance and may remain stable for a
significant number of cycles after the development of a through-thickness crack. In
this program, in order to maintain compatibility with previous fatigue test results,

failure was defined as the inability to continue growing the crack in the I beams
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without excessive change in specimen compliance. A typical fatigue crack at failure is
shown in Figure 7 .. The compliance does not change significantly until the flange is
about 50% crackcd‘andA a through-thickness crack is procecding up the web. The
beam displacement increase is about 2.5 mm at this point. Therefore the crack growth
and associated change in compliance is very rapid. Therefore, the results are not
sensitive to the precise compliance change ‘used as the definition of failure. The
number of cycles at which the fatigue crack was first detected and periodic
measurements of the crack dimensions have also been recorded in the test log,

enabling other definitions of failure to be derived from these tests.
3.5 Examination Of Failure Surfaces

After removal from the test frames, the section of the test specimen containing the
fatigue crack was removed by flame cutting. The fatigue cracks were opened by first
sawing through the surrounding material until the saw cut was within 3 mm of the
crack tip. The material containing the crack was then cooled in liquid nitrogen so that
the remaining ligaments could be broken by a hammer. After opening, the fracture
surfaces were sprayed with a clear lacquer to prevent rusting. The size, shape and

location of the initial discontinuity was then recorded along with the final crack

length.
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4, Examination of Discontinuities

Fracture surfaces of most of the fatigue cracks were examined to determine the
ciiscontinuity or flaw at the origin of the crack. The final crack size as well as the
size and location of the flaw were measured and recorded. This is shown in Tables 2
and 3 for the longitudinal fillet welds and Tables 4 - 7 for the transverse groove

welds.
4.1 Longitudinal Fillet Welds

A total of 21 cracks in the fillet weld and 9 cracks in the base metal were examined.
The cracks in the weld initiated at two distinct weld discontinuities. These
discontinuities were pores (Figure 8) and solid inclusions (Figure 9). The initial
dimensions are described in Table 2 for solid inclusions and Table 3 for the pores.
The solid inclusions we',re small chunks of metal (similar in chemistry to the weld
metal) that were embedded in the fillet weld. The shape of these pores and solid
inclusions was typically elliptical. The sizes of the pores ranged from a major axis of
8.5 mm to 1.5 mm. The solid inclusions had major axes that ranged from 10 mm to
2 mm. Fourteen of the twenty one of the pores and solid inclusions were observed to
have an elliptical shaped discoloration around the defect as illustrated in Figures 8 and
9. These discolorations are referred to as "fisheyes" or "halos". They extended from

the edge of the pore to the point where the circular shaped region intersects the
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surface of the specimen. Based on exarrﬁnation in the scarlniﬁg electron microscope
(SEM) [24] and observations in the literature, [25] it is supposed that these halos were
caused by quasi-cléavage crack growth. Lundin [25] stated that quasi-cleavage was
brobably due to the collection of hydrogen within the discontinuity. At é finite level
of strain, fracture initiates and propagates assisted by the entrapped hydrogen. It was
therefore assumed that this occurred either soon after welding or during the first few
load cycles. It was also assumed that after the halos intersect the surface, the
hydrogen was released. Therefore, it is presently thought that the initial crack size
for growth by fracture mechanics calculations should be taken to be the dimension of
the halos. The diameters of the major axis of the halos in the longitudinal fillet welds

ranged from 8§ mm to 20 mm.

Chemical analysis of the metal in the solid inclusion showed that the chemistry of the
inclusion was the same as that of the surrounding weld metal [24]. It is therefore
speculated that the inclusions are chunks of the weld wire which fell of after the

electrode shorted out momentarily.
4.2  Transverse Groove Welds

A total of 46 cracks in the groove welds were examined. Cracks initiated at various
types of weld discontinuities. These discontinuities included microcracks along the

weld toe (Figure 10), incomplete penetration (Figure 11), cracking with halos believed
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to be related to hydrogen (Figure 12), and slag inclusions (Figure 13). Other cracks
initiated in the base metal due to inclusions or fretting at splice plates. The initial
discontinuity dimcﬁsions for each type is shown in Table 4 for the slag inclusions,
Table 5 for the microcrécks along the weld toe, Table 6 for incomplete ﬁenetration and
Table 7 for the hydrogen related cracking. The shape of these discontinuities varied
greatly. Most of the slag inclusions were either elliptical or trapezoidal in shape. The
largest slag inclusions covered a 14 mm x 10 mm rectangle, see Figure 13. The
smallest slag inclusions had a major diameter of 7 mm. The lack of penetration on
the web welds that cracked ranged from 2 mm to 6 mm. The shape of the hydrogen
cracks were shaped like rectangles and triangles. The largest crack was shaped like a
triangle with a base of 22 mm and a height of 10 mm. The elliptical halos, observed
in the longitudinal welds, were found in some of the groove welds as well. The halos
were observed in eleven of twenty one of the welds having incomplete penetration,
hydrogen related cracking and slag inclusions. The diameters of the major axis of the

halos ranged from 12 mm to 25 mm.

After testing of fifteen beams in this series, it was decided to ultrasonically test (UT)
all remaining specimens. Six beams were set aside before the UT and it was decided
that these six could be repaired if necessary but all others would be tested as

fabricated so the group of test specimens would be consistent. All of the beams had
rejectable discontinuities, based on the military UT specification. The discontinuities

were typically incomplete penetration. All six of those beams set aside were
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rejectable and were arc-gouged and repaired. All but one of the tests on these repaired

beams cracked at the weld toe and resulted in very good fatigue life.

)
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5. Fitness-for-Purpose Assessment

Fracture mechanics'was. used to develop a fatigue crack propagation model for the
volumetric and planar discontinuities of the longitudinal fillet welds and the transverse
groove welds. The weld toe discontinuities in the transverse groove welds were not

investigated since numerous fatigue crack models exist [26 - 29].

Normally, fracture mechanics is not applied to volumetric discontinuities like the
solid inclusions and pores in the longitudinal fillet welds or the slag inclusions in the
transverse groove welds because the discontinuities are blunt. Most of the fatigue life
is used to initiate a sharp crack from such a discontinuity. The fracture mechanics
model assumes sharp initial discontinuities like the cracking and incomplete
penetration in the transverse groove welds, of which all of the fatigue life is used to
propagate the crack. The fracture mechanics model is applied to the volumetric
discontinuities due to the presence of the halos. The halos are considered to be caused
by quasi-cleavage fracture assumed to have occurred in the first few loading cycles.
Because the halos formed sharp cracks around the discontinuities, the fracture
mechanics model can be applied. This is assumed for all volumetric discontinuities

regardless of the presence of a halo.
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5.1  Fracture Mechanics Ca!cﬁlations Using Discontinuity Size Data
The usefulness of ;he fracture mechanics model will depend on the accﬁracy of the
(iata onr stress, 'stress range, size and shape of the initial defect, stress inténsity factors
as well as others. In linear-elastic fracture mechanics, which is adequate to describe
fatigue crack growth, the driving force for fatigue crack growth is characterized in
terms of the range in K, called the mode I stress intensity factor (SIF) [30]. The SIF
takes into account the applied stress and the crack size, shape, and orientation. The

SIF has the form of :[21]
K,=f (8) oy/na (5.1

where a = crack length
o = applied stress

and f(g), the correction function, has the form of:

f@® =FFF, F, 5.2)

where F, = correction for the crack shape
F, = correction for free surface
F,, = correction for finite width
F, = correction for nonuniform stresses

The factors that make up the correction function, f(g), have been examined by
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numerous studies so that solutions exist for the most common crack geometries for
fatigue crack propagation. When the stress is cyclic, ¢ becomes Ag, the stress range,
and K, becomes AK|, the stress intensity factor range. By examining the fracture

surface, appropriate correction factors can be chosen.

Fatigue crack propagation can be related to the number of cycles by plotting crack
length, a, versus the number of stress cycles, N, for various AG’s. A single curve
relationship results when the rate of crack growth per cycle of loading, da/dN, is
plotted against AK; in the logarithmic scale. It is hypothesized that AK| is the
controlling parameter for crack propagation and that the relation of the crack growth
rates to AK is the same for a given material and environment. There are three
regions of fatigue crack propagation that can be seen from this representation.
Behavior in region I occurs when AK; is less than AK,;,. AK, is the threshold cyclic
stress intensity factor and a property of the material. In this region fatigue cracks do
not propagate under constant-amplitude cyclic stress variations [30].

Region II represents the stable fatigue crack propagation behavior above AK,,, but

before rapid crack growth near failure. The relationship can be represented by:

da n
ETC(AKI (5.3)

where a = crack length
N = number of cycles
AK, = stress intensity factor range
C and n are material constants
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This equation is commonly called Paris’s power law. In this region, fatigue growth is
steady and predictable. In region III the fatigue crack growth per cycle is much higher
than region II. The cause of this accelerated rate appears to be the superposition of
ductile tearing 'mcchanism onto the stable crack growth of region II {30].

{
The fatigue behavior observed in the tests of this study indicates that the cracks
propagated in region II. Therefore, Paris’s law can be used to calculate the expected
fatigue life. Equation 5.3 is integrated with respect to crack length to predict fatigue

life. The equation for calculating the fatigue life is:

. 54
N=21wm G4

C, AK,"

where a, is the initial measured crack size and a; is the final measured crack size.

N~

Substituting Equations 5.1 and 5.2 into 5.4, N becomes:

1

N = (%)(————n——‘)(ai—a -a;")
P (5.5a)
With:
€ = (-'—l)—l
2 (5.5b)
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This equation is valid only when f(g) is a function of crack size, a, alone. If itis a

-

function of other variables, an iterative method must be used to evaluate Equation 5.4.

The functional-form of f(g) is generally so complex that Equation 5.4 must be
integrated numerically. By choosing an increment of crack length, Aa, a number of

cycles, AN can be computed using the following, starting with N;:

Aa.
ANj = J
C(AK,)" (5.6a)

- (5.6b)
Repeating the process until the crack length reaches a; gives the total number of
cycles:
n (5.7
N=21Z ANj
Jj=1

AK; is assumed constant during each step. The selection Aa’s should made with care

such that this assumption is satisfactory.

5.2 Determination of the Parameters of Crack Growth

Perhaps the main uncertainty in fracture mechanics modelling of fatigue crack growth

is in modelling the correction function. The correction function has to be modeled to
e
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reflect the crack geometry and shape as v;/cll as the specimen geometry and shape. By
looking at the fracture surface, an appropriate function can be chosen. The first step is
to look at the initiaﬁ discontinuity and the fatigue crack propagation pattern. Due to
fhe severity of ‘the discontinuities found, it is assumed that the crack initiation time
was minimal and all the fatigue life is used in propagating the crack. Therefore, the
initial crack length is taken as the measured discontinuity length. In the longitudinal
fillet welded specimens the initial discontinuities were either circular or elliptical. In
the transverse groove welded test specimens the initial discontinuities were shaped
irregularly. For both types of welds, the cracks propagated in a circular or penny
Vshaped manner. This is shown in Figures 14, 15 and 16. The figures show crack
growth as a percentage of the total fatigue life of the specimen. It can be seen from
all three figures that at least 90% of the fatigue life was spent growing the crack from
the initial flaw to breaking the bottom flange surface. Figure 14 shows the penny
shaped growth for a circular solid inclusion in a longitudinal weld. The crack grew in
a penny shape for 96% of its faﬁguc life. The crack then assumed a elliptical shape
for the remaining 4%. Figure 15 shows a penny shaped growth pattern emanating
from an irregularly shaped hydrogen related crack in a transverse groove weld. Figure
16 shows penny shaped growth from an irregular shaped slag inclusion embedded just
below the surface in a transverse groove weld. Again the crack was penny shaped
until 10% of it’s life remained. This pattern of circular growth from an initial defect

of assumed elliptical shaped has been observed before [5,6,22].
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Based on these observations, five crack growth models based on two correction
functions are chose_:n to model the crack propagation. Both correction functions stem
from the stress inténsity factor (SIF) for an embedded elliptical crack in an infinite
Body under uniform stress developed by Irwin [31]. The correction functions assume
 that only the crack shape effects the correction function and that the free surface
correction factor, F,, the finite width correction factor, F,, and the non uniform stress
correction factor, F,, are equal to one. This is assumed to simplify the calculations.
The first correction function chosen is for the elliptically shaped crack. The second
correction function chosen is a simplification of the elliptical model called the penny
shaped correction function. These correction functions have been used to model

fatigue life accurately before [22].
5.2.1 Elliptical Correction Function

The f(g) for an embedded elliptical crack in an infinite body subject to a uniform

stress field (Figure 17) is equal to:
1 ) (12 21225
f® = (5) Gin ﬁ+—c—2cos B) (5.8)

where: a is half of the minor axis
c is half of the major axis
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®, the elliptical integral of the second kind and equals:

I

2
® = [11-1-Z) sinto] do (59)
0 c?

The stress intensity function for an elliptical crack is largest at the end of the minor
axis. For B = m/2, equation 5.6 reduces to:
1
F@ - 3
(5.10)
Reference 19 gives a relationship for @ based on the ratio of a/c. This relationship is:

a 165 0.5
® = [1+1464(=) 1]
c (5.11)

5.22 Penny Shaped Correction Function

The second correction function is called the penny shaped correction function and is a
further simplification of the elliptical correction function. When a/b = 1 the solution
for ® reduces to:

="
2 (5.12)
It should be noted that as the elliptical crack propagates, it will eventually assume a
penny shape. This is caused by the AK| being higher at the tip of the minor axis than

the tip of the major axis.
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5.2.3 Material Properties

The values of the c@mstants, C and n in Equations 5.3 to 5.6 are detefrnined from
L;iboratory tests. For carbon-manganese steels, Barsom and Rolfe suggests an upper
bound using C equal to 6.88 x 10° MPavm with the exponent equal to 3 [30]. The
British code [19] suggests an upper bound using C equal to 9.48 x 10° MPavm with
the exponent equal to 3. Fatigue crack growth rate testing was done as part of the
testing program in this study. The upper bound to the observed crack growth rates for
the HSLA-80 steel was 9 x 10° MPavm with an exponent of 3 [24]. The HSLA-80
data fell between the other two upper bounds, and this value is used in the fatigue life

calculations.
5.3  Fatigue Life Prediction Models

Five fatigue crack growth models are investigated. Three crack growth models used
the penny shaped correction function. Based on the observed crack growth pattern,
this should be sufficient to predict the fatigue crack growth even though the majority
of the initial discontinuities were elliptically shaped. When Equation 5.10 and 5.12

are combined with Equation 5.5 and the material constants are inserted, N is equal to:

N = (L L a; -0,

05 (3 x50} (5.13)
T
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The elliptical correction function is used in a crack growth model for comparison.
This model could not be directly integrated since @ is a function of a/c which changed
after every incremé‘nt of growth. In order to calculate the fatigue life, an iterative
rﬁethod is used based on one given in Reference 19. The fifth crack growth model

used a combination of the two correction functions.
5.3.1 Circumscribed Radius Model

The model uses the penny shaped correction function and assumes the crack grows in
a penny shaped fashion even though the initial discontinuity is elliptical in shape. The
circumscribed radius model assumes the initial crack size, a;, to be equal to the radius
of a circle circumscribing the elliptical discontinuity. This is equal to half of the
measured length along major axis, 2c, of the elliptical discontinuity as shown in Figure

18a.
5.3.2 Inscribed Radius Model

The model assumes the same correction function and crack growth shape as the
circumscribed radius model. The inscribed radius model assumes the initial crack size,
a,, is equal to the radius of a circle inscribing the elliptical discontinuity. This is equal
to half of the measured length along the minor axis, 2a, of the elliptical

discontinuity as shown in Figure 18b.
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5.3.3 Equivalent Radius Model

For this model, the"initial crack size, a, is calculated by setting the initial value of the
s&ess intensity" factor of an elliptical crack with the elliptical correction function to the
stress intensity factor of a penny shaped crack with a penny shaped crack correction
function. This is done to calculate an a, for use in the penny shaped model that has
the same stress intensity factor as the actual initial elliptical discontinuity. Based on
this equality, a, is equal to:
2
%" Gp) % (5.14)

with a, equal to the measured minor radius of the elliptical discontinuity

The calculated equivalent radius is used with the penny shaped correction function as
in the two previous models. The equivalent radius is shown in Figure 18c.

s

5.3.4 Elliptical Crack Model

The elliptical model assumes that the crack propagates in an elliptical shape following
the elliptical correction function based on an elliptical discontinuity. As mentioned
above, ® is a function of a/c, Equation 11, and an iterative process is used to calculate
the fatigue life. In this model, a, and c, are taken as half of the measured minor and

major radii, a and c, respectively. This is shown in Figure 18d.
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5.3.5 Combination Model

This model combir.l'es the elliptical model and the penny shaped model. The elliptical
fnodel with the measured a, and c; is used to calculate a part of the faﬁgue life. In
the calculation c; is held constant while g, is allowed to propagate . Since @ is a
function of a/c, Equation 11, an iterative process is used to calculate a as the crack
propagated. Fatigue lif¢ is calculated using the elliptical model until the crack length,
a, equaled ¢, From this point the crack is treated like a circumscribed crack and the
fatigue life calculation is based on the circumscribed radius model. The fatigue life
from the elliptical portion is added to the fatigue life from the circumscribed radius

model to get the total fatigue life.
5.4 Results of Fracture Mechanics Calculations

The dimensions of all initial discontinuities and halos were measured and are listed in.
Tables 2 - 7. These dimensions are used to ca‘lculate the fatigue lives by all five
fatigue life prediction models. All five models are applied to both the longitudinal
and transverse groove welds Two sets of fatigue life calculations are performed. The
first set uses the halo dimensions for discontinuities having halos as the initial crack
sizes in the calculations. For the discontinuities without halos, the actual crack size is
used as the initial crack size. These dimensions are used since it is assumed that the

quasi-cleavage crack growth that formed the halos happened either during fabrication
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or in the first few load cycles. These dimensions would then best represent the initial
sharp crack. The actual fatigue life and the percentage of calculated to actual fatigue
lives are shown in .Table 8, for the longitudinal fillet welds with solid inclusions and
'fablc 9 for the longitudinal fillet welds with pores. The calculations for the transverse
groove welds with cracking are shown in Table 10, with slag inclusions in Table 11
and with incomplete penetration in Table 12. In this format, a percentage below 100%
means that the models under predicted the fatigue life. This set should model the
crack growth the best if the quasi-cleavage fracture occurred during the first few

loading cycles

In the second set of calculations only the actual crack size are used as the initial
crack size. The actual fatigue life and the percentage of calculated to actual fatigue
lives are shown in Table 13, for the longitudinal fillet welds with solid inclusions and
Table 14 for longitudinal fillet welds with pores. The calculations for the transverse
groove welds with cracking are shown in Table 15, with slag inclusions in Table 16
and with incomplete penetration in Table 17. In this format, a percentage below 100%

means that the models under predicted the fatigue life.
5.4.1 Longitudinal Fillet Weld Fatigue Life

The actual fatigue life is plotted versus the calculated fatigue life using the halos

dimensions for the different fatigue life prediction models in Figures 19-23. The line
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showing 100% (calculated equals actual ﬁfe) is shown for reference. Data points
below this line conservatively predict the fatigue life. For all of the models, there is a
- wide scatter of the"data‘ points. The width of the scatterband of the calculated fatigue
ﬁfe is approximately a factor of eight of the actual fatigue live. In all but one case,
the data fell below the 100% line indicating that the results of the fracture mechanics
estimate are conservative. The circumscribed radius model shown in Figure 19
generally predicts the lowest life (most conservative) and the inscribed radius model
shown in Figure 20 generally predicts the greatest life (least conservative). The
equivalent radius, elliptical and the combination models shown in Figures 21, 22 and

23 respectively are bounded by these extremes.

All models dramatically under-predicted the fatigue life. The average prediction is
only 29% of the fatigue life. One possible explanation is that the sharp quasi-cleavage
crack growth did not happen instantaneously as was assumed, but grew in a manner
described by the models from an uutlal sharp crack with the dimension of the
discontinuity. This would increase the calculated fatigue life by decreasing the initial
crack size from the halo to the discontinuity dimensions. The halos surrounding the
discontinuities of the longitudinal fillet welds are as much as eight times bigger than
the discontinuities themselves. Therefore using the actual discontinuity instead of the
halo size as the initial crack length should increase the calculated life. Fatigue life
calculations using the actual discontinuity and not the halo size for the initial crack

size are shown in Tables 13 and 14. The results are shown in Figures 24-28. When
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compared with Figure 19-23, all the ﬁgufes show an upward shift of the data po'mté
and the slight reduction of the scatter . The average prediction increased to 47% of
the fatigue life. ﬁem is still a significant gap between the calculated and predicted
fatigue lives, and the ignoring of the halos does not agree with the results of
fractographic examination by a SEM [24] which showed the crack propagating very

rapidly. Therefore, other possible explanations are investigated.

Another possibility for the under prediction is that the initial applied stress intensity
factor, AK,, is below the threshold value, AK,, , for fatigue crack propagation. The
fatigue life prediction models assumes the initial AK| to be above the threshold value
and propagate according to Paris’s law. If the initial AK| is below this threshold
value, then the models would not account for the fatigue life in this region. This
would lead to the under prediction of the fatigue life. The initial AK; is calculated
using the penny shaped correction function with the halo dimensions without
considering residual stresses since this gives the lowest possible AK|. 'f'he results of
the calculations are given in Table 18. The range of AK|, values is from 5 to 29
MPavm with the average being 17 MPavm. The AK|’s are re-calculated using the
discontinuity dimension as the initial crack size. The results of the calculations are
given in Table 19. The range of AK; values is from 4 to 17 MPavm with the
average being 11 MPavm. A recent study on AK, of HSLA steel concluded that the
value of AK, is in the range of 3.5 to 5.5 MPavm [32]. The calculated average

values are both above this range. Therefore, it appears that the fatigue crack growth
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is in the region modelled by Paris’s law and that fatigue crack propagation below in
region I is not likely. Therefore the reason of under prediction of the fatigue life is
not due to propagation below the threshold. This is true for both assumption of the

initial discontinuity size.

A third possibility and the one that seems most reasonable is that the under preciiction
of the fatigue life was due to development of the sharp crack. The fatigue life
prediction models assume an initial sharp crack. If the initial discontinuity is blunt,
then the models would under predict the fatigue life by the number of cycles needed
to form a sharp crack. This is essentially correspondent to the phenomenon of crack

initiation.

Based on the assumption of crack initiation, it is postulated that an unaccounted
number of cycles was required to initiate a sharp crack from original discontinuity. It
is these unaccounted cycles that are probably responsible for the under prediction of
the fatigue life. Once a sharp crack was initiated, it grew to the size of the halos in a
very small number of cycles. The fatigue life prediction models using the dimension

of the halos predicted the remaining fatigue life from this point.
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With this reasoning, it is not recommended that a fracture mechanics approach be use
to derive quality curves due to the inability of the models to accurately predict the
fatigue life. The S-N curve approach is recommended to assess the volumetric

discontinuities instead.
5.42 Transverse Groove Weld Fatigue Life

The actual fatigue life is plotted versus the calculated fatigue life using the halos
dimensions for the fatigue life prediction models in Figures 29-33. In comparison to
the results for the longitudinal fillet welds, the predictions for the transverse groove
welds appear to be much more accurate, typically exhibiting a scatter of the calculated
fatigue life to the actual fatigue live of about three. The data points in Figures 29 - 33
are generally within a band with the 100% line near its center. As was the case for
the longitudinal fillet weld calculations, the inscribed radius model shown in Figure 29
predicts the highest faﬁgue lives and the circumscribed radius model shown in Figure
30 predicts the lowest. The equivalent radius, elliptical and the combination models

shown in Figures 31, 32 and 33 respectively are bounded by these extremes.

The actual fatigue life is plotted versus the calculated fatigue life using the actual
dimension of the discontinuity for the fatigue life prediction models in Figures 34-38.
A comparison between these figures and Figures 29-33 shows that the difference in

results using the halo or the actual dimension as the initial crack size is small. This is
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due to the condition that the halo dimensions being of the same order as the
discontinuity dimensions, a situation different from that of the longitudinal welds

probably due to the different type of welded joints and the different welding process.

Due to the models’ ability to predict the fatigue life, it appears that the cycles for
fatigue crack initiation were small for the transverse groove weld discontinuities. This
is assumed since the hydrogen related cracking and incomplete penetration have sharp
cracks initially and the volumetric slag inclusions are assumed to have sharp cracks
caused by initial quasi-cleavage crack growth. This supports the assumption that the
quasi-cleavage crack growth. occurred either in fabrication or in the first few loading

cycles.

Based on the above results, it is recommended that the circumscribed model be used to
calculate quality curves for the transverse groove welds since this model accurately
predicts conservative fatigue lives for both the volumetric and planar discontinuities.

Use of this recommendation would generally yield safe results.
5.5  Quality Curves

Quality curves are derived for the longitudinal fillet weld discontinues and the
transverse groove welds. Fracture mechanics using the circumscribed radius model is

used to derive the quality curves for the planar and the volumetric in the transverse
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groove welds. The S-N curve approach is used to derive the quality curves for the

volumetric discontinuities in the longitudinal fillet welds.
5.5.1 Transverse Groove Welds

The quality curves are calculated based on initial halo or discontinuity sizes calculated
using the circumscribed radius model that are set equal to the AASHTO fatigue design
curves. The AASHTO curves provide a stress range at a given number of cycles.
Using these values for N and Ac from the AASHTO curves along with a acceptable
final crack size, a; , the corresponding initial discontinuity size can be calculated.
Since the acceptable finial crack size varies based on the application, a; can be related

to a, by a size factor, r.

.. (5.15)

]
s

for a given Ac and N, the value of r can be calculated. By re-arranging Equation 5.13

and substituting in Equation 5.15.

(N+Gaf’5)'2 (5.16)

where: N = number of cycles to failure
a, = final crack length
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and

2

G= (5.17)

1

C 3

C (2) .ul.SA03
T

where: C = material constant
Ac = stress range

From this r value, the initial discontinuity size can be determined based on the
acceptable final crack size. Values of r and a; are calculated for the stress range at 1 x
10° cycles from the AASHTO curves using the final crack length, 2a,, equal to 114
mm which is 3/4 of the bottom flange thickness which was used to define failure in
the tests. The results of theses calculations are shown in Table 20. Substituting the r
ratios into Equation 5.13, quality curves can be drawn for the given r ratios. These
quality curves, labeled B through E’ are based on the AASHTO design curves with a
final crack size of 114 mm and are shown in Figure 39. Based on previous fatigue
fcsts, transverse groove welds are a category B or C detail [23). The discontinuities

have the effect of lowering the fatigue resistance to lower categories.
5.52 Longitudinal Fillet Welds

Due to fatigue crack initiation, the S-N curve approach is used to determine quality
categories. In this approach, S-N data for a given detail and a given r ratio are plotted

and a statistical analysis is used to determine the 95% lower confidence limit (mean
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minus two standard deviations). The lower confidence bound is then used as the
quality curve for the particular detail. In this analysis, the halo or the discontinuity

dimension is used to calculate the variable r as in the transverse groove welds.

The fatigue data from the longitudinal fillet weld discontinuities are grouped by their
calculated r ratio into quality categories based on the AASHTO fatigue design curves.
Discontinuities with an r ratio less 0.060 (category B’) are grouped in quality category
B’. Discontinuities with an r ratio greater than 0.060 (category B’) and less than
0.095 (category C) are grouped in quality category B’-C. Discontinuities with an r
ratio greater than 0.095 (category C) are grouped in quality category C-D+. The
results are listed in Table 21. A statistical analysis with a fixed slope equal to three is
preformed using Dataplot, a program written as part of the project [24]. A fixed slope
of three is chosen since three is the exponent of the fatigue crack propagation law.
This is also the slope used in the AASHTO curves. The results of the statistical
analysis are shown in Table 22 and will be used as quality curves for the longitudinal

fillet welds.
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5.5.3 Comparisons With Actual Data
5.5.3.1 Transverse Groove Welds

The r values for the transverse groove weld discontinuities are calculated. They are
then grouped into four quality categories based on the r ratio. Discontinuities with an
r ratio less than 0.095 (category C) are grouped in quality category C. Discontinuities
with an r ratio greater than 0.095 (category C) and less than 0.226 (category D) are
grouped in quality category C-D. Discontinuities with an r ratio greater than 0.226
(category D) and less than 0.421 (category E) are grouped in quality category D-E.
Discontinuities with an r ratio greater than 0.421 (category E) and less than 0.697

(category E’) are grouped in quality category E-E’. This is shown in Table 23.

When the stress range is plotted against the number of cycles to failure for a given
quality category, the data point§ should fall above the line with r equal to the lower
quality curve of the quality category. For example, for quality category C-D, the S-N

data should fall above the quality curve for category D.

The data from quality category C (r < 0.095) and the C quality curve (r = 0.095) are
plotted in Figure 40. It can be seen that except at the high stress ranges, the data plots
above the category C quality curve, which is expected. The data from quality

category C-D (0.095 < r < 0.226) and quality curve D (r = 0.226) are added to the
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data from Figure 40. This is shown in Figure 41. All but one data point falls below
this line, showing good agreement with the expected results. The data from category
D-E are added and. the process is repeated. This is shown in Figure 42. In this figure,
all the fatigue data are é\bove the category E quality curve. Again data ére added ﬁom
the next lower quality category and the quality curve plotted, in this case, quality
category E’. This is shown in Figﬁre 43. Once again, all fhe S-N data plots above

this quality curve as expected. For all the quality categories, the data agrees well with

the predicted quality curves.
5532 Longitudinal Fillet Welds

In a similar manner to the transverse groove welds the stress range is plotted against
the number of cycles to failure of test specimens of a given quality category along
with the quality curve equal to the lower confidence limit. Also plotted are the
AASHTO fatigue design curves on either of the lower confidence limit. The data
from quality category B’ are shown in Figure 44. Data from quality category B’-C are
added to the data in quality category B’ in Figure 45. Data from quality category C-
D+ are added in Figure 46. It can be seen from these three figures, that as the r ratio
increases from 0.0102 to 0.4514, the lower bound remains almost constant between the
AASHTO B and B’ fatigue design categories. Previous test results [5,6] have shown
that longitudinal fillet welds are a category B fatigue design detail. Apparently, the

initial discontinuity size has the effect of slightly lowering the fatigue resistance to a
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B’ detail. Since the quality curves for the longitudinal fillet welds are approximately
equal to the B’ AASHTO fatigue design curve, this more familiar curve can be used

“as the quality curve.
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Conclusions

Fitr'iéss-for—purpose assessment can be applied to planar and volumetric
discontinuities found in transverse groove welds in full scale HSLA - 80

members.

Fracture mechanics fatigue crack growth calculations can be used to assess
discontinuities in transverse groove welds since the number of cycles associated

with crack initiation is apparently not significant.

The circumscribed radius model is simple and produces accurate results for
the transverse groove welds. Additional accuracy provided by

more complex stress intensity factor models, does not appear to be warranted.

Fracture mechanics fatigﬁe crack growth calculations for the longitudinal fillet
welds under estimated the cycles to failure. Therefore, the number of cycles

associated with crack initiation maybe significant.
Due to the over conservatism of the fatigue crack growth calculations a set of

lower confidence bound S-N quality curves were developed for a range of

discontinuity sizes.

49



In the longitudinal fillet welds, large initial discontinuity size has little effect

on the fatigue performance, only lowering the fatigue resistance from B to B’.
Planar defects may be acceptable in some circumstances. Therefore an option

could be provided to the engineer to omit repairing small planar discontinuities

based on a fitness-for-purpose assessment.
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Porosity and Slag Inclusions

Longitudinal Fillet Transverse Groove
Welds Welds
Flange Web
AWS D1.5-88 2.7 mm 4.2 mm 3.2 mm
Mil-STD-1689 2.4 mm 2.4 mm 2.4 mm

Cracks and Incomplete Penetration

Longitudinal Fillet Transverse Groove
Welds Welds
Flange Web
AWS D1.5-88 None Permitted None None
Permitted | Permitted
Mil-STD-1689 None Permitted None None
Permitted | Permitted

Table 1: Maximum Discontinuity Length, 2a,, Permitted Using Radiographic (RT)

and Magnetic Particle (MT) Inspection for the Tested Welds
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Discontinuity Halo Dimension: Final Stress | Cycles: | Crack
Dimension: mm. | mm Crack | Range: | x 10° | Number

' Length: | MPa

mm

Major Minor | Major Minor h
Axis Axis Axis Axis
10.0 4.0 20.0 18.0 77.8 207 639.1 12
7.0 4.5 none none 67 207 855.0 19
6.0 5.0 none none 69 290 196.0 3
5.0 3.0 none none 78.2 207 11663 | 16
4.5 3.0 8.0 7.0 50.7 207 817.6 18-2
4.0 4.0 12.0 10.0 74.5 207 559.2 9
4.0 3.0 10.0 7.0 75.5 290 170.0 31
3.5 3.5 15.0 15.0 76.5 290 261.0 32
3.0 3.0 16.0 16.0 75.8 290 139.0 29
3.0 2.0 none none 70 124 4635.1 |2
3.0 12.0 13.0 11.0 14.4 290 230.0 5-1
3.0 2.0 13.0 11.0 73 207 636.0 28
2.0 1.5 20.0 19.0 74 207 909.5 13
N/A N/A N/A N/A N\A 124 13190 | 23

Note: Major and minor axes refer to ellipses circumscribing the discontinuity and
halo. Halo refers to the quasi-cleavage crack growth believed to be caused by
hydrogen.

Table 2: Description of Longitudinal Fillet Weld Discontinuities: Solid Inclusions
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Discontinuity

Halo Dimension: Final Stress | Cycles: | Crack
Dimension: mm . mm Crack Range: | x 10 Number
Length: | MPa
mm
Major Minor Major Minor
Axis Axis Axis Axis
8.5 4.0 14.0 13.0 80 117 4758.5 |26
5.0 3.0 13.0 13.0 79.3 207 1010.0 17
5.0 3.0 28.0 22.0 66.5 124 6940.7 30-2
4.0 3.0 none none 24.3 290 230.0 5-3
3.0 3.0 none none 13.2 290 230.0 5-2
2.5 1.5 13.0 12.0 42.3 207 2811.3 | 24
2.0 1.5 16.0 14.0 42.5 124 6940.7 30-1
1.5 1.5 none none 73.6 207 470.6 18-1

Note: Major and minor axes refer to ellipses circumscribing the discontinuity and
halo. Halo refers to the quasi-cleavage crack growth believed to be caused by
hydrogen.

Table 3: Description of Longitudinal Fillet Weld Discontinuities: Pores
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Discontinuity Halo Dimension: Final Stress | Cycles: | Crack
Dimension: mm - mm Crack Range: | x 10° Number
Length: | MPa
mm
Major Minor Major Minor
Axis Axis Axis Axis
20.0 4.0 15.0 4.0 63 221 142.4 16-2
16.0 5.0 none none 138 221 89.3 12-2
150 |3.0 20.0 13.0 86 221 147.5 15-2
14.0 10.0 15.0 13.0 130 165 524.0 10-1
14.0 5.0 none none 140 110 7842.5 2-1
12.0 4.0 none none 90 165 606.3 9-2
9.0 7.0 16.0 11.0 44 221 83.0 14-1

Note: Major and minor axes refer to ellipses circumscribing the discontinuity if it is
elliptical in shape, to the length and width of the discontinuity if it is rectangular in
shape and to the base and height of the discontinuity if it is triangular in shape. Halo
refers to the quasi-cleavage crack growth believed to be caused by hydrogen.

Table 4: Description Of Transverse Groove Weld Discontinuities: Slag Inclusions

" Number of Occurrences:
I 26

Table 5: Description Of Transverse Groove Weld Discontinuities: Weld Toe

Dimension; mm “

<0.1 “

58



Discontinuity Halo Dimension: Final Stress Cycles: | Crack
Dimension: mm mm Crack | Range: | x 10° Number
’ Length: | MPa
mm
Major | Minor Major Minor
Axis Axis Axis Axis
6.0 6.0 23.0 12.0 22 221 89_ 15-3
5.0 2.0 none none 76 110 34915 28-3
3.0 3.0 none none 20 55 11066.1 6-3
3.0 3.0 none none 78 165 583.8 20-3
3.0 3.0 none none 32 165 792.6 19-3
2.0 none none 83 221 121.9 16-1

2.0

Note: Major and minor axes refer to ellipses circumscribing the discontinuity if it is
elliptical in shape, to the length and width of the discontinuity if it is rectangular in

shape and to the base and height of the discontinuity if it is triangular in shape. Halo
refers to the quasi-cleavage crack growth believed to be caused by hydrogen.

Table 6: Description Of Transverse Groove Weld Discontinuities: Incomplete
Penetration
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=1

Discontinuity Halo Dimension: Final Stress | Cycles: | Crack
Dimension: mm mm Crack Range: | x 10° Number
Length: | MPa
mm
'Major | Minor | Major | Minor
Axis Axis Axis Axis
22.0 10.0 15.0 10.0 71 165 190.0 18-1
20.0 10.0 25.0 20.0 28 110 1462.0 | 29-2
16.0 8.0 none none 74 165 233.4 20-1
1 15.0 11.0 none none 77 1110 15322 | 32-1
14.0 11.0 13.0 12.0 80 221 87.6 17-1
14.0 9.0 22.0 14.0 31.3 165 55.0 13-1
I 13.0 10.0 17.0 15.0 75 221 67.0 17-2
| 7.0 2.0 18.0 15.0 60 165 122.6 13-2

Note: Major and minor axes refer to ellipses circumscribing the discontinuity if it is
elliptical in shape, to the length and width of the discontinuity if it is rectangular in
shape and to the base and height of the discontinuity if it is triangular in shape. Halo
refers to the quasi-cleavage crack growth believed to be caused by hydrogen.

Table 7: Description Of Transverse Groove Weld Discontinuities: Cracking




% of calculated life / actual life

Actual | Circum- | Inscribed _I-Eguiv. Com- Elliptical | Crack
Life scribed Radius Radius bination | Model Number
x 10° | Radius Model Model Model
Model '

639.1 1614 |1750 [1619 [1614 |1681 |12
559.2 28.83 32.67 29.10 28.84 30.74 9
817.6 24.25 26.58 24.37 2428 25.46 18-2
909.5 12.12 12.63 12.13 12.12 12.37 13
1163.9 24.60 33.32 26.08 24.93 28.65 16 *
855 26.59 35.11 27.87 26.71 30.59 19 *
636 23.86 26.82 24.05 23.87 25.341 28
139 34.44 34.44 34.40 34.44 34.30 29
170 39.18 49.48 40.47 39.23 44.071 31
261 19.27 19.27 19.25 19.27 19.19 32
196 46.76 52.39 47.15 46.92 49.66 3*
230 11.22 14.20 11.41 111.23 12.82 5-1
4635.1 38.87 48.73 39.99 10.30 _43.57 2 *

* = No Halo Around Discontinuity, Actual Discontinuity Dimension

Calculations

Used 1n

Table 8: Fatigue Life Calculations For Longitudinal Weld with Halos: Solid

Inclusions
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% of calculated life / actual life

Actual | Circum- | Inscribed | Equiv. Com- Elliptical | Crack
Life scribed Radius Radius bination Model Number
x 10 | Radius Model Model Model
Model
1010 i5.28 15.28 15.27 15.28 15.21 17
2811.3 4.67 4.99 4.68 4.67 4.84 24
407.6 140.45 140.45 140.34 140.45 137.6 18-1 *
230 47.19 47.19 47.15 47.19 46.52 5-2 *
230 46,97 53.51 44,96 44.70 48.81 5-3 *
6940.7 7.39 8.30 7.44 7.40 7.85 30-1
6940.7 5.34 6.61 5.46 5.34 5.95 30-2
4758.5 17.08 17.99 17.10 17.08 17.55 26
*=No Halo Around Discontinuity, Actual Discontinuity Dimension Used in
Calculations

Table 9: Fatigue Life Calculations For Longitudinal Fillet Welds with Halos: Pores
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% of calculated life / actual life

fr—
Actual | Circum- | Inscribed | Equiv. Com- Elliptical | Crack
Life scribed Radius Radius bination | Model Number
x 10° | Radius Model Model Model
Model
16532.2 60.24 74.93 61.88 60.26 67.24 32-1 %
1462 23.59 31.99 24.29 23.59 27.93 29-2
190 141.25 188.28 147.82 141.31 163.16 18-1
2334 110.71 179.03 125.60 110.79 140.46 20-1 *
55 101.15 164.14 110.80 101.18 130.83 13-1
122.6 75.49 87.25 76.31 75.50 81.27 13-2
143 88.86 93.94 89.01 38.89 91.47 17-1
124 83.15 91.24 83.54 83.16 87.19 17-2
= No Halo Around Discontinuity, Actual ﬁlscontmultyﬁimension Jsed in

Calculations

Table 10: Fatigue Life Calculations For Transverse Groove Welds
with Halos: Cracking
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% of calculated life /“actual life

Actual | Circum- Inscribed | Equiv. Com- Elliptical | Crack
Life scribed Radius Radius bination Model Number
x 10° | Radius Model Model Model
Model
7842.5 13.75 25.67 17.28 13.78 18.55 2-1 *
606.3 54.38 108.06 71.05 54.64 75.09 9-2 *
109.6 275.63 302.55 277.14 275.70 245.66 10-1
89.3 136.21 271.75 182.00 136.52 179.74 12-2 *
83 110.72 150.50 115.92 110.76 129.46 14-1
147.5 35.57 87.37 51.93 35.57 74.80 15-2
112 96.76 235.12 145.64 97.23 149.53 16-2
* ="No Halo Around Discontinuity, Actual Discontinuity Dimension Used in

Calculations

Table 11: Fatigue Life Calculations For Transverse Groove Welds
with Halos: Slag Inclusions

% of calculated life / actual life .

Actual | Circum- | Inscribed | Equiv. Com- Elliptical | Crack
Life scribed Radius Radius bination | Model Number
x 10° | Radius Model Model Model
Model
ﬁ 11066 157.51 157.51 157.36 157.51 155.44 6-3 *
34915 54.49 93.18 64.99 56.50 70.72 28-3 *
792.6 30.66 87.88 51.92 31.07 52.12 19-3 *
583.8 131.17 131.17 131.06 131.17 129.69 20-3 *
89 41.59 99.31 53.54 41.61 68.54 15-3
H 131 307.95 307.95 307.71 307.95 303.09 16-1 *
* = No Halo Around Discontinuity, Actual Discontinuity Dimension Used 1n

Calculations

Table 12: Fatigue Life Calculations For Transverse Groove Welds

with Halos: Incomplete Penetration
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% of calculated life / actual life

Actual | Circum- | Inscribed | Equiv. Com- Elliptical | Crack
Life scribed Radius Radius bination | Model Number
x 10° | Radids - | Model Model Model
Model

639.1 26.56 47.24 32.17 26.69 35.16 12
4635.1 38.57 48.73 40 40.29 43.58 2
559.2 58.30 58.30 58.25 58.30 57.71 9
817.6 35.49 45.59 36.91 36.00 40.36 18-2
909.5 53.58 62.96 54.56 59.35 58.70 13
1163.9 24.60 33.32 26.09 24.93 28.65 16
855 26.59 35.11 27.87 26.70 30.59 19
636 60.64 76.56 62.87 63.34 68.48 28
139 101.23 101.23 101.15 101.23 100.08 29
170 69.84 82.74 71.18 70.83 76.37 31
261 49.30 49.30 49.26 49.30 48.81 32
196 46.75 52.39 47.15 46.91 49.67 3
230 48.21 64.21 50.45 50.92 56.12 5-1

Table 13: Fatigue Life Calculations Using Actual Dimensions For Longitudinal
Solid Inclusions

Welds:
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% of calculated life / actual life

Actual | Circum- | Inscribed | Equiv. Com- Elliptical | Crack
Life scribed Radius Radius bination Model Number
x 10° | Radius - | Model Model Model
Model

1010 28.40 38.44 30.15 28.77 33.07 17
2811.3 14.52 19.63 15.39 16.03 16.98 24
407.6 140.45 140.45 140.34 140.45 137.61 18-1
230 47.19 47.19 47.14 47.19 46.52 5-2
230 43.96 53.50 44.96 4470 48.81 5-3
6940.7 31.29 37.01 31.89 34.81 34.41 30-1
6940.7 18.84 25.64 19.99 19.09 22.00 30-2
4758.5 23.95 38.20 27.27 24.08 30.11 26

Table 14: Fatigue Life Calculations Using Actual Dimensions For Longitudinal

Welds: Pores
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Z’ of calculated life / actual life

Actual | Circum- Inscribed | Equiv. Com- Elliptical | Crack
Life scribed Radius Radius bination Model Number
x 10* | Radius Model Model Model
Model

1532.2 60.24 74.93 61.88 60.27 62.25 32-1
1462 31.98 64.91 39.16 32.00 46.61 29-2
190 104.78 188.28 124.96 104.82 140.36 18-1
233.4 110.71 179.03 125.60 110.80 140.46 20-1
55 164.16 241.13 175.71 164.28 200.02 13-1
143 84.34 99.69 85.71 84.37 91.79 17-1
124 101.14 121.23 103.07 101.19 110.86 17-2

Table 15: Fatigue Life Calculations Using Actual Dimensions For Transverse
Groove Welds: Cracking

% of calculated life / actual life

Welds: Incomplete Penetration
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F- Actual | Circum- | Inscribed | Equiv. Com- Elliptical | Crack
Life scribed Radius Radius bination | Model Number
x 10* | Radius Model Model Model
Model
11066 157.51 157.51 157.36 157.51 155.44 6-3
3491.5 54.49 03.18 64.99 56.50 70.72 28-3
792.6 30.66 87.88 - 51.94 31.06 52.12 19-3
583.8 131.17 131.17 131.06 131.17 129.69 20-3
89 185.41 195.41 185.21 185.41 183.87 15-3
131 307.95 307.95 307.71 307.95 303.09 16-1
Table 16: Fatigue Life Calculations Using Actual Dimensions For Transverse Groove



% of calculated life / actual life

e

Actual | Circum- Inscribed | Equiv. Com- Elliptical | Crack
Life scribed Radius Radius bination Model Number
x 10° Radius Model Model Model
Model

7842.5 13.75 25.67 17.28 13.78 18.54 2-1
606.3 54.38 108.06 71.06 54.64 75.09 9-2
109.6 199.37 357.17 296.58 288.49 301.28 10-1
89.3 83.66 277.75 182.00 83.84 179.74 12-2
122.6 149.85 321.90 208.46 155.03 216.68 13-2
83 175.06 209.52 178.26 175.31 192.01 14-1
147.5 79.05 217.72 134.58 79.83 128.64 15-2
112 76.97 235.12 140.30 77.34 134.21 16-2

Table 17: Fatigue Life Calculations Using Actual Dimensions For Transverse Groove
Welds: Slag Inclusions
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Pores

Crack Number AK; MPavm
.52 12.67
53 14.63
17 18.83
18-1 6.40
24 18.83
26 11.04
30-1 12.51
30-2 16.56
Solid Inclusions
Crack Number AK;: MPavm
2 541
3 17.92
5-1 26.38
9 18.09
12 23.36
13 23.36
16 11.67
18-2 14.77
19 13.81
28 18.83
29 29.26
31 23.13
32 28.34

Table 18: Initial AK| of Longitudinal Fillet Weld Discontinuities Using

Circumscribed Radius Model and Halo Dimensions
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Pores

T e

Crack Number o AK;: MPavm
52 12.67
5-3 14.63
17 | 11.67
18-1 6.40
24 8.26
26 8.61
30-1 4.42
30-2 7.00_

Solid Inclusions

Crack Number B AK;: MPa\/m—
2 5.42
3 17.92

5-1 12.67
9 10.44
12 16.52
13 7.38
16 11.68
18-2 11.08
19 13.81
28 9.04
29 12.67
31 14.63
3%_ 13.69

Table 19: Initial AK, of Longitudinal Fillet Weld Discontinuities Using
Circumscribed Radius Model and Actual Dimensions
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AASHTO | Stress Assumed Calculated r
Category | Range, Final Crack | Initial
. | MPa, At N | Length, a;: | Discont.
=1x10° |mm Length, a;:
Cycles _ mm
434 |- 57 0.31 0.005
B 339 57 1.15 0.022
B’ 271 57 3.41 0.060
C 244 57 5.40 0.095
193 57 12.87 0.226
E 152 57 23.97 0.421
E’ 109 57 74 0.6
39 97

Table 20: Initial Discontinuity Size Calculations and Ratio of Initial Discontinuity
Size over Final Crack Size, r, Based on AASHTO S-N Curves Using Circumscribed
Radius Model
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Quality Crack Circum- r Cycles | Stress
Category | Number scribed Crack Range:
' Radius, a;: Size, a, MPa
—— mm ‘m I—
<B’ : 18-1— 0.75 —73.6 0.01_(-)-2—_ 407600 207
2 1.5 70 0.0214 4635100 | 124
16 25 78.2 0.032 1163500 | 207
3 3 69 0.0435 196000 | 290
19 | 35 67 0.0522 | 855000 207
B’-C 31_—— 5 75.5 0.0662 _170000 290
18-2 4 50.7 0.0789 817600 207
9 6 74.5 0.0805 559200 207
17 6.5 79.3 0.082 1010000 | 207
5-3 2 243 0.0823 230000 290
26 7 80 0.0875 4758500 | 117
| 28 _ 6.5 73 0.0_8_9__ ___6_3L6000 207
C-D+ 32 1.5 76.5 0.098 261000 290
29 8 758 | 01055 | 139000 | 200 |
5-2 1.5 13.2 0.1136 230000 290 "
12 10 77.8 0.1285 693100 207 "
13 10 74 0.1351 909500 207 Wl
24 6.5 423 0.1537 2811300 | 207 WI
30-1 8 42.5 0.1882 6940700 | 124 "
30-2 14 66.5 0.2105 6940700 | 124 II
5 6.5 14.4 0.4514 230000 290

Table 21: Quality Categories of Longitudinal Fillet Weld Discontinuities by the Ratio
of Initial Discontinuity Size over Final Crack Size, r, by AASHTO Criteria
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Quality Category

Equation of Lower 95% Confidence
Bound (p - 20)

- < B’ Log (N) = 12.4 + -3 Log (SR)
B’ -C Log (N) = 12.5 + -3 Log (SR)
C-D+

Log (N) = 12.4 + -3 Log (SR)

Table 22: Results of Statistical Analysis of Longitudinal Fillet Weld Quality
Categories
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Quality Crack Circum- Final r Cycles | Stress
Category | Number scribed Crack Range:
Radius, a; Size, ag MPa
mm mm

<C 16-1 1 83 0.012 131000 221
20-3 1.5 78 0.0192 583800 165

28-3 2.5 76 0.0329 | 3491500 110

2-1 7 140 0.05 7842500 110

10-1 7.5 130 0.0577 109600 165

12-2 8 138 0.058 89300 221

9-2 6 90 0.0667 606300 165

6-3 L5 20 0.075 | 11066100 | 55

17-1 65 80 _ 0.0813 143000 221

C-D 32-1 1.5 - 77 ) 0.0974 15;220{) 110
18-1 1.5 71 0.1056 190000 165

20-1 8 74 0.1081 266400 165

17-2 8.5 75 0.1133 124000 221

16-2 1.5 63 0.119 112000 221

13-2 9 60 0.15 122600 221

14-1 8 44 0.1818 83000 221

19-3 6.25 32 0.1953 792600 165

D-E 15-2 20 86 0.2326 147500 221
13-1 11 313 | 0.3514 5500 221

E-F 2—;3_ 12.5 28 B 0.4464 | 1462000 110
15-3 11.5 22 0.5227 89000 221

Table 23: Quality Categories of Transverse Groove Weld Discontinuities by the Ratio
of Initial Discontinuity Size over Final Crack Size, r, by AASHTO Criteria
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Figure 1: AASHTO Fatigue Design Curves.
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Figure 2: Fatigue Test Setup and Specimens. Longitudinal Fillet Weld Specimen

Shown With Typical Test Fixture.
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Figure 3: Fritz Laboratory Test Setup Utilizing Amsler Jacks. Positive Loading Ratio
Only.
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Figure 3: Fritz Laboratory Test Setup Utilizing Amsler Jacks. Positive Loading Ratio
Only.
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Figure 5: ATLSS Laboratory Test Setup Utilizing TSS Jacks With Typical I-beam
Fatigue Test Setup That Allows for Reverse Loading.
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Figure 5: ATLSS Laboratory Test Setup Utilizing TSS Jacks With Typical I-beam
Fatigue Test Setup That Allows for Reverse Loading.
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Figure 6: Typical Splice of Groove Welded Test Beam. This Allowed for Continued
Testing of Other Details on the Beam.
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Figure 6: Typical Splice of Groove Welded Test Beam. This Allowed for Continued
Testing of Other Details on the Beam.
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Figure 7: Typical Fatigue Crack at Failure.
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Figure 7: Typical Fatigue Crack at Failure.
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Figure 8: Typical Pore in Longitudinal Fillet Weld Surrounded By "Halo" or Region
of Quasi-cleavage Crack Growth Possibly Associated With Hydrogen.
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Figure 8: Typical Pore in Longitudinal Fillet Weld Surrounded By "Halo" or Region
of Quasi-cleavage Crack Growth Possibly Associated With Hydrogen.
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Figure 9: Typical Solid Inclusion in Longitudinal Fillet Weld Surrounded by "Halo"
or Region of Quasi-cleavage Crack Growth Possibly Associated With Hydrogen.
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Figure 9: Typical Solid Inclusion in Longitudinal Fillet Weld Surrounded by "Halo"
or Region of Quasi-cleavage Crack Growth Possibly Associated With Hydrogen.
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Figure 10: Typical Microcrack Along the Weld Toe.
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Figure 11: Typical Incomplete Penetration of Two-sided Groove Weld in 9.5mm
Thick Web.

85



Figure 11: Typical Incomplete Penetration of Two-sided Groove Weld in 9.5mm
Thick Web.
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Figure 12: Typical Hydrogen Crack Observed on Fatigue Crack Surface at
Intersection of Longitudinal Fillet Welds and Transverse Groove Weld.
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Figure 12: Typical Hydrogen Crack Observed on Fatigue Crack Surface at
Intersection of Longitudinal Fillet Welds and Transverse Groove Weld.
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Figure 13: Typical Slag Inclusion in Transverse Groove Weld.
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Figure 13: Typical Slag Inclusion in Transverse Groove Weld.
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Figure 14: Penny Shaped Crack Gro;/th From a Circular Solid Inclusion in a
Longitudinal Fillet Weld Showing Crack Fronts As a Percentage of Total Fatigue
Life.
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Figure 15: Penny Shaped Crack Growth From an Irregularly Shaped Hydrogen
Related Crack in a Transverse Groove Weld Showing Crack Fronts As a Percentage of
Total Fatigue Life.
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Figure 16: Penny Shaped Crack Growth From an Irregularly Shaped Slag Inclusion
in a Transverse Groove Weld Showing Crack Fronts as a Percentage of Total Fatigue
' Life.
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Figure 17: Elliptical Crack in an Infinite Body Subjected to Uniform Tension
(Ref. 31).
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Figure 18: Initial Crack Size for Fatigue Life Prediction Models.
a) Circumscribed Radius Model
b) Inscribed Radius Model
¢) Equivalent Radius Model
d) Elliptical Model
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Figure 19: Fatigue Life of Longitudinal Fillet Weld Calculated Using the
Circumscribed Radius Model with Initial Discontinuity Size Determined From Halo
Dimensions.
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Figure 20: Fatigue Life of Longitudinal Fillet Weld Calculated Using the Inscribed
Radius Model with Initial Discontinuity Size Determined From Halo Dimensions.
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Figure 21: Fatigue Life of Longitudinal Fillet Weld Calculated Using the Equivalent
Radius Model with Initial Discontinuity Size Determined From Halo Dimensions.
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Figure 22: Fatigue Life of Longitudinal Fillet Weld Calculated Using the Elliptical
Model with Initial Discontinuity Size Determined From Halo Dimensions.

96



100000003

] Calculated = Actual Lifs _
o 1000000; o
3 ; o
T 9 e}
] 1 o
© . o

)

©  1000007" oF = e

. (=]

1 g e

1 a

Oom 14 ¥ 1 L LR L) 1 ] i 4 LR LR
100000 1000000 10000000
Actual Life
= Pores - G Solid Inclusions

)

Figure 23: Fatigue Life of Longitudinal Fillet Weld Calculated Using the
Combination Model with Initial Discontinuity Size Determined From Halo Dimensions.
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Figure 24: Fatigue Life of Longitudinal Fillet Weld Calculated Using the
Circumscribed Radius Model with Initial Discontinuity Size Determined From Actual
Discontinuity Dimensions.
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Figure 25: Fatigue Life of Longitudinal Fillet Weld Calculated Using the Inscribed
Radius Model with Initial Discontinuity Size Determined From Actual Discontinuity
Dimensions.
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Figure 26: Fatigue Life of Longitudinal Fillet Weld Calculated Using the Equivalent
Radius Model with Initial Discontinuity Size Determined From Actual Discontinuity

Dimensions.
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Figure 27: Fatigue Life of Longitudinal Fillet Weld Calculated Using the Elliptical
Model with Initial Discontinuity Size Determined From Actual Discontinuity
Dimensions.
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Figure 28: Fatigue Life of Longitudinal Fillet Weld Calculated Using the
Combination Model with Initial Discontinuity Size Determined From Actual
Discontinuity Dimensions.
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Figure 29: Fatigue Life of Transverse Groove Weld Calculated Using the
Circumscribed Model with Initial Discontinuity Size Determined From Halo
Dimensions.
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Figure 30: Fatigue Life of Transverse Groove Weld Calculated Using the Inscribed
Radius Model with Initial Discontinuity Size Determined From Halo Dimensions.
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Figure 31: Fatigue Life of Transverse Groove Weld Calculated Using the Equivalent
Model with Initial Discontinuity Size Determined From Halo Dimensions.
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Figure 32: Fatigue Life of Transverse Groove Weld Calculated Using the Elliptical
Model with Initial Discontinuity Size Determined From Halo Dimensions.
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Figure 33: Fatigue Life of Transverse Groove Weld Calculated Using the
Combination Model with Initial Discontinuity Size Determined From Halo Dimensions.
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Figure 34: Fatigue Life of Transverse Groove Weld Calculated Using the
Circumscribed Model with Initial Discontinuity Size Determined From actual
Discontinuity Dimensions.
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Figure 35: Fatigue Life of Transverse Groove Weld Calculated Using the Inscribed
Radius Model with Initial Discontinuity Size Determined From Actual Discontinuity
Dimensions.
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Figure 36: Fatigue Life of Transverse Groove Weld Calculated Using the Equivalent
Model with Initial Discontinuity Size Determined From Actual Discontinuity
Dimensions.
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Figure 37: Fatigue Life of Transverse Groove Weld Calculated Using the Elliptical
Model with Initial Discontinuity Size Determined From Actual Discontinuity
Dimensions.
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Figure 38: Fatigue Life of Transverse Groove Weld Calculated Using the
Combination Model with Initial Discontinuity Size Determined From Actual
Discontinuity Dimensions.

112



. 1000;
b EE ED CB'B
T
o -4
<
Q
(@]
S 100 .
T )
A ]
o 1
&N ]
10 T T R itTinT 1 8 | 3R SR ELARLE T LR R R RALAS T LER AR 1 T V11T
1000 10000 100000 1000000 10000000100000000

Number of Cyclcs

Figure 39: Quality Curves Derived Using the Circumscribed Radius Model and
Corresponding to AASHTO Design Curves.
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Figure 40: S-N Diagram Showing All Transverse Groove Weld Data With
r < 0.095 (Quality Category < C) and r = 0.095 (Quality Curve C)
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Figure 41: S-N Diagram Showing All Transverse Groove Weld Data With
r < 0.226 (Quality Category < C and C- D) and r = 0.226 (Quality Curve D)
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Figure 42: S-N Diagram Showing All Transverse Groove weld Data With
r < 0.421 (Quality Category < C, C-D and D - E) and r = 0.421 (Quality Curve E)
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Figure 43: S-N Diagram Showing All Transverse Groove Weld Data With
1 < 0.523 (Quality Category < C, C-D,D-Eand E - E’) and
r =0.697 (Quality Curve E’)
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Figure 44: S-N Diagram Showing All Longitudinal Fillet Weld Data With
r < 0.060 (Quality Category < B*), Lower 95% Confidence Bound and AASHTO
Curves B and B’.
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Figure 45: S-N Diagram Showing All Longitudinal Fillet Weld Data With
r < 0.095 (Quality Category C), Lower 95% Confidence Bound and AASHTO Curves
B and B’.
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Figure 46;: S-N Diagram Showing All Longitudinal Fillet Weld Data With
r < 0.421 (Quality Category D+), Lower 95% Confidence Bound and AASHTO
Curves B and B’.
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