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ABSTRACT

The current design equations in the structural steel design standards in North
America (CSA-S16 and AISC Specification) for the design of fillet welds permit an
increase in fillet weld strength as the angle between the weld axis and the direction the
applied load increases, based primarily on the work of Miazga and Kennedy (1989) and
Lesik and Kennedy (1990). The permissible increase in predicted strength is 50% for
welds loaded transversely. Such a drastic increase has recently been the subject of
concern, since the design model was based on the experimental results of only one filler
metal (E7014) and a welding process (shielded metal arc welding (SMAW)) not widely
used by the steel fabrication industry for production work. Although E7014 electrodes
have no specified toughness requirement, the level of toughness was not determined and
may have been influential to the strength and ductility of fillet welds.

The objective of this research program is to expand the experimental work of
Miazga and Kennedy on transverse fillet welds and to investigate the influences of a wide
variety of parameters on transverse fillet weld behaviour. The research is intended to
confirm the applicability of the current design model to a broader range of filler metal
types, namely, flux core arc welding (FCAW) filler metals with and without a specified
toughness. A total of 102 transverse fillet weld specimens were tested to assess the
influences of the following parameters: filler metal classifications with and without a
specified toughness; SMAW vs. FCAW filler metals; fillet weld size and number of
passes; electrode manufacturer; steel fabricator (welder); weldment geometry (lapped

splice vs. cruciform); and low temperature.
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1. INTRODUCTION

1.1 General

The behaviour of fillet welds has been known for decades to be a function of the
direction of the applied load with respect to the weld axis. Experimental studies have
shown that fillet welds loaded transversely (perpendicular to the axis of the weld) tend to
have the upper bound of strength, but the lower bound for overall connection ductility,
and those loaded longitudinally (parallel to the axis of the weld) tend to have the lower
bound of strength, but the upper bound for overall connection ductility. This research
program investigates the behaviour of transverse fillet welds made with filler metals with
and without a toughness requirement specified in the governing AWS specification. It
also assesses, for a variety of types of filler metal and different welding processes, the
applicability of the design equations currently used in North America for predicting the

capacity of transverse fillet welds.

1.2  Background

Miazga and Kennedy (1989) proposed a method to predict the strength of fillet
welds based on the maximum shear stress failure criterion. This analytical result was
compared with their own test results, as well as those of others (Butler and Kulak, 1971,
Clark, 1971; Holtz and Hare, unpublished data). Lesik and Kennedy (1990) extended the
experimental work done by Miazga and Kennedy (1989), and proposed a simplified
equation, for which predicted weld strength deviates from that predicted by the Miazga
~ and Kennedy (1989) by less than 1.5%. This equation is a function only of the direction
of load and takes the form of a multiplier that is applied to the longitudinal fillet weld
strength:

V,/V,=1.0+0.50sin"’ 8 [1.1]

where V, /V, is the ratio of the strength of the fillet weld (oriented at an angle &) to that

of an equal size longitudinal fillet weld, and € is the angle between the weld axis and the
direction of load. This design method forms part of the current Canadian structural steel

design standard, CSA-S16 (CSA 2001), to predict the load capacity of fillet welded



connections, and has been recently adopted in Appendix J of the American Institute of
Steel Construction vspecification (AISC 1999). This method predicts that a transverse
fillet weld has 50% more capacity than an equal size longitudinal fillet weld. This drastic
increase in load capacity has recently been a subject of concern since Miazga and
Kennedy (1989) performed all their tests using only one type of filler metal, E7014, and a
welding process, shielded metal arc welding (SMAW), not commonly used by the steel
fabrication industry for production work. E7014 filler metal does not have specified
toughness requirements; however, the level of its toughness was not determined and may

have been influential to the strength and ductility of the fillet welds.

Besides the uncertainty of the influence of filler metal toughness to the strength of
fillet welds, many parameters may also be influential to the behaviour of fillet welded
connections. These parameters are steel fabricator, filler metal manufacturer, weld size
and number of weld passes, stress level of the base plate and surrounding temperature.
The quality control of a steel fabricator affects the performance of fillet welds directly.
The performance is highly dependent on the skill of the welder and the heat input, which
1s related to the voltage and current settings during the welding process. The chemical
composition of filler metals is another factor influencing the behaviour of fillet welds.
Different electrode manufacturers may produce filler metals with different chemical
compositions, each conforming to the same AWS specification, and this may result in
different performance of fillet welds. Number of weld passes may be a factor affecting
the behaviour of fillet welds because failure may tend to follow the interface between
passes. Fillet welds that fail prior to the yielding of base plate may have a higher ultimate
capacity because the amount of restraint from the base plate may be influential.
Decreasing the temperature of steel results in a decrease in toughness. The change of

toughness may be influential to the strength and ductility of fillet welds.

13 Objectives
The objectives of this study are:

1. to extend the experimental program of Miazga and Kennedy (1989) on transverse
fillet welds to include flux cored arc welding (FCAW) and filler metals with a

toughness requirement.



2. to confirm the applicability of the current provisions of design standards to a

broader range of filler metal types.

3. to investigate the influence of each of the following parameter on the behaviour of

transverse fillet welds:

steel fabricator

- electrode manufacturer
- weld size and number of passes
- root notch orientation

- surrounding temperature

1.4  Scope

A series of 102 transverse fillet weld specimens were tested: ninety-six double
lapped splice and six in a cruciform configuration. The latter were tested to investigate
the effect of the root notch orientation imposed by the weldment geometry on weld
behaviour.  Although specimens were prepared primarily using FCAW, nine test
specimens were prepared using SMAW with E7014 filler metal, to provide a direct
comparison to the results of Miazga and Kennedy. Two FCAW filler metals (E70T-4
and E70T-7) without a specified toughness requirement and two FCAW filler metals
(E70T7-K2 and E71T8-K6) with a specified toughness requirement were investigated.
Two weld sizes, 6.4 mm (1/4 in.) and 12.7 mm (1/2 in.), have been included in this study.
The former were deposited in one pass and the latter in three passes. Welds with multiple
passes were included, in part, to investigate the effect of potential tempering of the root
pass by the deposition of subsequent passes. Two local steel fabricators and filler metals
from two large manufacturers were used in this study to assess the associated resulting
variability in fillet weld behaviour. Three specimens were tested at —50°C to determine
the effect of low temperature. In all cases, tests were conducted in triplicate to provide a
means of assessing statistically the variability of the parameters investigated. The level
of safety of fillet welds provided by current design methods is assessed by evaluating the

safety index.



2. LITERATURE REVIEW

2.1 General

This review of the behaviour of fillet welds covers experimental and theoretical
studies from the early 1960s to the present. The focus is primarily on the behaviour of
transverse fillet welds (loads perpendicular to weld axis). However, longitudinal fillet
welds (loads parallel to weld axis) and fillet welds loaded at intermediate angles, as well

as fillet weld groups are also reviewed briefly.

The majority of transverse fillet weld tests described in the literature were
conducted using lap spliced specimens that were prepared using filler metal without a
specified toughness requirement. In general, the shielded metal arc welding process
(SMAW) was used, although a few recent test specimens were prepared by the flux core
arc welding process (FCAW). Prior to the tests conducted as part of this research, results
of specimens prepared using filler metal with a toughness requirement explicitly
specified in the associated electrode classification standard were not available.
Moreover, no tests were discovered in the literature where the base plates yielded before
weld fracture, despite the fact that the reduced restraint (to the weld) of this condition
could result in lower weld capacities. A few experimental research programs have been
conducted using cruciform specimens for transverse fillet welds, which provides a more

severe stress condition than does the lap splice.

It is widely accepted that transverse fillet welds define the upper bound strength
and lower bound ductility, and longitudinal fillet welds define the lower bound strength
and upper bound ductility. This concept has been verified by several of the early studies.
The most significant experimental studies on the behaviour of fillet welds were
conducted by Higgins and Preece (1969), Clark (1971), Butler and Kulak (1971), Butler
etal. (1972), Biggs etal. (1981), Swannell (1981), Kamtekar (1982), Pham (1983),
Mansell and Yadav (1985), Miazga and Kennedy (1989), and Bowman and Quinn

(1994). As well, a significant amount of theoretical research has been done, as described

in the next section.



2.2  Experimental and Theoretical Studies on Fillet Welds
2.2.1 Ligtenburg

An international test series involving fillet weld specimens loaded in tension was
reported by Ligtenburg (1968). Including Canada, ten countries participated in this
study. Each country performed separate tests on longitudinal and transverse fillet welds
with the weld tensile strength ranging from about 450 MPa to 580 MPa. The strength of
transverse fillet welds was found statistically to be 1.59 times that of equivalent

longitudinal fillet welds.

2.2.2 Higgins and Preece

With the objective of reevaluating the conclusions of an experimental program
published by the American Welding Society in 1931 in order to account for subsequent
changes in welding procedures and the increased use of higher strength materials, a series
of 168 tests on longitudinal and transverse fillet welds were conducted by Higgins and
Preece (1969). A variety of SMAW electrodes (E60XX, E70XX, E90XX and E110XX),
base metals (ASTM A36, A441 and A514), fillet sizes (6.35 mm (1/4in.), 9.53 mm
(3/8 in.), and 12.7 mm (1/2 in.)), and weld lengths (from 38.1 mm (1-1/2 in.) to 102 mm
(41in.)) were used in this study. Two steel fabricators were used to produce test
specimens. To determine the influence of dilution on the strength of the fillet weld when
the mechanical properties of weld metal are different than those of the base metal,
combinations of strong base metal with weaker weld metal and strong weld metal with
weaker base metal were investigated. For each combination of electrode classification,

base metal, and size and type of weld, a total of six tests were conducted—three by each

fabricator.

It was reported that 6.35 mm fillet welds made with E110XX filler metals on steel
having tensile strength 36% less than that required for these electrodes were only 8%
weaker than those deposited by the same filler metals on A514 steel. Conversely, same
size fillet welds made with E70XX filler metals on AS514 steel having a tensile strength
65% greater than that required of the filler metals were only 2% stronger than those
deposited on steel having approximately the same mechanical properties as the filler

metals. For welds made by E70XX electrodes and deposited on matching base metals



(A441), the average factor of safety for transverse fillet welds was 1.57 times that of
longitudinal fillet welds. (The allowable stress was 0.3 times the specified tensile
strength of the electrode.) The fracture planes of longitudinal welds generally were less
than 45° to the plane of the specimen and of transverse welds were about 0°, although the
value was not reported explicitly. The fracture surfaces of the transverse fillet welds
were relatively smooth, whereas those of the longitudinal welds consisted of a series of

helical-shape tears.

2.2.3 Clark

Results of 18 fillet weld specimens, all with a nominal leg size of 8 mm, were
reported by Clark (1971). This series of specimens included 0°, 30°, 60° and 90° fillet
weld orientations. The filler metal classification and base metal grade were not reported.
The load-deformation curves of these fillet welds were generally similar to those obtained
by Butler and Kulak (1971). The results showed an increase in strength of approximately
70% as the angle between the direction of load and the weld axis changed from 0° to 90°.
The longitudinal welds also exhibited significantly more deformation at rupture than did

the transverse welds.

Clark (1971) also presents a review of several strength models and design code
provisions for fillet welds. It was reported that all theoretical stress models, including
principle stress theory, maximum shear stress theory, and strain energy criteria, with the
yield stress replaced by the ultimate stress in the equations, underestimated the true
strength of fillet welds. The author argued that the restraint resulting from the base plate
is an important factor in explaining the discrepancy between theoretical and tested

strengths. Considerable discrepancies among the design codes reviewed were reported.

2.2.4 Butler and Kulak

A series of 23 6.35 mm (1/4 in.) fillet weld specimens were tested by Butler and
Kulak (1971) to establish the load-deformation response of fillet welds loaded in different

directions, namely 0° (longitudinal), 30°, 60°, and 90° (transverse) to the weld axis. The

specimens were prepared using E60XX electrodes and G40.12 steel plate, with a



specified yield stress of 300 MPa (44 ksi) and a minimum tensile strength of 430 MPa
(62 ksi).

The test results showed that the increase in strength of the fillet welds was
approximately 44% as the angle of load changed from 0° to 90°. It was also reported
based on measured deformations across the welds that the ductility of specimens loaded
longitudinally was nearly four times that of those loaded transversely, although if the
reported deformations are converted to strains, there is little variation in ductility with
weld orientation. An empirical equation was obtained to predict the load capacity as a
function of the direction of the applied load to the weld axis:

_ 10+6
“0.92+0.06036

[2.1]

where R, is the ultimate load per unit length (kips/in.), and @ is the angle between the

direction of load and the weld axis (degrees). Another empirical equation was proposed

that predicts the full load vs. deformation response.

2.2.5 Butler, Pal and Kulak

A series of 13 tests were conducted by Butler, Pal, and Kulak (1972) on full-size
eccentrically loaded fillet welded connections to investigate the behaviour of weld groups
subjected to a combination of direct shear and moment. The test welds, made with
E60XX electrodes and having a nominal leg dimension of 6.4 mm (1/4 in.), consisted of a
central beam with two web angles (back to back) at each end. The legs of these web
angles were connected by bolts to support arms and by fillet welds (the test welds) to the
web of the beam. The central beam was a 0.6 m (2 ft.) long section cut from an
S610x149 (S24x100) shape. Both the beam and the angles were A36 steel. Eight
specimens had a vertical test weld only (weld length ranged from 203.2 mm to 406.4 mm
(8 in. to 16 in.)) and the eccentricity of load varied from 152.4 mm to 406.4 mm (6 in. to
16in.). The remaining five had the test weld around the angle in a C-shaped
configuration. The length of the horizontal welds configuration was either 76.2 mm,

101.6 mm, or 1524 mm (3in., 4in., or 6in.), while the vertical leg varied from



152.4 mm to 304.8 mm (6 in. to 12in.). The eccentricity of load (measured from the

vertical weld) varied from 127.0 mm to 406.4 mm (5 in. to 16 in.).

A theoretical method was developed for predicting the ultimate loads of
eccentrically loaded fillet welded connections. This method is based on the actual load-
deformation response of elemental fillet weld segments and takes into account the
variation in fillet weld strength with respect to the direction of the applied load. The

model is based on the following assumptions:

1. The weld group, under an eccentric load, rotates about an instantaneous centre

of rotation.

2. The deformation which occurs at any point in the weld group varies linearly
with the distance from the instantaneous centre and acts in a direction

perpendicular to a radius from that point.

3. The ultimate capacity of a connection is reached when the ultimate strength

and deformation of some element of weld is reached.

4. The ultimate strength of a fillet weld subjected to a tension-induced shear is

the same as for a similar weld loaded in compression-induced shear.
5. The line of action of the load is parallel to a principal axis of the weld group.

The theoretical method was verified by the test results and reasonable agreement

was obtained.

2.2.6 Biggs, Crofts, Higgs, Martin, and Tzogius

The experimental results of fillet weld tests conducted by four of the individual
authors, Biggs (1977), Crofts (1974), Higgs (1975), and Tzogius (1980), were
summarized in Biggs efal. (1981) along with several theories for the prediction of
strength. The specimens used by Biggs (1977) were cruciform configurations with
transverse loading in two orthogonal directions. Crofts (1974) and Higgs (1975) used a
beam-type loading arrangement which produced combinations of stresses in the
longitudinal and transverse directions to the fillet weld axis. All three test programs used

welds cut to 15 mm in length and machined to a uniform face profile having equal leg



lengths of 4 mm. Tzogius (1980) tested welds with several different lengths that were

subjected to torsional and shear forces.

It was shown that the fracture angles varied for fillet welds subjected to different
directions of load and relationships were presented for predicting the angle. An elliptical
relationship of the average normal and shear stresses on the fracture plane was proposed.

The theory was compared with the experimental results.

2.2.7 Swannell

The fundamentals of weld group design were reviewed by Swannell (1981a,
1981b). As a basis for the design of eccentrically loaded weld groups, idealized tri-linear
load-deformation relationships were proposed for fillet welds at different angles to the
direction of load. The relationships were based on the results of a series of tests
conducted by the author on 6.35 mm (1/4 in.) welds and were compared and contrasted to
those recommended earlier by Butler and Kulak (1971). An ultimate load model was
then developed by assuming the initial position of an instantaneous centre of rotation
associated with relative displacements between connected plates. By an iterative
procedure, satisfying the equations of equilibrium with the specified applied load, the

final position of the instantaneous centre can be found.

The model was used to predict the results of 21 tests conducted by the author on
eccentrically loaded weld groups of different configurations. All welds had a 6.35 mm
(1/4 in.) leg size. The model was also used to predict the results of the eccentrically
loaded weld specimens reported by Butler e al. (1972) using both the load-deformation
response for individual welds of Butler and Kulak (1971) as well as the tri-linear
response proposed by the author. In most cases, the predictions of the model were in

good agreement with the empirical studies.

2.2.8 Kamtekar

Kamtekar (1982) developed theoretical models, each based on an idealized three-
dimensional equivalent force system, for predicting the strength of both transverse and
longitudinal fillet welds. The models use a principal stress approach with the assumption

that the weld metal obeys the von Mises yield criterion with the yield stress replaced by



the ultimate stress. Failure of the weld is assumed to occur on the plane of maximum
shear stress. Longitudinal residual stresses were taken into consideration, but the small
transverse residual stress was neglected. The analytical results were compared with the
experimental results of Freeman (1931) and Kato and Morita (1969, 1974). The
theoretical predictions were generally lower than the experimental results but were in

most cases within 15%.

Kamtekar (1982) extended his model to account for welds with unequal legs. For

transverse fillet welds, it was found theoretically that the plane of maximum shear stress
is inclined at an angle of (45—)° to the base plate, where o is the angle between the
shear leg and the face of the weld, as shown in Figure 2.1. Also, for constant weld cross-
sectional area, it was found that the applied load became the maximum when ¢« =30°.

For longitudinal welds, the plane of maximum shear is the weld throat in all cases.

Based on his models for transverse and longitudinal welds, Kamtekar (1987)

developed a general equation for predicting the capacity of fillet welds loaded in any

direction:

o,dL

J6—3sin? @

where o, is the ultimate tensile strength of weld metal, d is the weld leg size, L is the

P= [2.2]

weld length, and @ is the angle of the weld axis to the loading direction. This expression
predicts that the load capacity of transverse fillet welds is 41% greater than that of
longitudinal fillet welds. For stress-relieved transverse welds, the predicted capacity is
13% lower than for those with residual stresses, while the presence of residual stresses is
predicted to have no effect for longitudinal welds. A general equation for predicting the
capacity of stress-relieved fillet welds at any angle to the load direction was also

presented:

o,dL

J6-2sin’ 8

This expression predicts that the load capacity of transverse fillet welds is 22% more than

P= [2.3]

that of longitudinal fillet welds. The theoretical predictions were compared with the
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experimental results of Butler and Kulak (1971), Clark (1971), and Swannell (1981) and

reasonable agreement was found.

2.2.9 Pham

The effect of size on the static strength of transverse fillet welds on 36 ITW
recommended cruciform specimens and longitudinal fillet welds on 36 Werner specimens
were investigated by Pham (1983). The specimens were prepared with FCAW and SAW
(submerged arc welding) process. Three nominal weld leg sizes were investigated:

6 mm, 10 mm, and 16 mm.

Considerable local plastic deformation was observed around the heat-affected
zone of the transverse cruciform specimens. The failure loads indicated that the load
capacity was primarily a function of the actual (including weld reinforcement and
penetration) throat size. For the FCAW specimens, including transverse cruciform and
longitudinal Werner specimens, there was a marked reduction in strength for welds
having throats up to 8 mm (11.3 mm leg size), but there was no further reduction for
larger welds. For longitudinal FCAW specimens, the failure surfaces were along the
throat plane. Large longitudinal welds showed better ductility than small welds. This

observation was the opposite of the results from cruciform specimens which have

transverse welds.

2.2.10 Kennedy and Kriviak

A review of experimental results on the strength of fillet welds loaded in the
longitudinal and transverse directions was conducted by Kennedy and Kriviak (1985).
The authors argued that the vector sum approach for designing fillet welds wherein the
strength of longitudinal welds is used as the limiting criterion is very conservative. In
addition to presenting interaction equations proposed by others, two new interaction
relationships were proposed for the design of fillet welds loaded in both the longitudinal

and transverse direction simultaneously.
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2.2.11 Mansell and Yadav

Mansell and Yadav (1982) reported the test results of a series of longitudinal and
transverse fillet welds. Test specimens were the standard IIW (International Institute of
Welding) specimens and were tested under tension and compression. Specimens were
prepared using Australian E41 electrodes with a mean tensile strength of 558 MPa. It
was reported that a variation of texture occurred on the fracture surfaces of transverse
fillet weld specimens. The texture near weld root indicated that that portion was less
ductile. Also the texture showed a varying degree of triaxiality of stress along the weld
length. Size effect was also reported. Minor variations in weld size had no statistically
significant effect on the average stress at fracture. However, the reduction in strength of

larger welds was measurable.

2.2.12 Miazga and Kennedy

An experimental program was conducted by Miazga and Kennedy (1986, 1989).
This experimental program included 42 fillet weld specimens prepared using E7014
electrodes and the SMAW process. Two weld leg sizes with seven loading angles
ranging from 0° to 90°, with a 15° increment, were investigated. The specimens were
designed to have the weld fracture before yielding of the plates. The ratio of the mean
ultimate strength of the transverse to longitudinal fillet welds for the 5 mm and 9 mm
welds were found to be 1.28 and 1.60, respectively. The higher strength in the transverse

welds was attributed to the larger failure surface arising from the smaller fracture angle,

and lateral restraint from base plate.

Miazga and Kennedy (1986) argue that the tensile strength of the weld metal at
the weld root on an elastic base plate could be substantially higher than that obtained
from the unrestrained all-weld-metal tension coupons because of the restraint in both
directions perpendicular to the direction of load from the elastic base plate. The fracture
surface of transverse welds was found to exhibit a transition from brittle fracture at the

weld root to ductile fracture near the weld surface.

The fracture planes were not well-defined, but rather on uneven surfaces. For the

specimens with 9 mm legs, made with three passes, and at loading angles of 30° to 90°, it
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was observed that after initial cracking, the crack tended follow the weld pass interface.
For the same type specimens with 0° and 15° loading angles, the cracks propagated
across weld-pass interfaces. The average fracture angles were found to be 49° for

longitudinal welds and 14° for transverse welds.

When normalizing the measured deformations by dividing by the gauge lengths, a
non-dimensional quantity, strain, is obtained. By comparing the strains of fillet welds
loaded at different angles, it was concluded that the ductility of the fillet weld is

independent of the loading angle.

An analytical model was developed by Miazga and Kennedy (1986, 1989). The
analytical results were compared with the experimental results of the 42 specimens.
Three failure theories were used to predict the ultimate behaviour of fillet welds, namely
maximum shear stress theory, maximum normal stress theory, and elastic strain energy of
distortion theory. The maximum normal stress theory did not correlate well with the test
results. The von Mises shear energy of distortion theory and the maximum shear stress
theory were both in reasonable agreement with the test results. The von Mises theory
predicted the fracture angles generally greater than those observed, especially for
transverse fillet welds. The maximum shear stress theory predicted both ultimate loads
and fracture angles well. This suggested that shear stress dominated the behaviour of
fillet welds. The authors proposed an equation, based on the maximum shear stress
theory, to predict the ratio the strength of a weld loaded at any angle to that of an
equivalent longitudinal weld, as a function of the weld angle and the predicted fracture
angle. The mean test/predicted ratio for the 42 tests was 1.004 with a coefficient of

variation of 0.087.

2.2.13 Lesik and Kennedy

Lesik and Kennedy (1988, 1990) extended the work of Miazga and Kennedy
(1989) to consider the strength of fillet welds loaded eccentrically in-plane using the
method of instantaneous centre of rotation. A simplified expression to predict the

strength of fillet welds loaded in various directions was developed:

P, = P,(1.00+0.50sin"’ 8) [2.4]
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where P, is the load capacity of the fillet weld subjected to any direction of load, F, is

the load capacity of an equivalent longitudinal fillet weld, and & is the angle between the
direction of load and the weld axis. In the previous version of CSA Standard S16.1, the

load capacity of longitudinal fillet weld was:
P, =0.67¢A X, [2.5]

where ¢ is the performance factor, A, is the theoretical throat area and X, is the

ultimate tensile strength of weld metal. By substituting [6] into [5], it became the current

CSA Standard design equation:
P, =0.67¢A, X, (1.00+0.50sin"’ 8) [2.6]

This empirical expression is in good agreement with the theoretical relationship
developed by Miazga and Kennedy, and predicts an increase in strength of 50% as the

direction of load changes from longitudinal to transverse.

Two empirical equations:

‘Z" =0.209(8 +2)™**# [2.7]
Af —0.65
—d—=1.087(9+6) : [2.8]

were developed to predict fillet weld deformations as a function of the direction of load.

A, and A, are the deformations at ultimate load and at failure, respectively. They are

normalized by d , which is the leg size of the fillet weld.

2.2.14 Bowman and Quinn

A study of the influence of geometrical factors that influence the behaviour of
fillet welds was presented by Bowman and Quinn (1994). This experimental program
included 18 specimens, including longitudinal and transverse specimens with three leg
sizes, 6.35 mm (1/4 in.), 9.53 mm (3/8 in.), and 12.7 mm (1/2 in.), and three different root
gap configurations. The welds were prepared using E7018, low hydrogen, 4.76 mm
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(3/16 in.) diameter electrodes. The ratio of strength of transverse/longitudinal fillet welds

ranged from 1.3 to 1.7 for the ungapped specimens.

The shear stress was calculated as the failure load divided by the measured
fracture surface area. It ranged from 85 to 99% of the average weld metal tensile
strength, which is higher than the strength predicted by von Mises failure criterion. The
average fracture angle was 15° and 60° for the transverse and longitudinal (ungapped)

specimens, respectively. The fracture surfaces were not planer.

For transverse specimens, the larger welds did not demonstrate a significant
decrease in strength. The 12.7 mm (1/2 in.) specimens showed only a 4.5% lower
strength than the measured strength of the 6.35 mm (1/4 in.) specimens. For the
longitudinal specimens, the larger welds did demonstrate a significant decrease in
strength. The authors argued that the reduction of strength was not strictly due to the
increase in leg size, but the fact that larger welds teﬁd to have a less convex profile also
contributed. Large transverse welds did not show significant reduction in strength
because transverse welds failed at a smaller angle where the weld reinforcement was
small for every size of weld. It was concluded also that the dimple in the exposed weld

profile of multi-pass welds contributed to the reduction of strength in longitudinal welds.

2.2.15 Iwankiw

A rational basis for increased fillet weld strength of transverse over longitudinal
welds was derived from first principles by Iwankiw (1997). An analytical first order
derivation of the general fillet weld strength as a function of the direction of load was
based on the three-dimensional equilibrium of the theoretical throat, and assuming equal

weld leg size. An expression of fillet weld load capacity as a function of the direction of

2
P, = —_— .
’ P"\} (2-sin’ 6) (291

The ratio of P,/P, predicted by Equation 2.9 was compared with the one predicted by

load was presented:

AISC LRFD Specification (AISC 1999) Appendix J2.4, which is also shown herein as
Equation 2.4. The predictions of Equation 2.9 were always lower than those of AISC
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Appendix J2.4. Equation 2.9 predicted that the load capacity for a fillet weld loaded

transversely is 41% higher than one loaded longitudinally.

2.3 Summary

Fillet weld behaviour has been investigated using experimental and theoretical
approaches in many studies. Transverse, longitudinal, and fillet welds with intermediate
loading angles have been studied. It is widely accepted that the capacity of fillet welds is
a function of the direction of the applied load. As the angle between the direction of load

and the weld axis increases, the capacity of fillet welds increases.

This literature review shows that the majority of transverse fillet weld tests were
conducted on welds made with SMAW filler metals. Only a few recent research
programs used fillet welds made with FCAW electrodes. Test results of fillet welds
made with filler metals with a specified toughness requirement are not available in the
literature and the level of toughness of the filler metals used is seldom evaluated. In
general, transverse fillet weld test results presented in the literature were mainly
conducted on fillet welds with a lapped splice configuration; results for fillet welds in
weldments having a cruciform configuration are very limited. The behaviour of fillet
welds at low service temperature was not investigated in any of the previous studies.
Moreover, it is found that test results of fillet welds with base plates that yielded prior to

weld fracture are not available.

In order to expand the pool of data on transverse fillet welds to include data for
FCAW filler metals and filler metals with a toughness requirement, an experimental
program on fillet welds made with these filler metals is needed. As the root notch
orientation of cruciform configured weldments may influence the fillet welds behaviour,
there is a need to test cruciform splices. The effect of low temperature on the behaviour
of fillet welds was not determined in the previous studies, so an investigation of fillet
welds tested at low temperature is needed. The restraint from an elastic base plate may
result in welds with higher strength than those with plates that yield prior to weld
fracture. Therefore, tests of fillet welds on base plates that have yielded before weld

fracture is also need.
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Figure 2.1 — Plane of Maximum Shear Stress of Unequal Leg Fillet Weld
(after Kamtekar 1982)
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3. EXPERIMENTAL PROGRAM

3.1  Test Specimens
3.1.1 General

Five classifications of filler metal (E7014, E70T-4, E70T-7, E70T7-K2, and
E71T8-K6) and two different welding processes (FCAW and SMAW) were used to
produce the test specimens, resulting in a total of 102 fillet weld specimens. Two fillet
weld specimen configurations (double lapped splice and cruciform) are included in this
study. All-weld-metal and base plate tension coupons, and Charpy V-notch coupons
were fabricated to determine the material tensile properties and fracture toughness.
Chemical pads for each classification of filler metal were also prepared for chemical
analysis. All base plates were supplied by the same fabricator and welds for each type of
filler metal were made by both steel fabricators from the same spool of electrode wire to
ensure that the steel fabricator would be the only parameter of variation for cases having

the same filler metal classification and manufacturer.

Two steel fabricators (welders) and the products of two welding electrode
manufacturers were used to produce the test specimens for this research. The steel
fabricators were Waiward Steel Fabricators Ltd. (W) and Supreme Steel Ltd. (S), both of
Edmonton, Alberta, Canada. The electrode manufacturers were Hobart Brothers Co. (H)
and Lincoln Electric Co. (L). In most tables and graphs, the company names are
identified only by the letter designations shown above in brackets. Throughout this
report, the names of the companies have been abbreviated to Waiward, Supreme, Hobart,

and Lincoln, respectively, for brevity.

Test specimens are identified alphanumerically. T stands for transverse lapped
splice specimen, C stands for cruciform specimen, and A stands for ancillary test
specimen. The number immediately after the letter is the assembly number and the last
number (following a hyphen) is the specimen number of the assembly. For example,
T2-1, is the first lapped splice specimen from assembly 2. Due to the relatively large
number of variables involved, for convenience each specimen has been assigned an

identifier in the form E7XXX(M)F S, where E7XXX is the filler metal classification.
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Although the SI system of units is the primary system used in this report, AWS
designations for filler metal classifications are used for reasons of familiarity and
readability. E7XXX filler metals are equivalent to Canadian E49XX filler metals, as
specified in CSA-W48 (CSA 2001). The letter inside the brackets indicates the electrode
manufacturer (H for Hobart and L for Lincoln). The letter immediately after the brackets
indicates the steel fabricator (W for Waiward and S for Supreme). The specified fillet

weld leg size, in millimeters, follows.

3.1.2 Filler Metals

The first type of filler metal (E7014) is a shielded metal arc welding (SMAW)
electrode and the rest are flux cored arc welding (FCAW) electrodes. The first three have
no specified toughness requirement, while the fourth and fifth (E70T7-K2 and
E71T8-K6) have a specified toughness requirement of 27 J (20 ft-1bf) at -29°C (-20°F).
Welding electrodes are from two electrode manufacturers, namely, Hobart and Lincoln.
A single electrode classification could not be used for filler metals with a specified
toughness for direct comparison because the two wire manufacturers did not offer
products with the same conformance. However, in consultation with AISC Task
Committee 7, E70T7-K2 and E71T8-K6 electrodes were deemed to be equivalent for the
purposes of this study. Table 3.1 shows a description of the filler metals used, including

the lot numbers of the spools.

3.1.3 Base Plates

All plates were specified to meet the requirements of CSA-G40.21 grade 350W
(or ASTM AST72 grade 50) steel. In the case of the 6.4 mm (1/4in.) leg fillet weld
specimens made using E7014 electrode, plates were designed to remain elastic during the
tests for consistency with the tests conducted by Miazga and Kennedy (1986). In the
other cases, plate thicknesses and heats were selected so that the plate would yield prior

to fracture of the welds in order to minimize the amount of restraint to the weld region

near the ultimate load.
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3.1.4 Fillet Weld Specimens

Table 3.2 shows a description of the test matrix of this research. In every case,
three nominally identical specimens were cut from a single assembly, then milled to a
width of 76 mm (3 in.). The assemblies provided generous run-on and run-off regions in
order to provide uniform weld quality within the test specimens. Ninety-six test
specimens were fabricated as double lapped splice joints, as shown in Figure 3.1a, and
six specimens were fabricated in a cruciform configuration, as shown in Figure 3.1b.
Because it was believed that the root notch orientation might influence the behaviour of
fillet welded connections, the latter specimens were prepared to investigate the weldment
geometry. In order to reduce both the preparation time and the amount of required
instrumentation, two welds from each specimen were reinforced to ensure failure would

occur in one of the two test welds, as indicated in Figure 3.1.

3.1.5 Ancillary Test Specimens

All-weld-metal tension coupons, Charpy V-notch impact test specimens, and
chemical pads were fabricated for all types of filler metal and by both fabricators, except
that chemical pads were produced only by Waiward. The weld metal tension coupons
and Charpy V notch impact specimens were machined from a standard groove welded
assembly fabricated in accordance with Clause 8 of ANSI/AWS A5.20 (AWS 1995) for
the FCAW specimens and Clause 8 of ANSIVAWS A5.1 (AWS 1991) for SMAW
specimens. Both the tension and impact specimens were prepared—and the tests carried
out—in accordance with ASTM standard A370 (ASTM 1997). The chemical pads,
prepared in accordance with Clause 9 of ANSIVAWS AS5.20 (AWS 1995) and
ANSIVAWS AS5.1 (AWS 1991), were deposited so that analyses could be carried out to
determine whether the chemical compositions meet the requirements of the applicable
AWS specifications. The ancillary specimens were produced using the welding wire

from the same spools as for the fillet weld specimens.

Although the precise properties of base metal are not considered to affect the
behaviour of fillet weld significantly, full thickness material tension coupons were

prepared to confirm compliance with the standard. Two tension coupons were prepared
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for each nominal plate thickness resulting in a total of eight coupons. The tests were
conducted in accordance with ASTM standard A370 (ASTM 1997).

As shown in Table 3.2, two weld metal tension coupons were prepared for each
type of filler metal, except in the case of the E70T-4 filler metal produced by Hobart and
deposited by Waiward. In this special case, five coupons (three from one assembly and
two from another) were prepared to assess the repeatability of the results. Six Charpy
impact V notch specimens were prepared for each type of filler metal for testing at three
different temperatures, namely, -29°C, 21°C and 100°C (two coupons at each
temperature). The lowest temperature is the temperature at which the E70T7-K2 and
E71T8-K6 weld metals have a toughness requirement of 27 J specified by the standard
(AWS 1998). The highest temperature provides an estimate of the upper shelf toughness.

Rockwell B and C hardness tests were conducted on some fillet welds, both prior
and subsequent to failure in the transverse tension tests. For comparison of the effect on
hardness (generally considered to be closely associated with tensile strength) of the two
distinctly different welding procedures, hardness tests were also conducted on some

Charpy V-notch impact test coupons cut from the groove welded assembly.

3.1.6 Specimen Fabrication

Waiward used an automated welding track (Figures 3.2a) and Supreme used a
semi-automatic process (Figure 3.2b) to produce the fillet weld specimens in order to
emphasize the differences that might occur between two steel fabricators. All specimens
were welded in horizontal position. Fillet welds with 6.4 mm legs were welded in a
single weld pass, and those with 12.7 mm legs were welded in three passes. The welding
procedure specifications used by both Waiward and Supreme are shown in Tables Al
and A2, respectively, of Appendix A. Weld root penetration and the extent of fusion
were determined by etching selected specimens for visual examination. Photographs of
the etched sections are shown in Appendix B. In general, good weld penetration was

revealed.

Figure 3.2¢ shows the welding of a cruciform specimen in progress. Figure 3.2d

shows the plate assemblies used for producing the all-weld-metal tension coupons and the
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Charpy V-notch impact test specimens. The preset that can be seen in the photograph
offsets the weld shrinkage.

3.2  Transverse Fillet Weld Experimental Program
3.2.1 Preparation of Specimens

Detailed pre-test measurements were performed on each specimen. The
dimensions of the weld legs and throat of both test welds were measured at eight
locations along the weld length. Leg dimensions were measured using a digital caliper.
The throat thickness was measured with an adjustable fillet weld gauge at an angle of 45°
from the base plate. For the 12.7 mm welds, measurements were taken at an additional
two locations parallel to the throat dimension, as shown on Figure 3.3. A summary of the
average dimensions of each fillet weld is presented in Table 3.3. The detailed dimensions
and plots of individual weld profiles are presented in Appendix C to give an indication of

the variability of weld size and of the amount of weld reinforcement.

3.2.2 Test Setup

The test set-up, illustrated in Figure 3.4, consisted of a standard tension testing
machine with 1750 kN capacity, four linear variable differential transducers (LVDTSs),
four LVDT brackets, the test specimen itself, and an electronic data acquisition system.
Two LVDTs were mounted on each test weld to measure the deformation of the weld,
except for four cruciform specimens. (It was discovered that the initial out-of-straightness
of the cruciform specimens resulted in significant bending that caused unequal loading in
the two test welds. In order to obtain the average response of the two test welds, one
LVDT was placed on each edge of the specimen, at the end of the test welds. The set-up
of these cruciform specimens is shown in Figure 3.4b). LVDTs were held in place by
customized brackets (Figure 3.4c) that were developed as part of this research project.
The brackets were designed to ensure that the displacement measurements include the
deformation within the leg dimension and minimize the amount of plate deformation
captured. This design was important because the base plates were designed to yield prior
to weld fracture. The two hardened steel anchors installed at the front of each bracket

were set in two light punch marks on the surface of the base plate right at the toe of the
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weld and held securely with heavy elastic bands. The rear of each bracket had two
integrated steel rollers to stabilize the assembly and eliminate the longitudinal restraint

due to the relatively large base plate deformation.

3.2.3 Test Procedure

The tests were conducted quasi-statically and static readings were taken at
multiple points during the tests. The electronic data acquisition system provided a real
time plot of the load vs. weld deformation curve at each LVDT location and of the load
vs. overall deformation curve for the whole specimen to facilitate the control of testing.
All the instrumentation was kept in place right up to the fracture of the first test weld in
order to acquire the full response curves. The instrumentation was then removed and the
second test weld was loaded to failure to facilitate removal from the testing machine.
Although the second weld was not instrumented beyond the point when the first weld
fractured, in this range the loading of the remaining weld is considered non-
representative due to the asymmetric connection geometry. In any case, the important
data were obtained to very near the fracture point of the second weld. The specimen was
then removed from the testing machine carefully to avoid any damage to the fracture

surface.

The fracture surfaces of some of the welds were examined under a scanning
electron microscope to determine the nature of the fracture process (ductile or brittle
fracture) at various locations on the fracture surface. The photomicrographs are
presented in Appendix H. Detailed post-test measurements were performed on every
fracture surface to determine the fracture angle and the dimensions of the fracture
surface, including the root penetration, at eight locations along the weld length. The

fracture angles were measured with a vernier bevel protractor.

3.2.4 Tests at -50C

Three lapped splice specimens were tested at -50°C according to the procedures
described in Section 3.2.3. A customized chamber (Figure 3.5) was fabricated from rigid
insulation to fit the specimen and dry ice was placed inside to lower the temperature. The

chamber was equipped with several Plexiglas windows to permit visual inspection of the
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specimens during testing without opening the chamber. The temperature of specimen
was controlled by continually adjusting the speed of two small fans that were installed in
the chamber to blow cold air toward both test welds. The surface temperature of the test
welds was monitored by thermocouples throughout the test, and the temperature was

controlled within a good degree of accuracy (approximately £3°C).

3.3  Summary

A total number of 102 fillet weld specimens were tested. They were produced
using five classifications of filler metal (E7014, E70T-4, E70T-7 E70T7-K2, and
E71T8-K6) and two welding processes (FCAW and SMAW). Filler metals were
produced by two electrode manufacturers (Hobart and Lincoln) and test specimens were
fabricated by two steel fabricators (Waiward and Supreme). Fillet weld specimens
consisted of two configurations, namely double lapped splice and cruciform
configurations. All-weld-metal tension coupons and Charpy V-notch impact test coupons
were fabricated to determine the material properties and fracture toughness. Chemical
pads for each classification of filler metal were prepared for chemical analysis. All base
plates were specified to meet the CSA-G40.21 grade 350W (ASTM A572 grade 50) steel
requirement. All plates were selected to yield prior to fracture of the test weld in order to
minimize the amount of restraint to the weld region except for the case of 6.4 mm leg
fillet weld made using E7014 filler metal, because a direct comparison would be made
with the results from Miazga and Kennedy (1986). Base plate material tension coupons
were also fabricated to determine the material properties. In order to ensure that the steel
fabricator would be the only parameter of variation for cases having the same filler metal
classification and manufacturer, all base plates were supplied by the same fabricator and
welds for each type of filler metal were made by both steel fabricators from the same

spool of electrode wire.

Detailed measurements of each test weld were conducted before testing. The leg
dimensions of both legs and throat thickness of each test weld were measured at eight
locations along the weld length. The throat thickness of 6.4 and 12.7 mm fillet weld was
measured at one and three locations parallel to the throat dimension, as shown on

Figure 3.3. Detailed measurements of fracture surface dimensions were performed after
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weld fracture.  These measurements include weld root penetration and weld
reinforcement. Visual examinations to determine weld root penetration and the extent of
fusion were performed on a selected series of etched specimens. The test set-up consisted
of a standard tension testing machine with 1750 kN capacity, four LVDTs, four LVDT
brackets, the test specimen itself, and an electronic data acquisition system which can
provide real time load-deformation plot. Each LVDT was clamped in a LVDT bracket
and the brackets were mounted at the weld toe to measure the weld deformation. The
brackets were designed to minimize the amount of plate deformation captured. Three
double lapped splice specimens were tested at -50°C to investigated the behaviour of
fillet weld at low temperature. The temperature was controlled approximately within

+3°C.
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Table 3.1 — Description of Flux-Cored Arc Welding Electrodes

AWS Classification Electrode Proprictary Lot Number
Manufacturer Designation
. 04-24-250C
E70T-4 Hobart Fabshield 4 54208B0661
E70T-4 Lincoln Innershield NS3M 2A15SA
) S222729-014
E70T-7 Hobart Fabshield 7027 F00836-001
E70T-7 Lincoln Innershield NR311 11G27AN
. ) S$226625-029
E71T8-K6 Hobart Fabshield 3Nil E11187-001
E70T7-K2 Lincoln Innershield NR311Ni 3A30TG
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Table 3.2 — Matrix of Test Specimens

Waiward

Filler Metal
Classification

E70T-4

E70T-7

E71T8-K6/E70T7-K2

E7014

Electrode
Manufacturer

H

L

Weld Size
(mm)

6.4

12.7 | 6.

4

12.7

6.4

1271 6.4

12.7

6.4

12.7

6.4

12.7

6.4

12.7

No. of

12% 1 3 3

3 3

6*

Specimens
No. of Charpy
Tests

3x2

3x2

3x2

3x2

3x2

3x2

3x2

No. of Material
Tension Tests

5

2

* Includes three cruciform specimens

Supreme

Filler Metal
Classification

E70T-4

E70T-7

E71T8-K6/E70T7-K2

Electrode
Manufacturer

H

L

Weld Size
(mm)

6.4 | 12.7

6.4

12.7

64 | 12.7

6.

41127

6.4 | 127

6.4

12.7

No. of
Specimens

3%k 1 3

3 3

No. of Charpy
Tests

3x2

3x2

3x2

No. of Material

Tension Tests

2

** Tested at -50°C
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Table 3.3 - Mean Fillet Weld Dimensions

6.4 mm Lapped Splice Specimens

Front Side Back Side
Weld Weld
Specimen Shear Tension |45° Meas.| Length Shear Tension |45° Meas. | Length
Designation| Leg (mm) | Leg (mm) (mm) (mm) Leg (mm) | Leg (mm) (mm) (mm)
T1-1 6.5 6.6 57 76.0 57 6.3 5.2 76.2
T1-2 6.5 6.2 5.5 76.1 6.2 59 53 76.2
T1-3 6.0 6.5 5.0 76.2 6.0 6.6 5.1 76.0
T2-1 55 6.2 4.1 76.2 6.6 6.1 4.4 76.2
T2-2 6.0 6.1 4.4 76.1 6.1 6.2 4.3 76.2
T2-3 6.1 6.7 4.7 76.1 6.4 5.8 4.6 76.2
T3-1 7.5 6.6 54 76.0 7.9 74 5.2 76.1
T3-2 8.0 6.8 54 76.1 8.2 7.2 5.3 76.0
T3-3 7.6 13 54 76.0 79 6.9 5.3 76.0
T4-1 59 6.2 54 76.2 6.1 6.1 5.5 76.1
T4-2 6.1 6.4 54 76.1 6.3 6.1 5.6 76.1
T4-3 6.0 6.3 5.2 76.1 6.0 6.0 5.5 76.1
T5-1 6.4 5.8 4.8 76.1 6.0 6.1 5.0 76.0
T5-2 6.5 5.8 4.9 75.9 6.3 6.2 5.0 76.0
T5-3 6.3 5.8 4.9 759 5.8 5.9 4.7 76.0
T6-1 6.6 5.1 4.6 75.9 6.5 5.5 4.7 76.0
T6-2 6.3 57 4.7 76.0 6.7 5.1 4.4 76.0
T6-3 6.5 5.8 4.8 75.9 6.5 54 4.5 76.0
T7-1 6.5 5.8 4.8 75.9 6.5 54 4.5 76.0
T7-2 5.1 4.5 3.9 76.2 59 4.4 4.0 76.1
T7-3 5.2 4.5 4.2 76.1 5.6 4.7 4.4 76.1
T8-1 5.9 73 5.8 75.6 6.5 7.6 6.2 754
T8-2 6.0 7.1 6.1 75.5 6.5 73 6.1 75.5
T8-3 6.5 7.8 6.2 76.3 6.9 7.1 6.1 76.4
T9-1 74 6.0 5.6 76.0 8.6 5.8 5.5 76.1
T9-2 8.2 5.6 53 76.1 83 6.1 5.3 76.0
T9-3 8.3 6.1 6.0 76.0 8.0 6.1 5.6 76.0
T10-1 7.7 6.6 59 76.0 8.8 6.6 6.5 76.1
T10-2 79 6.3 5.8 76.0 8.2 6.3 6.1 76.1
T10-3 7.8 6.3 6.1 76.0 8.6 6.6 6.1 76.0
T11-1 6.4 6.7 6.2 76.1 7.6 6.8 6.3 76.1
T11-2 6.7 7.2 6.3 76.1 7.1 6.8 59 76.0
T11-3 6.5 7.2 6.2 76.2 7.1 6.9 6.3 76.1
T12-1 7.9 6.3 6.1 76.1 7.8 5.4 5.1 76.1
T12-2 8.0 5.9 5.1 75.9 7.8 5.1 5.1 75.9
T12-3 7.5 6.2 57 76.1 8.2 54 5.1 76.0
T13-1 6.7 5.2 4.8 759 6.8 6.6 4.8 75.9
Ti3-2 6.5 6.0 5.1 76.0 73 59 5.5 76.1
T13-3 6.2 5.6 4.9 76.0 55 5.8 5.0 75.9
Ti4-1 8.2 6.8 6.2 76.0 8.7 6.9 6.0 76.0
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Table 3.3 ~ Mean Fillet Weld Dimensions (Cont.)

6.4 mm Lapped Splice Specimens

Front Side Back Side
Weld Weld
Specimen Shear Tension |45° Meas.| Length Shear Tension |45° Meas.| Length
Designation| Leg (mm) { Leg (mm) | (mm) (mm) |[Leg(mm)|Leg(mm)| (mm) (mm)
T14-2 8.3 6.8 5.9 76.1 8.7 6.7 5.8 76.1
T14-3 7.9 6.9 6.1 76.0 8.5 6.6 5.9 76.0
T15-1 6.8 6.7 5.5 76.1 7. 6.8 6.3 76.1
T15-2 7.4 7.3 5.9 76.0 7.7 7.3 6.2 76.0
T15-3 7.2 7.0 5.8 76.1 7.5 7.1 6.2 76.1
Ti6-1 6.7 7.1 54 76.2 7.7 1.5 6.5 76.2
T16-2 6.7 6.8 5.4 76.2 8.1 7.9 6.5 76.2
T16-3 6.9 7.1 54 71.7 7.2 6.5 5.8 71.6
T17-1 9.0 5.1 5.0 76.1 9.2 54 54 76.1
T17-2 9.6 4.2 4.5 76.2 9.1 6.3 59 76.1
T17-3 9.8 4.4 4.7 76.2 8.4 6.6 6.0 76.1
T18-1 5.5 6.5 5.0 75.9 5.7 6.4 5.2 75.8
T18-2 5.2 6.9 5.0 759 5.3 6.1 5.1 75.9
T18-3 5.7 7.0 5.1 75.9 53 6.4 5.1 75.9
T19-1 8.1 6.9 5.4 76.1 7.8 6.8 5.6 76.1
T19-2 8.8 7.6 5.8 76.0 8.1 6.0 5.5 76.0
T19-3 8.7 7.2 5.6 75.9 8.0 6.2 5.6 76.0
12.7 mm Lapped Splice Specimens
Front Face Back Face
Shear [Tension Weld | Shear | Tension Weld
Leg | Leg 45° Measurements |Length| Leg Leg 45° Measurements |Length
Specimen Upper | Throat | Lower Upper | Throat| Lower
Designation| (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm)
T20-1 134 | 142 | 4.7 9.8 56 | 75.8 | 133 | 137 49 1103 | 63 | 758
T20-2 128 | 132 | 4.0 9.2 51 | 760 | 134 | 146 4.7 9.6 5.8 [ 759
T20-3 133 | 14.1 54 | 101} 55 | 760} 139 ]| 136 4.3 9.4 5.6 { 76.2
T21-1 113 1 140 | 6.6 | 11.1 | 47 {763 | 122 | 13.1 73 | 11.6 | 59 | 76.2
T21-2 122 | 137 | 64 | 113 | 52 (763 | 12.1 | 137 76 | 121 | 58 | 76.1
T21-3 12.1 | 135 | 6.4 [ 109 | 52 | 762 | 122 | 135 7.1 11.7 | 58 | 76.1
T22-1 9.4 106 | 3.6 7.8 32 1762 | 11,1 ] 119 4.8 9.2 42 | 76.1
T22-2 103 | 100 | 3.3 8.0 36 | 76.1 | 10.8 | 11.5 4.9 9.0 4.0 | 76.1
T22-3 11.1 { 10.1 34 8.4 42 1760 | 10.1 | 11.6 4.4 8.5 33 | 76.1
T23-1 126 | 128 | 52 {102 | 48 | 76.1 | 135 | 13.0 5.1 100 | 5.1 | 76.1
T23-2 125§ 127 | 53 {105 | 51 {759 | 134 | 13.0 52 1102 | 50 | 762
T23-3 1277 1 133 | 55 105 51 | 76.1 | 132} 128 5.0 9.9 49 | 759
T24-1 11.6 | 109 | 35 8.2 37 1762 | 11.7 ] 11.8 4.2 8.6 4.1 | 176.1
T24-2 127 ] 105 | 34 8.4 42 {761 [ 1201 114 4.4 8.9 43 1760
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Table 3.3 — Mean Fillet Weld Dimensions (Cont.)

12.7 mm Lapped Splice Specimens

Front Face Back Face
Shear [Tension Weld | Shear |Tension Weld
Leg | Leg | 45°Measurements [Lengthi Leg | Leg 45° Measurements |Length
Specimen Upper | ThroatjLower Upper | Throat | Lower
Designation| (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (nm) | (mm) | (mm) | (mm) | (mm) | (mm)
T24-3 134 | 107 | 34 84 | 42 | 7601120 | 11.1 3.8 82 | 41 | 76.1
T25-1 13.8 [ 114 | 46 | 95 56 1760 | 148 | 10.7 43 | 102 | 59 | 76.1
T25-2 123 | 11.8 | 45 9.1 48 1760 | 124 | 114 4.7 94 | 49 | 76.1
T25-3 137 | 11.7 | 438 9.7 52 1759 1133 | 109 4.3 9.5 5.1 ] 76.0
T26-1 124 | 11.6 | 48 9.5 49 {760 | 132 | 10.6 3.7 9.0 | 48 {763
T26-2 124 { 119 | 49 9.5 50 {759 | 127 | 11.2 44 9.2 | 48 | 76.1
T26-3 13.0 { 11.7 | 46 | 93 5.1 [ 762 {13.0] 11.6 4.4 9.3 5.0 | 76.2
T27-1 128 | 114 | 33 80 [ 36 {763 116 | 12.1 4.0 8.4 39 | 76.1
T27-2 125 | 11.8 | 3.7 8.3 38 [ 763 | 11.8 | 120 3.7 8.3 3.6 [ 762
T27-3 122 1 12.1 | 39 8.4 38 {761 11161 118 3.5 8.4 34 | 762
T28-1 13.8 | 106 | 3.6 89 | 48 | 76.1 | 125 | 107 3.6 8.3 4.2 | 76.2
T28-2 1331 107 | 40 | 9.1 5.0 1762 | 122 { 10.8 3.7 8.3 4.1 | 76.1
T28-3 13.0 | 11.2 | 4.1 90 | 49 | 76.1 | 129 | 109 3.7 8.4 4.1 | 76.0
T29-1 127 ] 120 [ 52 [ 102 | 50 {761 ]| 163 | 12.6 4.8 9.3 5.8 | 76.1
T29-2 134 { 128 | 55 [ 103 ] 5.1 | 760 | 168 | 122 4.6 9.3 5.7 | 76.1
T29-3 16.0 | 12.0 | 48 9.7 5.8 [ 76.0 | 134 | 13.7 6.0 | 107 | 54 | 76.0
T30-1 127 | 11.2 | 338 88 | 44 [ 762 ]| 131 | 103 34 8.5 4.7 1762
T30-2 12.6 | 103 | 33 88 | 47 [ 76.1 | 137 9.6 3.0 8.5 4.5 | 76.0
T30-3 12.3 | 104 | 34 82 | 47 {760 ] 132 | 103 33 8.3 4.7 | 76.0
T31-1 1151 107 | 39 87 | 42 [76.1 | 105 | 124 4.9 9.4 43 | 76.2
T31-2 114 | 11.8 | 43 8.8 43 1762 ] 107 | i2.1 4.8 9.3 42 [ 762
T31-3 114 [ 124 | 48 94 | 43 1761 | 103 114 4.4 9.3 39 | 76.1
T32-1 123 | 11.2 | 4.1 8.8 43 1760|122 | 127 4.8 8.9 44 1762
T32-2 114 | 11.7 | 44 9.1 4.6 | 76.1 | 12.1 | 12.7 4.7 9.0 | 47 | 76.1
T32-3 10.5 | 129 | 5.0 8.7 41 1760 122 | 118 44 9.0 | 46 | 76.1
Cruciform Specimens
Front Side Back Side
Weld Weld
Specimen Shear Tension |45°Meas.| Length Shear Tension |45° Meas. | Length
Designation| Leg (mm) | Leg (mm) (mm) (mm) Leg (mm) ng;(mm) (mm) (mm)
Cl-1 7.2 5.1 55 75.5 7.8 6.1 5.6 75.5
Ci1-2 7.3 5.1 5.5 76.1 7.1 6.4 5.6 76.1
C1-3 6.7 5.5 55 75.0 7.7 6.4 5.6 75.1
C2-1 5.8 6.5 5.5 75.8 7.4 6.5 5.6 75.8
C2-2 7.7 5.7 55 75.9 5.9 7.0 5.6 75.8
C2-3 7.3 5.6 5.5 76.2 5.8 7.7 5.6 76.2
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Figure 3.1 — Transverse Fillet Weld Test Specimens
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Figure 3.2 — Fabrication of Test Specimens
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(a) 6.4 mm Fillet Weld
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(b) 12.7 mm Fillet Weld

Figure 3.3 — Pre-test Fillet Weld Throat Measurements
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(a) Lapped Splice Specimen
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_ . Hardened
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(b) Cruciform Specimen (c) LVDT Bracket

Figure 3.4 — Test Set-up and Instrumentation
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(a) Cold Chamber

(b) Test Specimen at -50°C

Figure 3.5 — Lapped Splice Specimen Test at -50°
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4. TEST RESULTS

4.1  All-Weld-Metal Tension Coupon Tests

A total of 23 all-weld-metal tension coupon tests were conducted and a summary
of the test results is presented in Table 4.1. The results presented in the table are the
mean values of all tests on coupons with the same combination of parameters. Detailed
results and stress vs. strain curves are reported in Appendix D. Three coupons failed
prematurely, as indicated in the table. The mean static tensile strengths and mean percent
elongations shown exclude these three prematurely failed coupons, although they are
included in the mean values for the static yield strength and the modulus of elasticity.
Elongations were measured from a 50 mm gauge length and the static yield strengths
were obtained at 0.2% strain offset. All coupons made with filler metal without a
specified toughness requirement met the required minimum tensile strength of 480 MPa,
but the amount of excess strength varied widely. All coupons made with filler metal with
a specified toughness requirement exhibited a static tensile strength within the required
lower and upper limits of 480 MPa and 620 MPa, respectively. All coupons met the
required minimum static yield strength of 400 MPa, except the E70T-4 coupons from one
wire manufacturer and made by one fabricator (assembly A2) as well as one individual
E71T8-K6 coupon (from assembly A10). The minimum percent elongation specified for
the E7014 electrodes (SMAW) is 17% and for the FCAW electrodes considered in this
study with and without a specified toughness requirement are 20% and 22%, respectively.
In addition to the three coupons that fractured prematurely, two coupons (both E70T-4
from Hobart; one from each fabricator) exhibited ductility slightly lower than the

minimum percent elongation requirement.

4.2  Base Plate Tension Coupon Tests

A summary of the results from eight base plate tension coupon tests is given in
Table 4.2. In the table, the mean values of the test results on identical coupons are
presented. Detailed results and stress vs. strain curves are presented in Appendix D. The
static yield strengths were determined from three measurements on the yield plateau and

elongations were measured on a 50 mm gauge length. All results satisfied the required
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minimum static yield and static tensile strength of ASTM A572 grade 50 (ASTM 2000)
structural steel of 345 MPa and 450 MPa, respectively. The percent elongations also

satisfied the minimum requirement of 21%.

4.3 Charpy V-notch Impact Tests

The Charpy V-notch impact test results are presented in Table 4.3. The E7014
(SMAW) filler metal had higher impact energies than the FCAW filler metals without a
specified toughness requirement at all three temperatures. The E70T7-K2 and E71T8-K6
filler metals (with a specified toughness) generally exhibited much higher impact
energies than the filler metals without a specified toughness requirement at all three
temperatures, although one E70T7-K2 specimen from assembly A8 did not meet the

minimum specified toughness requirement of 27 J at -29°C.

4.4 Weld Metal Chemical Analysis

The chemical composition by weight of each filler metal from both electrode
manufacturers is presented in Table 4.4. All chemical elements expect for Carbon and
Sulphur were measured using either the Inductively Coupled Plasma or Atomic
Absorption method. Carbon and sulphur were measured using a LECO Carbon and
Sulphur Analyser. In all cases, the element quantities satisfy the requirements of the

applicable AWS filler metal specification (AWS 1991, 1995, 1998).

4.5 Hardness Measurements

Hardness measurements were performed on both the all-weld-metal tension
coupons and the transverse fillet welds to determine whether a relationship exists
between weld hardness and fillet weld strength and whether the hardness of the weld
coupon differs greatly from that of the associated fillet weld. Fillet weld hardness tests
were conducted both before and after testing of the transverse lap spice for comparison.
Measurements were taken at up to 24 locations on each fillet weld specimen, depending,
in part, on the available area. The Rockwell C scale was initially used to perform the
measurements for each case so that the various results could be compared directly;
however, because the accuracy of the Rockwell C scale diminishes below a value of 20, a

series of measurements using the Rockwell B scale was also performed. The mean
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hardness measurements on the all-weld-metal coupons and on the lapped splice test
specimens are presented in Tables 4.5 and 4.6, respectively. The detailed results and
graphs that show the relationship between hardness and strength are presented in

Appendix G.

As can be seen from Tables 4.5 and 4.6, the Rockwell B values did not vary
greatly among the different filler metals. The Rockwell C values showed more variation
and the differences between the all-weld-metal coupons and the fillet welds were more
pronounced. The differences between the fillet weld hardness measurements before and

after testing of the lapped splice specimens were relatively small.

Although the Rockwell B scale hardness measurements on all-weld-metal
coupons do not show good correlation between hardness and tensile strength, it was
found that the Rockwell C scale hardness measurements on the all-weld-metal coupons
are linearly related to the tensile strength of the all-weld-metal coupons, as shown in
Figure G2 in Appendix G. However, no correlation was found between fillet weld
hardness (both Rockwell B and C scale) measurements and fillet weld strength, whether
the hardness was taken before or after weld fracture, as shown in Figures G3 to GS5.
Furthermore, no direct relationship was found between the hardness of the all-weld-metal

tension coupons and that of the associated fillet welds, as shown in Figures G6 and G7.

4.6 Transverse Fillet Weld Tests

The mean values of the transverse fillet weld test results for the three specimens
cut from each assembly are presented in Table 4.7. The lapped splice and cruciform
assemblies are designated in the table with a “T” and a “C,” respectively. In each case,
only the weld that fractured first is considered in the values shown for stress, strain, and
the fracture angle. The detailed results are presented in Appendix E, and stress vs. strain

response curves are presented in Appendix F.

Test/predicted ratios for both the Canadian (CSA-S16) and American (AISC)
standards are reported in Table 4.7. For each case, predicted strength is determined using

both the nominal and the measured tensile strength of the weld material. Consideration
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of the two ratios permits an assessment of the effect of the overstrength of the electrodes,

which was found in this research project to be relatively high.

For the stress computations, the total ultimate load shown in Table 4.7 was
assumed to be shared equally by the two test welds. The ultimate strengths of the fillet
welds have been normalized by two methods. In method A, wherein the stress is denoted

by P/A,,..  the ultimate strengths were calculated by dividing one-half of the ultimate

load by the theoretical throat area based on the mean measured leg dimensions and weld

length. In method B, wherein the stress is denoted by P/A the ultimate strengths

fracture >
were calculated by dividing one-half of the ultimate load by the measured fracture
surface area, which includes the weld reinforcement and root penetration. (It should be
noted that neither method A nor method B gives strictly a tensile or a shear stress, but
rather gives a combination of the two.) Both normalization methods have advantages and
disadvantages. Method A gives the stress on the weld throat perpendicular to the
theoretical face, but ignores the weld face reinforcement and the root penetration. From
visual examinations of the etched sections, actual throat thicknesses of most of the fillet
welds were measurably larger than the theoretical throat thicknesses. Observations also
showed that in most cases, fracture planes did not lie on the shortest weld throat;
therefore, the strength normalized by method A is not necessarily representative of the
location in the weld where fracture occurs. Nevertheless, use of the theoretical throat is
consistent with the way in which fillet welds are designed. Method B gives a true
ultimate strength in that it accounts for the entire fracture surface area; however, fracture
angles vary widely from 0° to 90°. As a result, the strengths given by method B are
different combinations of shear and tensile stresses, depending on the fracture angle. In
the extreme cases, the stresses are either pure shear or pure tension. Attempting to
resolve the stresses into tensile and shear components would be misleading since the
fracture surfaces are, in general, very irregular. Therefore, when comparing strengths
among specimens using method B, no one-to-one comparison can be made. Using both

normalization methods can give a more general interpretation of the results.

The mean values of non-dimensional deformation quantities at ultimate load and

at fracture are also presented in Table 4.7. These quantities were calculated by dividing
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the measured deformation by the original gauge length (equivalent to the dimension of
the leg loaded predominantly in shear), then averaging the quantities for the two LVDT

locations on the same test weld.

In general, weld fractures did not occur on well-defined planes, as shown in
Figure 4.1. This phenomenon was also observed by Miazga and Kennedy (1989).
Therefore, average values of the failure angle (measured from the shear leg) are presented

in Table 4.7.
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Table 4.1 — Mean Weld Metal Tension Coupon Test Results

Assembly | No.of | FillerMetal | Blecrode | Steel | il i 1 TS0 MR on
Designation | Specimens |Classification | Manufacturer | Fabricator (MPa) (MPa) (MPa) (%)
Al 2 E7014 L w 452 520 210 700 2.7
A2 5 E70T-4 H w 354 535 * 185 500 23.2*
A3 2 E70T-4 H S 472 631 198 600 223
Ad 2 E70T-4 L w 407 562 203 400 27.8
AS 2 E70T-7 H w 468 605 200 800 23.1
A6 2 E70T-7 L w 445 584 * 205 200 24.7 *
A7 2 E70T-7 L S 483 652 * 229 400 229 *
A8 2 E70T7-K2 L w 527 592 207 100 24.6
A9 2 E71T8-K6 H w 414 490 199 900 276
AlQ 2 E71T8-K6 H S 402 493 207 400 284
* Excludes one coupon that fractured prior to reaching the ultimate stress
Table 4.2 — Mean Base Metal Tension Coupon Test Results
Nominal Plate No. of Mean Static Mean Static Mean Modulus Mean
Thickness . Yield Strength | Tensile Strength of Elasticity Elongation
(mm) Specimens (MPa) (MPa) (MPa) (%)
9.5 2 418 551 207 500 30.5
15.9 2 347 466 201 400 38.2
19.1 2 392 527 195 400 40.5
25.4 2 386 538 201 600 40.9
Table 4.3 - Charpy V-notch Impact Test Results
-29°C 21°C 100°C
Assembly | Filler Metal | Electrode Steel Energy |Energy | Mean | Energy | Energy| Mean |Energy| Energy | Mean
Designation | Classification jManufacturer| Fabricator J) ) J) ) J) J) J) ) J)
Al E7014 L W 18 23 20 58 79 68 81 77 79
A2 E70T-4 H W 7 7 7 8 8 8 31 27 29
A3 E70T-4 H S 9 8 9 15 18 16 57 47 52
Ad E70T-4 L W 5 5 5 19 15 17 72 76 74
AS E70T-7 H W 7 5 6 16 15 16 49 56 52
A6 E70T-7 L w 11 5 8 24 30 27 62 75 68
A7 E70T-7 L S 7 7 7 19 20 20 43 49 46
A8 E70T7-K2 L w 34 14 24 75 89 82 165 180 173
A9 E71T8-K6 H \iJ 145 140 142 186 186 186 201 214 207
AlO E71T8-K6 H S 57 34 45 178 220 199 218 205 212
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Table 4.4 — Weld Metal Chemical Analysis

Filler Metal | Electrode Weight (%)

Classification|Manufacturer| Mn Si P S Ni cr | Mo Y, Cu Al
E7014 L 0.092 | 0.260 | 0.369 | 0.015 10.0130{ 0.070 | 0.055 | 0.069 |0.0200{ 0.039 |<0.010
E70T-4 H 0.345 | 0.295 { 0.057 | 0.010 |0.0036] 0.024 {<0.030{<0.050{0.0034| 0.016 | 1.350
E70T-4 L 0.272(0.330 [ 0.258 | 0.009 ]0.0041] 0.012 [<0.030{<0.050[0.0026} 0.016 | 1.170
E70T-7 H 0.313 | 0.379 [ 0.065 | 0.009 |0.0032] 0.017 | 0.034 [<0.050{0.0046] 0.019 | 1.110
E70T-7 L 0.290 | 0.442 1 0.093 | 0.008 |0.0037| 0.019 {<0.030{<0.050]0.0039{ 0.021 | 1.140

E71T8-K6 H 0.106 | 0.806 | 0.088 | 0.015 10.0043] 0.442 | 0.030 [<0.050[0.0052} 0.019 | 0.392
E70T7-K2 L 0.087} 1.180 | 0.105 | 0.012 [0.0031{ 1.190 | 0.042 | 0.061 {0.0044| 0.016 | 0.738
Table 4.5 — Mean Hardness of All-Weld-Metal Coupons
Filler Metal Electrode Rockwell B Rockwell C
Classification Manufacturer |[Steel Fabricator Hardness Hardness
E7014 L w 60 3

H w 56 3

E70T-4 H S 64 15
L W 61 9

E70T.7 H W 62 11
L S 62 14

E70T7-K2 L W 65 12
L W — 10

E71T8-K6 H W 29 4
H S 56 3
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Table 4.6 — Mean Hardness of Lapped Splice Specimens

Rockwell B Rockwell C
Specimen |Weld Size| Filler Metal Electrode Steel Hardness Hardness
Designation (mm) |Classification] Manufacturer | Fabricator | After Test [Before Test] After Test

T2-1 E7014 L W 62 —_ 13

T5-3 H w — 38 38

T7-1 ET0T-4 H S —_ 39 38

T8-2 L w — 26 19

T9-1 L S — 20 26
T11-1 H w — — 27
Ti12-2 6.4 E70T-7 H S — 30 32
T13-3 L w — 28 30
Ti14-1 L S — 25 29
T16-1 E70T7-K2 L w 70 — 20
T17-1 L S — 29 26
T18-1 H w 68 — 23
T19-1 E71T8-Ké6 H S 68 14 18
T19-2 H S 68 18 20
T20-2 E7014 L w 64 — 15
T21-2 H w 65 — 14
T22-1 E70T-4 H S 69 — 22
T23-2 L w 65 —_ 16
T24-2 12.7 L S 68 — 21
T26-2 H S 68 — 19
T27-3 E70T-7 L W — — 18
T28-2 L S 69 —_ 22
T31-2 E71T8-K6 H W 64 — 15
T32-1 H S 65 — 15
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Main Plate

Figure 4.1 — Non-uniform Failure Surface
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S. ANALYSIS AND DISCUSSION

5.1 Comparison with Miazga and Kennedy (1989)

A total of 12 test specimens (nine 6.4 mm and three 12.7 mm specimens) were
prepared using E7014 filler metal and the SMAW process to provide a means of
comparing the test results from this study with those of Miazga and Kennedy (1989) who

tested three 5 mm and three 9 mm specimens using the same filler metal and process.

Table 5.1 presents the welding parameters and material properties of specimens
tested by Miazga and Kennedy (1989) and those produced using E7014 filler metal in this
research program and Table 5.2 presents a summary of specimen dimensions and test
results. Figure 5.1 shows a graphical comparison of the test results from Miazga and
Kennedy and the present research. As seen in Table 5.1, the all-weld-metal tension
coupon results from the two studies are similar. Although Miazga and Kennedy (1989)
did not report the welding parameters for the all-weld-metal tension coupons, it can be
expected that the difference in material properties is small because the plate thickness is
standardized and preparation of the groove weld follows stringent rules with respect to
interpass temperature, ensuring a relatively consistent cooling rate among specimens. By

contrast, this level of control is not maintained for the fillet welds.

Both the welding speed and the current used for producing the fillet welds are
reported in Table 5.1 and it can be seen that they are somewhat different for the two
investigations.  Furthermore, Miazga and Kennedy (1989) modified their welding
parameters for the two weld sizes tested, whereas the same parameters were used in this
research program throughout. Since heat input is inversely proportional to welding speed
and directly proportional to current, an estimate of heat input can be made for each case.
In addition to heat input, another factor that affects weld strength is the effect of
tempering in multi-pass welds where subsequent weld passes temper the previously
deposited passes. A comparison of the 9 mm weld specimens from Miazga and Kennedy
(1989) with the 12.7 mm specimens from this study, which were both specimens
prepared with three weld passes, indicates that the heat input for the 9 mm welds was

only slightly lower (about 10%, assuming equal arc voltage) than the heat input used for

46



the 12.7 mm specimens. This should result in similar strengths in both weld sizes as
observed in Figure 5.1. A comparison of the 6.4 mm weld from this program with the
9 mm weld from the Miazga and Kennedy (1989) test program shows again a lower heat
input in the Miazga and Kennedy test program than in this program. However, the multi-
pass 9 mm weld would be expected to have a lower strength than the single pass 6.4 mm
weld due to the tempering taking place in the multi-pass process. This is also observed in
Figure 5.1. However, an anomaly is observed with the 5 mm welds from Miazga and
Kennedy. A comparison the S mm and the 9 mm welds from Miazga and Kennedy
indicates that the heat input in the 9 mm welds was about 20% higher than that in the
5 mm weld, which should result in a lower strength for the 9 mm welds. In addition, the
5 mm welds were deposited in a single pass whereas the 9 mm welds were deposited in
three passes. This should cause a further decrease in strength of the 9 mm welds
compared to the 5 mm welds. An examination of Figure 5.1 indicates, however, that the
9 mm welds are stronger than the 5 mm welds. This anomaly cannot be explained by any
of the welding parameters reported by Miazga and Kennedy (1989). The significantly
smaller scatter in test results of Miazga and Kennedy compared to the present research is
likely due to the fact that their specimens were fabricated by a welder working primarily

in research in a university laboratory.

Another parameter that may affect the strength of the fillet welds is whether or not
the base material has yielded prior to rupturing of the weld. The plates used with all of
the 6.4 mm specimens in the present research remained elastic throughout the tension
test, as did the plates used with all specimens in the work of Miazga and Kennedy (1989).
However, the base plates of the 12.7 mm specimens in the present research yielded before
weld fracture. Because no direct comparison (that circumvents the effect of weld size) is
available to assess the specific effect of plate yielding, the influence on weld strength of
the restraint gained from the base plates remaining elastic could not be determined with
confidence. There is a need to investigate the effect of yielding of the base plates in

future studies.

Figure 5.2 shows a graphical comparison of the ductility of the test specimens
from Miazga and Kennedy (1989) and the present research. Since Miazga and Kennedy

reported only the mean leg dimension of the two test welds on the same specimen and all
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four deformations at fracture captured by the four LVDTs (two on each test weld), the
strain quantities reported herein are calculated by averaging the LVDT readings and
dividing by the associated mean leg dimension. For comparison, the data from the
present research reported in Table 5.2 for strain at fracture is calculated by averaging the
four deformations at the four LVDT locations then dividing by the mean shear leg
dimension of the two test welds. It should be noted that in this section only, strains for
the specimens in this research program are calculated using the leg dimension instead of
the gauge length for consistency with the method of Miazga and Kennedy, although the
difference is slight. Since the majority of specimens in the E7014 series had base plates
that remained elastic, this method likely gives a somewhat better estimate of strains in the
weld when they become large (e.g., the fracture strain) in comparison to the concurrent

strains in the base plate.

The two sizes of fillet weld from Miazga and Kennedy (1989) exhibited similar
levels of strain at fracture. On the other hand, in the present research, the larger size of
fillet weld exhibited higher fracture strains than the smaller size, as was also observed in
the specimens made with the other filler metals. The two sizes of fillet weld in the
present research exhibited higher fracture strains than the similar sizes of fillet weld in
Miazga and Kennedy (1989), although the all-weld-metal tension coupon results show
that Miazga and Kennedy’s specimens exhibited a slightly higher ductility than those in
the present research. Therefore, it is found that when heat input is constant, a larger weld

size results in higher ductility.

Although there are some modest differences in the results of Miazga and Kennedy
(1989) as compared to those of the E7014 specimens tested in the present research
program, except for the 5 mm welds from Miazga and Kennedy, which show some
apparent anomaly, these can be explained by factors such as the differences in the
welding parameters used. It is concluded that the new research is substantially consistent
with the methods of Miazga and Kennedy and that meaningful comparisons can be made

with the results for the FCAW specimens presented herein.
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5.2  Effect of Variables on Fillet Weld Behaviour
5.2.1 General

The test results were analyzed to determine the influences of each variable on the
behaviour of fillet welds. In every case, only one variable was considered, with all other
parameters kept constant. The results of the analysis are shown in Figures 5.3
through 5.8. In the figures, both the mean values, indicated by a solid dot, and the full
range of test results are presented. For the reasons discussed in section 4.6, stresses
normalized by both the theoretical throat area and the fracture surface area are used for
the comparisons. As expected, in general the stresses normalized by the theoretical throat
area are higher than those normalized by the fracture surface area primarily because the
former neglects weld root penetration and face reinforcement. For determining the
influence of each variable on fillet weld ductility, strain at fracture for each case is
compared. The parameters considered in this analysis were:

1) Filler Metal — Five different weld electrode classifications were incorporated in
this test program, two with a toughness requirement and three without. A total of

72 lapped splice specimens were fabricated with electrodes without a toughness
requirement and 24 were fabricated with electrodes with a toughness requirement.

2) Electrode manufacturer — Electrodes were supplied by two manufacturers,
namely, Lincoln and Hobart. A total of 54 specimens were prepared with
electrodes from Lincoln and 42 from filler metal by Hobart.

3) Steel fabricator — The specimens were fabricated by Supreme and Waiward.
Supreme fabricated 42 test specimens and Waiward fabricated 54.

4) Weld size — Two weld sizes were tested, namely, 6.4 mm and 12.7 mm. A total of
57 specimens were fabricated using 6.4 mm welds and 39 were fabricated with
12.7 mm welds.

5) Root Notch Orientation — Two root notch orientations were considered in the
research. A total of 96 specimens were manufactures as lapped splices, while six
were fabricated in a cruciform configuration for comparison.

6) Test temperature — All the specimens were tested at room temperature except for
three lapped splice E70T-4 specimens that were tested at ~50°C.

Although not intended to be a primary variable in the research, the effect of the unequal
leg sizes is also discussed. The differences in leg size arose from the fact that the
specimens were all welded in the horizontal position. The magnitude of the differences

varied considerably among the specimens.
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Due to the unique nature of the tests on cruciform sections and on lapped splice
specimens tested at -50°C (items 5 and 6 above), and the fact that these were
manufactured in small numbers without varying all of the other parameters (items 1 to 4),
these specimens are not included in the comparisons that follow except where they are
being specifically investigated. That is, the cruciform specimens and the -50°C
specimens are excluded from Figures 5.3 through 5.6. Other cases where tests have been

excluded in the comparisons are described in the sections that follow.

5.2.2 Filler Metal Classification and Toughness

Charpy impact test results show that the toughness of the E7014 filler metal
(SMAW) was about three times higher at -29°C and 21°C than the FCAW filler metals
without a specified toughness; however, the all-weld-metal tension coupons had similar
strength to many of the FCAW filler metals. The FCAW filler metals with a specified
toughness had Charpy impact energies up to about 15 times higher than those without a
specified toughness. These differences in toughness provide an indication of the effect of
toughness—as well as the other properties of the electrodes—on strength and ductility.
The comparison among the different electrode classifications tested, as well as the
grouped classifications with and without a toughness requirement, is presented

graphically in Figure 5.3.

Lapped splice test results normalized using the theoretical throat area show that
specimens made with E7014 filler metal had the lowest mean strength among all filler
metals. It should be noted that for all these SMAW specimens, the fracture surface areas
are similar to the theoretical throat areas. On the other hand, for the majority of FCAW
specimens, the fracture surface areas are in the order of about 1.5 to 2 times larger than
the theoretical throat areas. This could be because of the relatively higher penetration of
FCAW filler metal. For comparison, Figure 5.9 shows the typical fracture surfaces of an
E7014 and an E70T-4 specimen. Therefore, comparing fillet welds made with SMAW to
FCAW filler metals based on results normalized using the fracture surface area accounts
for the significant difference in penetration. Test results normalized using the fracture

surface area show no clear distinction in mean strengths among filler metals without a
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specified toughness. The results normalized using both methods show that fillet welds
made with filler metals with a specified toughness provide the highest mean strength
among all types of filler metal (normalized using the fracture surface area, the ratio of the
mean strength of specimens made with filler metals with a specified toughness to that of
those without a specified toughness is about 1.15), although in the all-weld-metal tension
coupon test results they did not show the highest mean strength. It can be concluded that
the welding process (SMAW or FCAW) has no significant effect on fillet weld strength,
but fillet welds made with filler metals with a specified toughness tend to possess a
somewhat higher strength than those made with filler metals without. The fillet welds
made with filler metals having a specified toughness also showed more variability in
strength. The variability can be because of the lack of experience of welders working
with these types of filler metal. It was reported from welders that some difficulties were

experienced in fabrication.

The all-weld-metal tension coupon and lapped splice test results show that the
specimens made with filler metals with a specified toughness had the highest ductility—
as defined by the mean failure strain—among all types of filler metal considered,
although in individual cases somewhat lower ductility was also observed. The ratio of
the mean fracture strain of specimens made with filler metals with a specified toughness
to that of those without is about 1.81. Fillet welds made with filler metals with a
specified toughness also showed significantly higher variability. Of the electrodes
without a specified toughness, no obvious distinction in ductility was found between fillet
welds made with E7014 and E70T-7 filler metals. However, the mean fracture strain of
fillet welds made with E70T-4 filler metal was somewhat higher, with ratios of E70T-4
fracture strains to those for the E7014 and E70T-7 filler metals of about 1.33 and 1.30,

respectively. It can be concluded that the toughness of a filler metal has a significant

influence on fillet weld ductility.

5.2.3 Electrode Manufacturer

In this comparison, results of fillet welds made with E7014 filler metal were not
included because E7014 filler metal from only one electrode manufacturer, Lincoln, was

used in the study. All-weld-metal tension coupon results show that specimens made with
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filler metals manufactured by the two electrode manufacturers provided a similar level of
mean strength. Despite significant variability, the mean strengths of coupons made with
filler metal without a specified toughness—both yield and ultimate—between electrode
manufacturers is within 5%. The ratios of the mean yield and ultimate strengths of the
Lincoln E70T7-K2 coupons to those of the Hobart E71T8-K6 coupons are about 1.29 and
1.20, respectively. A comparison of the effects of the electrode manufacturer on fillet
weld behaviour is presented graphically in Figure 5.4. Results of lapped splice
specimens normalized using the theoretical throat area show that fillet welds made with
filler metals produced by the two electrode manufacturers exhibited similar strength, but
results normalized by the other method show that the ratio of the mean strength of fillet
welds made with Lincoln filler metals to that of those made with Hobart filler metals is
about 1.14. However, the strength range of the Hobart specimens shows less variability
and is overlapped entirely by the Lincoln specimens, indicating that it is unlikely that any
difference in strength should be considered significant. It should be noted that different
welding parameters were used by the two fabricators to produce test specimens for the
same classification and source of filler metal (see Appendix A for details). This can

explain, in part, the variation observed between manufacturers.

Lapped splice test results show that the ratio of the mean fracture strain of
specimens made with Lincoln filler metal to that of those made with Hobart filler metal is
about 0.87, as shown in Figure 5.4c, although all-weld-metal tension coupon results show
that the mean ductility of coupons made with filler metal manufactured by both
manufacturers were very similar. Nevertheless, the two ductility ranges observed were

large and there is significant overlap.

5.2.4 Steel Fabricator

In this comparison, results of fillet welds made with E7014 filler metal are not
included because these specimens were produced by only one steel fabricator, Waiward.
The results for the lapped splice specimens are summarized graphically in Figure 5.5.
From the normalization using the theoretical throat area, the ratio of the mean strength of
Waiward specimens to that of Supreme specimens is about 0.92. From the other

normalization (Figure 5.5b), the ratio of the mean strength of the Waiward specimens to
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that of the Supreme specimens is about 0.79. It can be concluded that there can be
significant variability in weld strengths among fabricators, although it should be stressed

that this is likely greatly influenced simply by the welding parameters selected.

A comparison of fillet weld ductility is presented graphically in Figure 5.5¢c. The
ratio of the mean ductility of the Waiward specimens to that of the Supreme specimens is
about 1.21. It can be concluded that significant variability in ductilities can be expected

among welds produced by different fabricators.

52.5 Weld Size

As mentioned in many previous studies, fillet weld capacity is not linearly
proportional to weld size, and smaller fillet welds generally exhibit a higher unit strength
than larger fillet welds. A comparison of the two sizes tested in this research is presented
graphically in Figure 5.6. Test results normalized by the theoretical throat area and by
the fracture surface area show that the ratios of the mean strengths of 6.4 mm fillet welds
to that of 12.7mm fillet welds are 1.26 and 1.24, respectively. From both
normalizations, the strength ranges of 12.7 mm fillet welds were at the lower end of the
strength ranges of 6.4 mm fillet welds, and less variability was observed for the 12.7 mm
welds. It can be concluded that the smaller weld size provides significantly higher

strength, confirming that fillet weld capacity is not linearly proportional to weld size.

The ratio of the mean ductility of the 6.4 mm specimens to that of the 12.7 mm
specimens is about 0.80. It can be concluded based on this study that larger welds

provide somewhat higher weld ductility and less variability was also observed.

5.2.6 Root Notch Orientation

In this comparison, only results of 6.4 mm fillet welds made with E70T-4 and
E70T7-K2 filler metal are included because all cruciform specimens were prepared using
these two types of filler metals and this leg size. A comparison is presented graphically
in Figure 5.7. From normalization using the theoretical throat area, fillet welds in a
weldment having a cruciform configuration provide similar strengths to those in a lapped
splice configuration. The ratio of the mean strength of lapped splice specimens to that of

cruciform specimens is about 1.06. From normalization using the fracture surface area,
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the ratio of the mean strength of lapped splice specimens to that of cruciform specimens
is about 1.13. It can be concluded that the more severe root notch orientation present in
cruciform sections may result in slightly lower weld capacity. Further tests are required to

confirm this observation.

The mean ductility of lapped splice specimens is about 3.8 times that of cruciform
specimens. It can be concluded that fillet weld ductility is significantly affected by the
root notch orientation, and fillet welds in a cruciform configuration provide significantly
lower ductility. Because of the relatively small number of cruciform specimens tested,

more research is required on this effect.

5.2.7 Low Temperature

In this comparison, only E70T-4 specimens with 6.4 mm legs were included
because only specimens of this type were tested at —50°C . The comparison is presented
graphically in Figure 5.8. The specimens tested at —50°C showed a higher mean
strength than those tested at room temperature. From normalization using the theoretical
throat and the fracture surface area, respectively, the ratios of the mean strength of
specimens tested at —50°C to that of specimens tested at room temperature are about
1.13 and 1.09. It can be concluded that low temperature does not appear to have a

negative effect on fillet weld strength, although more tests are required to confirm this

observation.

As shown in Figure 5.8c, the ductility of specimens tested at —50°C was lower
than the equivalent specimens tested at room temperature and the variability was quite
low. The ratio of the mean fracture strain of specimens tested at —50°C to that of the
equivalent specimens tested at room temperature is about 0.58. The ductility of these
specimens tended toward the lower end of the observed range of all fillet welds tested. It

can be concluded that, as expected, low temperature significantly lowers the ductility of

fillet welds.
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5.2.8 Unequal Leg Dimension

Although the specimens were designed to have equal legs, the sizes of the shear
leg and the tension leg of the same weld were rarely found to be equal in this study.
Some specimens had significantly different leg dimensions and usually the shear leg was
larger than the tension leg, which can be attributed to the fact that the specimens were
welded in the horizontal position. Test results show that fracture angles were influenced
by the ratio of shear/tension leg dimensions, in turn having an effect on the weld strength.
In general, when the dimensions of the shear leg and tension leg are about equal, the
fracture angle is close to 0°. Welds that failed at an angle close to 90° had a tension leg
that was significantly smaller than the shear leg. Figure 5.10 shows the weld and lap
plates from a specimen that fractured at an angle of 0° and another specimen (main plate)
with the weld fractured at an angle close to 90°. The resulting fracture angles are found

not to be in agreement with the theoretical prediction proposed by Kamtekar (1982).

5.2.9 Summary of Effect of Variables on Fillet Weld Behaviour

Toughness of the filler metal, electrode manufacturer, steel fabricator, and weld
size all seem to influence fillet weld strength to some degree. Although electrode
manufacturer and steel fabricator were found to have some influence on fillet weld
strength, these parameters cannot reasonably be incorporated into design equations.
Furthermore, the fabricators reported some difficulty welding with certain electrodes—
depending on whether or not their welder had experience with that or a similar
electrode—so there is likely a statistical interaction between the effects of electrode
manufacturer and steel fabricator and the electrode classification. (It must also be
stressed that differences between fabricators are likely partially attributable to factors
such as the welding parameters selected.) The root notch orientation was shown to have
some effect on weld strength in that the cruciform configuration gave rise to slightly

lower strength welds than did the equivalent lapped splice specimens. However, more

research is required to evaluate this effect conclusively. Testing specimens at —50°C

resulted in somewhat higher strength than testing at room temperature. Again, few

specimens were tested at —50°C, but it can be concluded that low service temperatures

likely have no detrimental effect on weld strength. For these reasons, filler metal
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classification (with or without toughness) and fillet size are considered to be the

parameters that are most influential to weld strength.

Of the parameters investigated, toughness of the filler metal, weld size, root notch
orientation, and test temperature were found to have the most influence on fillet weld
ductility. Furthermore, it was found that with the exception of the comparisons of
electrode classification and root notch orientation, where the strength was found to be
higher, ductility was generally lower. The tough electrodes studied, in general, provided
both higher strength and ductility than those with low toughness, as did the lapped splice
specimens as compared with the cruciforms. To provide a frame of reference, it is
instructive to compare the ductilities observed in this research program with a common
benchmark from the literature. As such, Figure 5.11 shows a comparison of the strains of
all test specimens with predicted values from the empirical equations presented by Lesik
and Kennedy (1990). These equations predict strains at the ultimate load and at fracture
of 0.049 and 0.056, respectively, which are shown as dashed lines in the figure. The
great majority of specimens tested in this research exceeded these predictions. Only the

cruciform specimens fell consistently below the predicted values.

The unequal leg dimensions that arose simply as a result of the horizontal welding

position also had an effect on the fillet weld behaviour. Fillet welds with approximately
equal leg sizes tended to fail with a 0° facture angle, but when the tension leg was

significantly smaller than the shear leg, the weld tended to fail at close to 90°.

5.3 Fracture Surface Examination

The fracture mode of welds that ruptured on the shear plane (with a 0° fracture
angle), on the tension plane (with a 90° fracture angle), and at intermediate fracture
angles was determined by examining the fracture surfaces of some representative test
specimens under a scanning electron microscope. In test specimens that fractured at or
close to 0°, the fracture surfaces show elongated microvoids. This indicates a ductile
shear fracture. Figure 5.12a shows a typical shear fracture surface in the weld metal from
specimen T2-3 (E7014(L)W 6.4 mm), where the fracture angle was 9°. In test specimens

that fractured at or close to 90°, the fracture surfaces show various combinations of
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equiaxed (rounded) microvoids and cleavage. This is evidence of a tension fracture.
Figure 5.12b shows a typical tension fracture surface in the weld metal from
specimen T13-1 (E70T-7(L)W 6.4 mm), where the fracture angle was 90°. Several test
specimens had fracture angles close to 20°. The fracture surfaces for these specimens
were typically ductile. Figure 5.12c shows a typical fracture surface in the weld metal
from specimen T32-2 (E71T8-K6(H)S 12.7 mm), where the fracture angle was 23°.
Some fracture surfaces showed some areas of microvoid coalescence and some areas of
cleavage fracture, including all specimens tested at low temperature. Appendix H

presents a detailed series of fracture surface photomicrographs.

5S4  Comparison with Current Design Equations

Test results were compared with the equations in the current North American
design standards. The equation in Canadian standard CSA-S16 (CSA 2001) was
presented previously (Equation 2.6) and the AISC Specification (AISC 1999) takes a

similar form:
V. =0.60¢ A, Fp, (1.0+0.50sin"’ 8) [5.1]

where ¢ is the resistance factor, A, is the theoretical throat area, Fp,, is the minimum
specified tensile strength of the filler metal (same definition as X, in CSA-S16), and @

is the angle of loading with respect to the weld axis. Note that the two design standards
differ only in the leading coefficient (0.67 vs. 0.60) and the value of the resistance factor.
The results were compared with the standards in two ways. In method 1, fillet weld
capacities were predicted using weld metal nominal strength, 480 MPa in all cases, and in
method 2, they are determined using the measured strength from the all-weld-metal
tension coupon tests with the identical parameters. Table 4.7 shows the mean

test/predicted ratios for the two design standards using both methods. In the table, ¢ is

taken as 1.0, and A, is taken as the theoretical throat area (calculated from the measured

leg dimensions, but neglecting the root penetration and weld reinforcement), X, or F,

follow the procedures of method 1 or 2, and 6 is 90°. Method 1 shows the safety margin

provided by the design equations by including the excess weld metal strength, while
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method 2 eliminates from the test/predicted ratios the effect that can be attributed directly
to overstrength of the weld material itself, which can in some cases be considerable. This
distinction permits an assessment of the expected margin of safety should electrodes be

used that have a tensile strength that marginally exceeds the nominal value.

The test/predicted ratios for individual specimens are presented in Appendix E.
Test/predicted ratios using both methods are in all cases greater than 1.0. Figures 5.13
and 5.14 show a comparison of the test and predicted values for the two methods for
CSA-S16 and AISC, respectively. The diagonal lines indicate a test/predicted value of
1.0. As shown in the figures, all test results lie on the conservative side. When the
nominal filler metal tensile strength is used, the mean test/predicted ratios vary from 1.25
(1.39 for the AISC Specification) to 2.46 (2.75 for AISC). Similarly, when the measured
filler metal strength is used, the mean test/predicted ratios are reduced to 1.14 (1.28 for
the AISC Specification) to 2.30 (2.57 for AISC). Of all filler metals considered, the
E7014 filler metal tended to provide capacities closest to the predicted values. E70T-4
and E70T-7 filler metals tended to provide similar test/predicted ratios, and generally
higher than the E7014 specimens. Filler metals with a specified toughness
(E70T7-K2/E71T8-K6) tended to provide the highest test/predicted ratios. For CSA-S16,
the mean test/predicted ratios for the E7014, E70T-4, E70T-7, E70T7-K2, and E71T8-K6
electrodes individually are 1.42, 1.90, 1.86, 2.17, and 1.97, respectively, using
normalization method 1, and 1.31, 1.62, 1.44, 1.75, and 1.86, respectively, using
method 2. For the AISC specification, the mean test/predicted ratios for the E7014,
E70T-4, E70T-7, E70T7-K2, and E71T8-K6 electrodes individually are 1.59, 2.12, 2.08,
2.42, and 2.20, respectively, using normalization method 1, and 1.46, 1.80, 1.63, 1.97,
and 2.15, respectively, using method2. For CSA-S16, the ratios of the mean
test/predicted ratio for the 6.4 mm fillet welds to that for the 12.4 mm fillet welds are
about 1.28 and 1.27 for method 1 and 2, respectively, and for AISC specification, the
ratio is 1.28 using both methods. For CSA-S16, the ratios of the mean test/predicted ratio
for the lapped splice specimens to that for the cruciform specimens are about 1.07 and
1.08 for method 1 and 2, respectively, and for AISC specification, the ratios are about

1.02 and 1.01 for method 1 and 2, respectively. For CSA-S16, the ratios of the mean

test/predicted ratio for the specimens tested at —50°C to that for the specimens tested at
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room temperature is about 1.16 using both methods, and for AISC specification, the
ratios are 1.17 and 1.16 for method 1 and 2, respectively. In determining the mean
test/predicted ratios for the individual parameters, as presented above, the specimens

included were the same as those used in the comparisons presented in Figures 5.3 and 5.6

to 5.8.

5.5  Evaluation of Safety Index

The safety index, S, is a common measure for quantifying the level of safety

being provided in structures. It is evaluated for transverse fillet welds based on the
results of this test program using the same procedure as Lesik and Kennedy (1990). The

resistance factor, ¢, can be calculated as follows (based on Galambos and Ravindra

(1978)):
¢ =D ;5 pp exp(—foVy) [5.2]

A value of 0.55 for the coefficient of separation, o, was also proposed by Galambos and
Ravindra. Ravindra and Galambos (1978) and Fisher et al. (1978) suggested that the

safety index, [, be taken as 4.5 for connections to ensure that the probability of failure
of the connection is less than that of the member as a whole, for which a value of 3.0 is
commonly used in buildings. @ 5 18 an adjustment factor for modifying the resistance
factor for cases where S is not equal 3.0, which was assumed in the analysis of the
loads. An equation for @ 5> proposed by Franchuk et al. (2002), has been used in the

evaluation of safety indices that follows:
D, =0.00624% —0.1313 +1.338 [5.3]

This equation was calibrated for £ in the range of 1.5 to 5.0 and was found to be in error
by less than 2% for dead to live load ratios from 0.5 to 2.0. Although the £ values in

some cases were found to be greater than 5.0 and the error of Equation 5.3 for a particular

dead to live load ratio increases with increasing values of #, the maximum error in the

value of the adjustment factor presented in the following discussion for dead to live load

ratios from 0.5 to 2 is about 4.3%. This translates into a maximum error in £ in the
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same range of dead to live load ratios of 1.4%. Modifying Equation 5.3 could reduce this
error somewhat, but a certain degree of potential error is unavoidable when accounting

for a broad range of dead to live load ratios. In any case, for values of S greater

than 5.0, the probability of failure is very small and it is therefore considered that further

refinement is unwarranted.

The value of the bias coefficient for resistance, p, , representative of the expected

mean-to-nominal resistance, is:

Pr = PcPmiPu2Pp [5.4]

and the associated coefficient of variation is given by:
V=V +Viu +Vi + V7 [5.5]

where p is the mean value of the measured-to-nominal ratio of theoretical throat area,
and V;; is the associated coefficient of variation. The two material parameters accounting
for the variation of material strength are p,,, and p,,,. p,, is the mean ratio of the

measured ultimate tensile strength of weld metal to the nominal strength. p,,, represents

the ability of the coefficient used in the design equation to determine the ultimate shear
strength from the tensile strength and is calculated as the mean ratio of measured (failure
load divided by the theoretical throat area for longitudinal fillet welds, generally
considered to fail in shear on the throat) to predicted ultimate shear strength (0.67 or 0.60,
for the CSA-S16 and AISC specifications, respectively, times the measured tensile
strength from all-weld-metal tension coupons of the same weld material). V,,, and V,,,
are the associated coefficients of variation of these two material parameters, respectively.

Pp » the professional factor, is the mean test to predicted capacity ratio:

[5.6]

Py = Mean( Test Capacity )
b=

Ay X7, X(1.00+0.50sin" 6)

throat

and V, is the associated coefficient of variation. The predicted capacity values are

calculated using Equation 2.6 or 5.1, with actual values used for the theoretical throat

area (based on the measured leg sizes) and the ultimate shear strength (based on the
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results of longitudinal fillet weld tests). The “measured” ultimate shear strength,
represented in Equations 2.6 and 5.1 by 0.67XF, or 0.60x Fg, , respectively, was

determined from longitudinal fillet weld tests on specimens having the same electrode

classifications.

Table 5.3 shows the values of the statistical parameters and the resulting safety
indices for the variables considered in the research, broken down into six categories.
Prior to grouping the specimens into categories, the specimens tested at —50°C and the
cruciform specimens were removed from the data pool since they were very targeted
investigations and the tests were conducted in small numbers. The “All” category
includes the test/predicted ratios of all specimens (except —50°C and cruciform) and is
intended to reflect the overall level of safety of transverse fillet welds. The remaining
categories are for the 6.4 mm and 12.7 mm weld sizes individually and E7014 (SMAW),
E70T-4/E70T-7 (FCAW without a specified toughness), and E70T7-K2/E71T8-K6
(FCAW with a specified toughness) filler metals. These five categories provide an
indication of the relative levels of safety for the various cases of the variables found to be
most influential in determining fillet weld capacity. The safety indices for specimens

tested at —50°C and cruciform specimens were not evaluated because the available data

are very limited.

The sample for determining p, and V,, for all six categories includes both test

welds on all specimens, including the specimens tested at —50°C and cruciform
specimens (in total 204 samples). This parameter represents only the variability of the

weld size; therefore, weldment configuration and test condition are not relevant. The

values used for p; and V lead to somewhat more conservative values of the safety

index than those (1.034 and 0.026, respectively, with a smaller sample size of 42) used by
Lesik and Kennedy (1990). The values of p,,, and V,,, are taken from Lesik and
Kennedy (1990) for all categories because the sample size they used to determine this
parameter is relatively large (672) as compared to the sample size determined from the

all-weld-metal tension coupons tested as part of this research (20). Furthermore, the

values of p,, and V,,, determined from the 20 tests in this research (weighted equally)
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would have been similar (1.162 and 0.093, respectively), confirming that the values taken

from Lesik and Kennedy (1990) seem reasonable. (It should be noted that the effects of
using the lower values of both p,,, and V,,, in the determination of the safety index tend
to offset one another.) The values selected for the parameters p,,, and V,,, for the first
four categories shown in Table 5.3 are based on the results of Lesik and Kennedy (1990).
Beyond the large sample size (126), these results are also considered to be representative
of welds produced using the SWAW process and conservative for FCAW welds. For the
two categories that isolate the FCAW process, the values of p,,, were determined using
the FCAW longitudinal fillet weld test data from Deng (2002). These tests were
conducted as part of the second phase of this project and the welds were made using the
same wire spool as the associated transverse specimens. The data of Deng (2002) are
considered appropriate for these two categories in that they reflect the increased
penetration often observed in FCAW welds. (These shear strengths were determined
using measured weld leg dimensions, but it must be kept in mind that the stresses on the
theoretical throat are artificially high since both the penetration and the face
reinforcement are neglected. Therefore, higher values may actually reflect the depth of
penetration, for example, more than the shear strength of the material itself.) For the
E70T-4/E70T-7 category, the data for the two classifications were weighted equally. For
the E70T7-K2/E71T8-K6 category, because E70T7-K2 filler metal was not tested by
Deng (2002), the measured shear strength, 7,, is estimated from the all-weld-metal
tension coupon test results. The tension coupon test results show that the mean ultimate
tensile strength of E70T7-K2 filler metal is 1.20 times that of E71T8-K6 filler metal.
Therefore, the estimated shear strength, 7,, for E70T7-K2 filler metal is taken as 1.20
times the mean measured shear strength of E71T8-K6 filler metal. The data for the
E70T7-K2 and E71T8-K6 classifications were weighted equally. Due to the relatively
small number of longitudinal weld specimens (three each for the three electrode
classifications tested) of Deng (2002), the small values of the coefficient of variation

determined from that data are considered to be unreliable. As an approximation of the

dispersion, therefore, the value of V,,, from the large data set of Lesik and Kennedy

(1990) was used. For determining p, and V,, 7, in Equation 5.6 for the test specimens
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made with E70T-4, E70T-7, and E71T8-K6 filler metals is taken from the longitudinal
weld test data of Deng (2002). In the cases of the E7014 and E70T7-K2 filler metals, no
longitudinal weld specimens were produced. For the E7014 specimens, the results of the
longitudinal welds tested by Miazga and Kennedy (1989) were used. For the E70T7-K2
specimens, 1.20 times the results of longitudinal weld tests for the E71T8-K6 electrodes
were used, as was done in determining the second material factor. The mean values of

the ultimate shear strength, 7,, used in determining p, for the E7014, E70T-4, E70T-7,

E70T7-K2, and E71T8-K6 filler metals are 411 MPa (Lesik and Kennedy 1990),
496 MPa, 545 MPa, 608 MPa, and 506 MPa, respectively.

Although the values of some intermediate parameters differ between the two
standards addressed in.Table 5.3, the resulting safety indices are identical. This stems
from the fact that the products of the respective resistance factor and shear coefficient are
the same, making the predicted factored weld capacity identical. Safety indices for all
categories are at least equal to the traditional target value for connections of 4.5. The
value of the safety index determined from all of the tests is 4.8, which can be considered
to be representative of an array of fillet weld conditions, as described previously. As
expected, the safety index for 6.4 mm fillet welds (5.7) was found to be significantly
higher than that for 12.7 mm welds (4.5), with the latter being equal to the traditional
target value for connections. Of the categories based on electrode classification, the
lowest safety index (5.0) was determined for fillet welds made with E7014 filler metal.
Fillet welds made with FCAW filler metals without a specified toughness
(E7T0T-4/E70T-7) resulted in a safety index (5.5) higher than that of SMAW fillet welds,
but significantly lower than that (6.6) of fillet welds made with filler metals with a
specified toughness (E70T7-K2/E71T8-K6). It should be noted that the number of
specimens with 12.7 mm fillet welds in every category is fewer than that of 6.4 mm fillet
welds, as shown in Table 5.3, which may lead to somewhat higher safety indices than if
the samples had included randomly selected weld sizes. To assess this potential effect

quantitatively, additional tests on larger fillet welds are needed to expand the data pool.
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Table 5.1 — Comparison of Welding Parameters and Material Properties

Parameter Miazga & Kennedy Present research
5 mm 9 mm 64mm | 12.7 mm
No. of Specimens 3 3 9 3
Welding Parameters
Welding Speed (mm/min) 250 205 254 254
Current (A) 125 125 170 170
Filler Metal Properties
Modulus of Elasticity (MPa); 207 600 | 207 600 | 210700 | 210700
Yield Strength (MPa) 465 465 452 452
Tensile Strength (MPa) 538 538 520 520
Fracture Strain (%) 25 25 22 22
Splice Plate Material Properties *
Yield Strength (MPa) 364 346 418 347
Tensile Strength (MPa) 522 513 551 466
Fracture Strain (%) 23 27 31 38
Main Plate Material Properties
Yield Strength (MPa) 346 324 392 386
Tensile Strength (MPa) 513 493 527 538
Fracture Strain (%) 27 32 40 41

* The plates listed for 12.7 mm specimens were used in three of the nine cases.
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Table 5.3 - Safety Indices

CSA-S16
All |64 mm | 12.7mm | E7014| E70T-4/E70T-7 E70T7-K2/E71T8-K6
No. Specimens 96 52 34 12 54 19
No. 6.4 mm 52 52 0 9 31 11
No. 12.7 mm 34 0 34 3 23 8
Pa 0.998| 0.998 0.998 | 0.998 0.998 0.998
Vg 0.100] 0.100 | 0.100 | 0.100 0.100 0.100
P 1.123] 1.123 1.123 | 1.123 1.123 1.123
Vi 0.077] 0.077 0.077 | 0.077 0.077 0.077
Pmz L.118| 1.118 1.118 | 1.118 1.320 1.536
Ve 0.121}| 0.121 0.121 | 0.121 0.121 0.121
Pp 1.169| 1.279 1.001 | 1.116 1.168 1.208
Ve 0.157] 0.111 0.090 | 0.098 0.168 0.154
Pa 1.465| 1.603 1.255 | 1.399 1.729 2.080
Vg 0.235] 0.207 0.197 | 0.200 0.242 0.233
B8 4.8 5.7 4.5 5.0 5.5 6.6
AISC
All | 6.4 mm | 12.7mm | E7014 | E70T-4/E70T-7 E70T7-K2/E71T8-K6
No. Specimens 96 52 34 12 54 19
No. 6.4 mm 52 54 0 9 31 11
No. 12.7 mm 34 0 34 3 23 8
PG 0998 | 0.998 | 0.998 | 0.998 0.998 0.998
Vg 0.100| 0.100 [ 0.100 | 0.100 0.100 0.100
Pumi 1.123 ] 1.123 1.123 | 1.123 1.123 1.123
\ 0.077] 0.077 0.077 | 0.077 0.077 0.077
Pm2 1.248 | 1.248 1.248 | 1.248 1.474 1.715
Vi 0.121§ 0.121 0.121 ] 0.121 0.121 0.121
Pp 1.169] 1.279 1.001 | 1.116 1.168 1.208
Vp 0.157] 0.111 0.090 | 0.098 0.168 0.154
PR 1.636] 1.790 1.401 | 1.562 1.930 2.322
Vg 0.235) 0.207 | 0.197 | 0.200 0.242 0.233
B 4.8 5.7 4.5 5.0 5.5 6.6
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(a) 0° Fracture Angle

Main Plate

(b) 90° Fracture Angle

Figure 5.10 — Typical Weld Fracture Surfaces
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Figure 5.11 - Fillet Weld Ductility Summary
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(c) Elongated Microvoids on FracureSurface of pecimen T32-2

Figure 5.12 — Fracture Surface of Fillet Weld
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6.1 SUMMARY AND CONCLUSIONS

A literature review has shown that although research on the behaviour of fillet
welds has focused mainly on filler metals without a specified toughness, the level of
toughness inherent in the filler metals tested was not evaluated. Because SMAW
electrodes were used in most of the research, the level of weld toughness in previous tests
may not be representative of FCAW electrodes without a specified toughness. This has
raised concerns that the design equations used currently in North America may not be
adequate. Also the majority of research has been focused on fillet welds in a lapped
splice configuration, but relatively fewer tests on cruciform specimens have been
conducted. Therefore, a comprehensive testing program was carried out that covers a

broad array of variables.

In total, 102 transverse fillet weld specimens were tested. The test matrix
includes 96 double lapped splice and six cruciform specimens. Test specimens were
prepared using five classifications of filler metal, namely E7014, E70T-4, E70T-7,
E70T7-K2, and E71T8-K6. The E7014 filler metal is deposited using the SMAW
process, while the remainder use the FCAW process. Of the classifications of filler metal
tested, only the E70T7-K2 and E71T8-K6 electrodes have a specified toughness. Two
weld sizes were included in the lapped splice specimens, namely 6.4 mm and 12.7 mm.
On the other hand, only 6.4 mm fillet welds were included in the cruciform specimens,
considered to be pilot tests to guide future work on the effect of the root notch orientation

on fillet weld behaviour. Three E70T-4 specimens with 6.4 mm fillet welds from the 96

lapped splice specimens were tested at —50°C to provide an indication of the effect of
low temperature on both strength and ductility. In order to provide a broad sample of
specimens, electrodes from two manufacturers were used, and specimens were produced
by two different fabricators. All base plates were designed to yield prior to fracture of
the weld, except in the cases of the 6.4 mm E7014 specimens where the base plates were
designed to remain elastic in order to conduct a direct comparison to the results from

Miazga and Kennedy (1989).

All stress quantities reported herein were calculated by half of the applied load

divided by either the theoretical throat area or by the measured fracture surface area.
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Both areas were used for normalization because these stress quantities were used for
comparison and there were advantages and disadvantages of each method. Using the
theoretical throat area neglected the significant contribution of root penetration and weld
face reinforcement. In most cases, fracture planes did not lie on the theoretical throats.
On the other hand, using fracture surface area resulted in a true ultimate strength, but the
fracture angles varied. Therefore, when comparing strengths among specimens using the
second method, no one-to-one comparison can be made. Using both normalization
methods can give a more general interpretation of the results. In all strain quantities
reported herein, the strain at each LVDT location was calculated by dividing the
deformation by the pretest measured gauge length. Weld deformations were measured
using customized instrumentations to ensure the deformation captured was only the weld

deformation, but not including the deformation of the base plate.

Test results of the E7014 (SMAW) specimens were compared with those tested
by Miazga and Kennedy (1989). The difference of heat input, due to differences in
welding speed and current used in production, and the tempering taking place in the
multi-pass process can explain the difference in weld strength observed in the two
research programs. However, the difference in weld strength between the 5 mm and
9 mm fillet welds from Miazga and Kennedy (1989) cannot be explained by any of the
welding parameters reported. The two sizes of fillet weld in the present research
exhibited higher ductility than the similar sizes of fillet weld in Miazga and Kennedy
(1989). It is found that when heat input is constant, a larger weld size results in higher
ductility. The differences in the welding parameters used in the two research programs
can be used to explain most of the modest differences in fillet weld behaviour. The new
research is therefore considered to be substantially consistent with the methods of Miazga
and Kennedy (1989), and meaningful comparisons can be made with the results for the
FCAW fillet welds.

It is found that the welding process itself (SMAW or FCAW) has little effect on
fillet weld strength. However, it is observed that FCAW filler metal provides relatively
higher penetration because for the majority of FCAW specimens, the fracture surface
areas are in the order of about 1.5 to 2 times larger than the theoretical throat areas. On

the other hand, for the majority of SMAW specimens, the fracture surface areas are
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similar to the theoretical throat areas. Fillet welds made with filler metals with a
specified toughness tend to possess a somewhat higher strength than filler metals without.
Fillet welds made with filler metals having a specified toughness also showed more
variability in strength. Furthermore, filler metals with a specified toughness showed

significantly higher fillet weld ductility.

Electrode manufacturer and steel fabricator are found to influence fillet weld
strength and ductility somewhat. However these parameters cannot reasonably be
incorporated into design equations. Furthermore, there is likely a statistical interaction
between the effects of electrode manufacturer and steel fabricator and the electrode
classification because some fabricators reported that the lack of experience of a welder

using a particular classification of electrodes caused difficulties that might affect the

behaviour of fillet welds.

Smaller fillet welds tend to provide significantly higher strength and somewhat
lower ductility than larger fillet weld. Smaller fillet welds also exhibit more variability in

fracture strain. It is confirmed that fillet weld capacity is not linearly proportional to

weld size.

Root notch orientation has slight influence on the strength of fillet weld. Fillet
welds in the weldment having a cruciform configuration tended to provide a lower

strength. They also tended to provide significantly lower ductility than in the lapped

splice configuration.

Low temperature does not have a negative effect on fillet weld strength, but as

expected, the ductility of fillet welds at low temperature tends to reduce significantly.

Unequal leg dimension was found to influence the fracture angle. In general, a 0°
fracture angle appears when the dimensions of the shear and tension leg are similar. A
90° fracture angle appears while the tension leg is significantly smaller than the shear leg.
Fracture surfaces of test specimens fractured at or close to 0° exhibited ductile shear
fracture. Fracture surfaces of test specimens fractured at or close to 90° exhibited tension
fracture, with some areas of cleavage. Test specimens fractured close to 20° show

typically ductile fracture surfaces.
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The ductilities of all test specimens were compared to the predicted values from
the empirical equations presented by Lesik and Kennedy (1990). All lapped splice
specimens tested in this research exceeded these predictions. Only the cruciform

specimens fell consistently below the predicted values.

It is confirmed that the current design equations of CSA-S16 and Appendix J of
the AISC Specification are conservative for filler metals with and without specified
toughness, and for SMAW and FCAW process. The test-to-predicted ratio ranges from
1.25 to 2.46 and 1.39 to 2.75 for CSA-S16 and the AISC Specification, respectively,
when the nominal filler metal tensile strength is used to compute the predicted capacity.
The ranges of test/predicted ratios are reduced to 1.14 to 2.30 and 1.28 to 2.57 for
CSA-S16 and the AISC Specification, respectively, when the measured filler metal

strength is used.

Fillet welds made with filler metals with a specified toughness (E70T7-K2 and
E71T8-K6) tend to provide the highest test/predicted ratios. In general, fillet welds made
with FCAW filler metals without a specified toughness (E70T-4 and E70T-7) tend to
provide lower test/predicted ratios than those made with filler metals with a specified
toughness, but higher than those made with SMAW filler metal (E7014). For CSA-S16,
the mean test/predicted ratios for the E7014, E70T-4, E70T-7, E70T7-K2, and E71T8-K6
filler metals individually are 1.42, 1.90, 1.86, 2.17, and 1.97, respectively, when
predicted using the nominal weld metal strength, and 1.31, 1.62, 1.44, 1.75, and 1.86,
respectively, when predicted using the measured weld metal strength. For the AISC
specification, the mean test/predicted ratios for the E7014, E70T-4, E70T-7, E70T7-K2,
and E71T8-K6 filler metals individually are 1.59, 2.12, 2.08, 2.42, and 2.20, respectively,
when predicted using the nominal weld metal strength, and 1.46, 1.80, 1.63, 1.97, and
2.15, respectively, when predicted using the measured weld metal strength. The mean
test/predicted ratios for the 6.4 mm, lapped splice fillet welds, and fillet welds tested at
—50°C are higher than those for the 12.7 mm, cruciform fillet welds, and fillet welds -

tested at room temperature, respectively.

The safety indices, B, were evaluated for transverse fillet welds based on the

results of this test program using the same procedure as Lesik and Kennedy (1990). The
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safety indices were determined for the variables considered in the research, broken down
into six categories, All, 64mm, 12.7mm, E7014, E70T-4/E70T-7, and
E70T7-K2/E71T8-K6. Safety indices for all categories are at least equal to the traditional
target value for connections of 4.5. The value of the safety index determined from all of
the tests, 6.4 mm fillet welds, 12.7 mm welds, fillet welds made with E7014 filler metal,
fillet welds made with FCAW filler metals without a specified toughness
(E70T-4/E70T-7), and fillet welds made with filler metals with a specified toughness
(E70T7-K2/E71T8-K6) are 4.8, 5.7, 4.5, 5.0, 5.5, and 6.6, respectively. The safety

indices for fillet welds in cruciform configuration and tested at —50°C were not

determined because the sample sizes of these special cases are very limited.

6.2 FUTURE WORK

All of the 6.4 mm specimens made with E7014 electrodes in the present research
had base plates that remained elastic throughout the tension test, as did the 5 mm
specimens in the work of Miazga and Kennedy (1989). Although the base plates of the
12.7 mm E7014 specimens in the present research yielded prior to weld fracture and had
the same number of passes as the 9 mm specimens of Miazga and Kennedy (1989), the
weld sizes from the two research programs are not the same. Due to the known influence
of weld size on capacity, there is no one-to-one comparison to assess the effect of elastic
base plate on fillet weld behaviour. The influence on weld strength of the restraint gained
from the base plates remaining elastic could not be determined with confidence. There is
a need for further investigation on the influence of yielding of the base plates on fillet

weld strength and ductility.

Including the six cruciform specimens in this research program, the available data
on fillet weld in weldments having a cruciform configuration is still very limited. The
test results of these six specimens show that transverse fillet welds in a cruciform
configuration tend to provide both lower weld strength and ductility. Experimental work

on fillet welds in a cruciform configuration should be expanded (including different weld
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sizes) to investigate the effect of weldment geometry on fillet weld behaviour in order to

determine the safety index for this specific configuration.

For fillet welds at low temperature, the available data is very limited. Although
the test results from the present research program did not show that low temperature has a
negative effect on fillet weld strength, the available data is not enough to determine the
safety index for this specific category. Further investigation is needed to expand the data

pool for fillet welds at low service temperatures.

Phases II and III of this research project are currently in progress. Phase II is an
investigation similar in structure to the research reported herein (Phase I) and covers the
behaviour of longitudinal and 45° fillet welds made with FCAW filler metals. Phase III
is an investigation of the behaviour of welds groups, with combinations of transverse and

longitudinal fillet welds and transverse and 45° fillet welds.
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Table A2 — Welding Procedure Specifications prepared by Supreme

Supreme Steel Data Sheet

Date:

Job:
Project:

18-Oct-01
1072

AISC - University of Alberta Fillet Weld Project

Personnel: Welder - Ed Homeniuk (Supreme Steel)
QAVEngineer - Todd Collister (Supreme Steel)
Conditions: Standard Shop Conditions
Material: See Waiward Steel for material specifications and other Information
Equipment: Welding Machine Wire Feeder
Lincoln Electric Lincoln Electric
Model - DC-600 LN-7 Wire Feeder
Code - W383-1 Code - 9168
Type - K1288M Serial No.- 186030
Serial No.- 292309 Input vottage 115 50/60 Hz current 2.0 Amps
Notes: -Best welds on same side were choosen based on visual inspection
-Other side of plate was reinforced with small fillet weld
-Groove welded specimen were welded with a maintained temperature of 150 degrees celcius
~Temperature of plate was monitored with a temperature crayon
-High deposit rate with wire speed at 225 made 6mm fillet weld difficuit to attain
-Nickel wire was very smokey and was difficult to see puddie and maintain size of fillet
SpeciEen Mark | Producer Filler Metal Class Polarity ]Stick-out] Wire speed] Amps. Volts Date
1/4" fillet T4-H-S Hobart Fabshield 4 E70T-4 DC+ 2.5" 225 350 29 21-Aug
1/2" fillet T4-H-S Hobart Fabshield 4 E70T-4 DC+ 2.5" 225 350 29 21-Aug
GROOVE T4-H-8 Hobart Fabshield 4 E70T-4 DC+ 2.5" 225 350 29 21-Aug
1/4" fillet T4-L-S Lincoln Innershield NS3M E70T-4 DC+ 2.5" 150 310 29 16-Oct
1/2" fillet T4-L-S Lincoln Innershield NS3M E70T-4 DC+ 25" 150 310 29 16-Oct
1/4" fillet T7-H-S8 Hobart Fabshield 7027 E70T-7 DC- 1.5" 170 350 26 16-Oct
1/2" fillet T7-H-S Hobart Fabshield 7027 E70T-7 DC- 1.5" 170 350 26 16-Oct
GROOQVE T7-H-S Hobart Fabshield 7027 E70T-7 DC- 1.5" 170 350 26 17-Oct
1/4" fillet T7-L-S Lincoln ] Innershield NR311 E70T-7 DC- 1.26 160 340 26 17-Oct
1/2" fillet T7-L-S Lincoln | innershield NR311 E70T-7 DC- 1.25" 160 340 26 17-Oct
1/4" fillet T8-K6-H-S§ Hobart Fabshield 3Ni1 E7178-K6 DC- 75" 180 330 24 18-Oct
1/2" fillet T8-K6-H-S] Hobart Fabshield 3Ni1 E71T8-K6 DC- 75" 180 330 24 18-Oct
GROQVE | T8-K6-H-S] Hobart Fabshield 3Ni1 E71T8-K6 DC- 75" 180 330 24 18-Oct
1/4" fillet T7-K2-L-S] Lincoln_{ Innershield NR311Ni| E70T7-K2 DC- 1" 180 310 25 18-Oct
1/2" fillet T7-K2-L-S] Lincoln [ innershield NR311Ni| E70T7-K2 DC- 1" 180 310 25 18-Oct
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Appendix B

Etched Specimen Cross-Sections
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70T-4(H)W 6.4 mm

7014(L)W 6.4 mm (25.4mm Plate)

Figure B1 — Specimen T1-3

70T-4(H)S 6.4 mm

Figure B3 — Specimen T7-1 Figure B4 — Specimen T9-1

[E70T-7(H)W 6.4 mm 70T-7(H)S 6.4 mm

Figure B5 — Specimen T11-2 Figure B6 — Specimen T12-1
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E70T-7(L)W 6.4 mm 70T-7(L)S 6.4 mm

Figure B8 — Specimen T14-1

E70T7-K2(L)S 6.4 mm

Figure B9 — Specimen T16-2 Figure B10 — Specimen T17-1

E71T8-K6(H)S 6.4 mm 7014(L)W 12.7 mm

Figure B11 — Specimen T19-1 Figure B12 — Specimen T20-1
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E70T-4(H)W 12.7 mm 70T-4(H)S 12.7 mm

Figure B13 — Specimen T21-1 Figure B14 — Specimen T22-2

E70T-4(L)S 12.7mm E70T-7(H)S 12.7 mm

Figure B15 — Specimen T24-3 Figure B16 — Specimen T26-1

E70T-7(L)W 12.7 mm E70T-7(L)S 12.7 mm

Figure B17 — Specimen T27-2 Figure B18 — Specimen T28-3
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E70T7-K2(L)W 12.7 mm | E71T8-K6(H)S 12.7 mm |

Figure B19 — Specimen T29-2 Figure B20 — Specimen T32-2
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Appendix C

Weld Measurements and Weld Profiles
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Appendix C — Weld Measurements and Weld Profiles

This appendix contains the fillet weld measurements, including the gauge lengths for
strain measurements, plots of the weld profiles, and also the out-of-straightness
measurements for the cruciform specimens.

Eight tension and shear weld leg measurements were made spaced at 10 mm intervals
along the weld length. Measurements of the weld profile, oriented at an angle of 45° to
the main plate, were also performed at these same locations. For the 12.7 mm welds, 45°
measurements were made at three different points at each location in order to better
characterize the profile. The locations of these points are shown in Figure COa.

pryp—

E 6.4 mm
A mm

6.4 mm Fillet 12.7 mm Fillet

Figure C0a — Pre-test Fillet Weld Measurements

After weld fracture, measurements of the fracture surface, fracture surface angle, and
again, the shear leg (called Shear Leg After Fracture in the tables) were made. The
Fracture Surface and Shear Leg After Fracture measurements are depicted in Figure COb.

Fractured

Figure COb — Shear Leg After Fracture and Fracture Surface Measurements

The Weld Root Penetration values are the difference between the Shear Leg measurement
and the Shear Leg After Fracture measurement.
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Table C103 — Gauge Lengths For Strain Measurements

Sp(?cimgn Identifier LVvDT1 | LVDT2 | LVDT3 | LVDT 4
Designation (mm) (mm) (mm) {mm)
T1-1 6.7 6.9 5.8 57
T1-2 E7014(L)W 6.4 mm 6.8 6.1 5.6 6.4
T1-3 6.1 6.1 6.0 5.4
T2-1 5.4 5.6 6.8 6.7
T2-2 E7014(L)W 6.4 mm 5.9 6.3 5.8 6.2
T2-3 6.1 6.5 6.6 6.2
T3-1 6.9 7.9 7.7 8.0
T3-2 E7014(L)W 6.4 mm 8.0 7.7 7.6 8.4
T3-3 71 7.7 8.0 7.5
T4-1 6.1 5.9 6.2 5.9
T4-2 E70T-4(H)W 6.4 mm 5.9 6.0 6.3 6.5
T4-3 6.0 6.0 5.9 5.6
T5-1 6.3 6.0 6.1 6.0
T5-2 E70T-4(H)W 6.4 mm 6.1 6.3 6.2 6.1
T5-3 6.5 6.1 5.8 55
T6-1 6.3 6.6 6.2 6.3
T6-2 E70T-4(H)W 6.4 mm 6.7 6.4 6.6 6.9
T6-3 6.6 6.4 6.6 6.2
T7-1 5.0 5.8 6.3 7.1
T7-2 E70T-4(H)S 6.4 mm 4.6 5.8 6.6 5.1
T7-3 5.2 54 5.6 5.9
T8-1 5.9 6.4 6.4 7.0
T8-2 E70T-4(L)W 6.4 mm 6.7 6.0 7.0 6.9
T8-3 6.7 6.0 7.0 6.9
T9-1 7.7 7.2 8.8 8.3
T9-2 E70T-4(L)S 6.4 mm 8.0 8.5 7.9 8.9
T9-3 8.3 8.4 7.9 8.1
T10-1 7.6 7.6 8.8 8.9
T10-2 E70T-4(L)S 6.4 mm 8.3 7.8 8.4 7.8
T10-3 8.3 7.0 8.6 8.8
T11-1 6.4 6.3 7.3 7.5
T11-2 E70T-7(H)W 6.4 mm 6.4 6.8 7.0 7.3
T11-3 6.1 6.8 7.0 7.5
T12-1 8.0 75 8.4 7.6
T12-2 E70T-7(H)S 6.4 mm 8.1 8.3 8.2 7.9
T12-3 7.7 7.5 8.0 8.8
T13-1 6.8 6.7 7.2 6.3
T13-2 E70T-7(L)W 6.4 mm 6.2 6.4 7.3 7.3
T13-3 5.9 7.1 6.0 5.0
T14-1 8.0 8.3 8.5 9.0
T14-2 E70T-7(L)S 6.4 mm 8.1 8.6 9.0 8.4
T14-3 8.3 7.7 8.7 8.4
T15-1 6.7 6.9 7.9 7.0
T15-2 E70T-7(L)S 6.4 mm 7.3 7.2 76 7.6
T15-3 6.9 7.5 74 75
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Table C103 — Gauge Lengths For Strain Measurements (Cont.)

Spt.acimgn Identifier LvDT1 | LVDT2 | LVDT3 | LVDT4

Designation ’ (mm) {(mm) (mm) (mm)
T16-1 6.5 6.6 7.6 7.7
T16-2 E70T7-K2(L)W 6.4 mm 6.5 6.6 8.1 8.1
T16-3 71 6.8 7.3 6.6
T17-1 8.9 9.5 9.8 9.1
T17-2 E70T7-K2(L)S 6.4 mm 9.4 9.7 9.0 10.0
T17-3 9.1 9.8 7.8 8.4
T18-1 49 5.8 6.0 5.8
T18-2 E71T8-K6(H)W 6.4 mm 48 5.3 54 5.0
T18-3 5.6 5.6 53 5.4
T19-1 7.8 8.1 74 7.6
T19-2 E71T8-K6(H)S 6.4 mm 9.2 8.4 7.9 76
T19-3 8.6 8.8 7.1 8.8
T20-1 12.9 13.9 143 12.5
T20-2 E7014(L)W 12.7 mm 13.2 12.6 13.6 13.6
T20-3 13.5 13.7 13.9 12.5
T21-1 12.0 11.3 124 12.3
T21-2 E70T-4(H)W 12.7 mm 12.0 124 11.8 121
T21-3 13.0 11.5 12.0 12.0
T22-1 9.5 9.7 114 10.9
T22-2 E70T-4(H)S 12.7 mm 10.5 10.2 10.5 111
T22-3 12.1 11.5 10.1 10.4
T23-1 13.2 124 135 135
T23-2 E70T-4(L)W 12.7 mm 12.7 12.3 13.0 13.3
T23-3 12.3 13.0 12.9 13.3
T24-1 11.2 124 11.5 114
T24-2 E70T-4(L)S 12.7 mm 123 12.9 121 11.7
T24-3 12.6 13.7 11.7 121
T25-1 13.5 14.2 14.6 14.6
T25-2 E70T-7(H)W 12.7 mm 12.7 12.1 12.2 12.3
T25-3 13.1 13.4 13.7 13.8
T26-1 11.9 125 13.2 13.7
T26-2 E70T-7(H)S 12.7 mm 124 12.9 12.7 12.8
T26-3 12.3 13.3 12.9 12.9
T27-1 126 12.8 115 117
T27-2 E70T-7(L)W 12.7 mm 12.8 12.7 11.8 12.0
T27-3 12.3 12.0 11.4 11.5
T28-1 134 13.8 12.6 127
T28-2 E70T-7(L)S 12.7 mm 137 129 12.2 124
T28-3 12.6 13.0 12.9 13.5
T29-1 11.8 13.1 16.2 16.2
T29-2 |E70T7-K2(L)W 12.7 mm| 13.7 133 17.1 16.4
T29-3 134 13.4 16.1 15.4
T30-1 13.0 115 13.8 13.2
T30-2 E70T7-K2(L)S 127 mm| 12.9 12.6 13.0 146
T30-3 12.4 13.1 13.6 12.8
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Table C103 — Gauge Lengths For Strain Measurements (Cont.)

Specimen Identifier LvDT1 { LVDT2 | LVDT3 | LVDT 4
Designation (mm) (mm) (mm) (mm)
T31-1 11.3 11.1 10.6 10.2
T31-2 |E71T8-K6(HW 12.7 mm| 109 11.3 10.3 104
T31-3 11.3 11.3 10.4 10.7
T32-1 12.3 12.2 11.9 12.5
T32-2 |E71T8-K6(H)S 12.7 mm| 114 11.0 12.0 124
T32-3 10.7 9.7 11.8 12.5
C1-1 — 8.4 — 8.3
C1-2 E70T-4(H)W 6.4 mm — 7.7 — 7.8
C1-3 — 74 — 9.0
C2-1 5.7 6.0 7.2 76
C2-2 E70T7-K2(L)W 6.4 mm — 7.8 — 8.1
C2-3 7.0 7.2 6.0 5.9
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Figure C1 — Weld Profile for Specimen T1-1
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Figure C2 — Weld Profile for Specimen T1-2
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Figure C3 — Weld Profile for Specimen T1-3
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Figure C4 — Weld Profile for Specimen T2-1
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Figure C5 — Weld Profile for Specimen T2-2
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Figure C6 — Weld Profile for Specimen T2-3
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Figure C7 — Weld Profile for Specimen T3-1
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Figure C8 — Weld Profile for Specimen T3-2
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Figure C9 — Weld Profile for Specimen T3-3
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Figure C10 — Weld Profile for Specimen T4-1
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Figure C11 — Weld Profile for Specimen T4-2
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Figure C12 — Weld Profile for Specimen T4-3




Tension Leg (mm_

Tension Leg (mm)

Tension Leg (mm)

E70T-4(H)W 6.4mm
Front Weld

4 6 8
Shear Leg (mm)

Tension Leg (mm_

E70T-4(H)W 6.4mm
Back Weld

4 6 8 10
Shear Leg (mm)

Figure C13 — Weld Profile for Specimen T5-1
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Figure C14 — Weld Profile for Specimen T5-2
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Figure C15 — Weld Profile for Specimen T5-3
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Figure C16 — Weld Profile for Specimen T6-1
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Figure C17 — Weld Profile for Specimen T6-2
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Figure C18 — Weld Profile for Specimen T6-3
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Figure C19 — Weld Profile for Specimen T7-1
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Figure C20 — Weld Profile for Specimen T7-2
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Figure C21 — Weld Profile for Specimen T7-3
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Figure C22 — Weld Profile for Specimen T8-1
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Figure C23 — Weld Profile for Specimen T8-2
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Figure C24 — Weld Profile for Specimen T8-3
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Figure C25 — Weld Profile for Specimen T9-1
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Figure C26 — Weld Profile for Specimen T9-2
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Figure C27 — Weld Profile for Specimen T9-3
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Figure C28 — Weld Profile for Specimen T10-1
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Figure C29 — Weld Profile for Specimen T10-2
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Figure C30 — Weld Profile for Specimen T10-3
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Figure C31 — Weld Profile for Specimen T11-1
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Figure C32 — Weld Profile for Specimen T11-2

E70T-7(H)W 6.4mm
Front Weld

1 i

4 6 8 10
Shear Leg (mm)

10
E70T-7(H)W 6.4mm
Back Weld

Tension Leg (mm)

Shear Leg (mm)

Figure C33 — Weld Profile for Specimen T11-3
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Figure C34 — Weld Profile for Specimen T12-1
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Figure C35 — Weld Profile for Specimen T12-2
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Figure C36 — Weld Profile for Specimen T12-3
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Figure C37 — Weld Profile for Specimen T13-1
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Figure C38 — Weld Profile for Specimen T13-2
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Figure C39 — Weld Profile for Specimen T13-3
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Figure C40 — Weld Profile for Specimen T14-1
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Figure C41 — Weld Profile for Specimen T14-2
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Figure C42 — Weld Profile for Specimen T14-3
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Figure C43 — Weld Profile for Specimen T15-1
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Figure C45 — Weld Profile for Specimen T15-3
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Figure C46 — Weld Profile for Specimen T16-1
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Figure C47 — Weld Profile for Specimen T16-2
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Figure C48 — Weld Profile for Specimen T16-3
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Figure C49 — Weld Profile for Specimen T17-1
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Figure C50 — Weld Profile for Specimen T17-2
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Figure C51 — Weld Profile for Specimen T17-3
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Figure C52 — Weld Profile for Specimen T18-1
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Figure C53 — Weld Profile for Specimen T18-2
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Figure C54 — Weld Profile for Specimen T18-3
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Figure C55 — Weld Profile for Specimen T19-1
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Figure C56 — Weld Profile for Specimen T19-2
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Figure C57 — Weld Profile for Specimen T19-3
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Figure C60 — Weld Profile for Specimen T20-3
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Figure C63 — Weld Profile for Specimen T21-3
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Figure C68 — Weld Profile for Specimen T23-2
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Figure C69 — Weld Profile for Specimen T23-3

181



‘.

Tension Leg (mm

Tension Leg (mm)

Tension Leg (mm)

-
[+<]

-
()]

-
N

18

15

18

15

18

L E70T-4(L)S 12.7mm 15 | E70T-4(L)S 12.7mm
Front Weld Back Weld

Tension Leg (mm)

0 3 6 9 12 15 18 0 3 6 9 12 15

Figure C72 — Weld Profile for Specimen T24-3

182

18
Shear Leg (mm) Shear Leg (mm)
Figure C70 — Weld Profile for Specimen T24-1
18
i E70T4(L)S 12.7mm 15 | E70T-4(L)S 12.7mm
Front Weld Back Weld
€
E
o
3
c
9
2
(0]
l...
0 3 6 9 12 15 18 0 3 6 9 12 15 18
Shear Leg (mm) Shear Leg (mm})
Figure C71 — Weld Profile for Specimen T24-2
18
= E70T-4(L)S 12.7mm 15 E70T-4(L)S 12.7mm
Front Weld . Back Weld
£
E
o
Q
-~
c
A=l
2
(0]
|._
0 3 6 9 12 15 18 0 3 6 9 12 15 18
Shear Leg (mm) Shear Leg (mm)



Tension Leg (mm!

Tension Leg (mm)

Tension Leg (mm)

=N
o

-
W

—
[\V]

18

15

18

15

18

E70T-7(H)W 12.7mm 15 + E70T-7(H)W 12.7mm
Front Weld Back Weld

Tension Leg (mm)

3

6 9 12 15 18 0 3 6 9 12 15 18
Shear Leg (mm) Shear Leg {mm)
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Figure C81 — Weld Profile for Specimen T27-3
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Figure C82 — Weld Profile for Specimen T28-1
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Figure C84 — Weld Profile for Specimen T28-3
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Figure C87 — Weld Profile for Specimen T29-3
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Figure C88 — Weld Profile for Specimen T30-1
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Figure C89 — Weld Profile for Specimen T30-2
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Figure C90 — Weld Profile for Specimen T30-3

188



Tension Leg (mm.

Tension Leg (mm)

Tension Leg (mm)

- -
w x>

-
[\N)

18

15

18

15

E71T8-K6(H)W 12.7mm
Front Weld

3 6 9 12 15
Shear Leg (mm)

18

Tension Leg (mm)

18

15

E717T8-K6(H)W 12.7mm
Back Weld

3 6 9 12 15

Figure C91 — Weld Profile for Specimen T31-1

E71T8-K6(H)W 12.7mm
Front Weld

1

3 6 9 12 15
Shear Leg (mm)

18

Tension Leg (mm)

18

15

Figure C92 — Weld Profile for Specimen T31-2

E71T8-K6(H)W 12.7mm
Front Weld

1

3 6 9 12 15
Shear Leg (mm)

18

Tension Leg (mm)

18

15

Shear Leg (mm)

Figure C93 — Weld Profile for Specimen T31-3
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Table D1 — Plate Tension Coupon Test Results

Nori Static Yield | Static Tensile] Modulus of . ¢ Reduction
ominal Coupon . . Elongation
Thickness Number Strength Strength Elasticiy of Area
(MPa) {MPa) (MPa) (%) (%)
1 416 550 215900 205 52.5
9.5 mm 2 419 551 199 000 314 51.9
Mean 418 551 207 500 30.5 52.2
1 347 466 202 700 38.2 66.6
15.9mm 2 347 465 200 100 38.2 67.2
Mean 347 466 201 400 38.2 66.9
1 392 528 194 700 40.6 64.2
19.1 mm 2 392 526 196 100 40.4 65.1
Mean 392 527 195 400 40.5 64.6
1 388 538 201 800 40.9 62.8
25.4 mm 2 385 538 201 300 40.9 64.1
Mean 386 538 201 600 40.9 63.4
Table D2 — Weld Metal Tension Coupon Test Results
s Static .
As§emt{|y Identifier Coupon Stsattrl:nzltﬂd Tensile Mgg;;lt::;; ' Elongoa tion © Rgg /lif':g: "
Designation Number (MPa) S(tﬁgg;h (MPa) (%) (%)
1 448 517 200 400 20.6 51.7
A1 E7014(L)W 2 456 523 221 000 22.8 54.5
Mean 452 520 210 700 21.7 53.1
1 315 513 173500 25.2 35.0
2 312 513 214 500 25.0 45.3
3 376 557 181 200 225 34.1
A2 E70T-4(HW 4 383 —@ 175 000 949 9.0
5 383 557 183 200 19.9 40.4
Mean 354 535 185 500 23.2 32,7
1 470 630 206 100 21.1 36.5
A3 E70T-4(H)S 2 473 631 191 100 23.4 51.0
Mean 472 631 198 600 22.3 43.8
1 407 562 200 900 26.1 T 549
Ad E70T-4(L)W 2 407 563 205 900 29.5 55.2
Mean 407 562 203 400 27.8 55.0
1 465 609 201 300 23.6 49.2
A5 E70T-7(H)W 2 471 600 200 200 225 49.4
Mean 468 605 200 800 23.1 49.3
1 437 584 207 500 24.7 52.2
A6 E70T-7(L)W 2 453 —® 202 900 729 15.2
Mean 445 584 205 200 24.7 33.7
1 493 652 245 500 22.9 426
A7 E70T-7(L)S 2 473 —® 213 300 1189 23.7
Mean 483 652 229 400 22.9 33.2
1 530 592 199 900 239 69.6
A8 E70T7-K2(L)W 2 523 591 214 200 25.3 68.8
Mean 527 592 207 100 24.6 69.2
1 413 485 199 400 32.1 71.4
A9 E71T8-K6(H)W 2 414 494 200 400 23.0 47.9
‘Mean 414 490 199 900 27.6 59.7
1 409 495 207 800 25.9 59.0
A10 E71T8-K6(H)S 2 395 491 206 900 30.8 74.1
Mean 402 493 207 400 28.4 66.6

D Measured at 0.2% offset
@ Measured on 50 mm gauge length
® Specimen fractured prior to reaching ultimate load
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Figure D2 — Stress vs. Strain Curves for 15.9 mm Thick Plate
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Figure D8 — Stress vs. Strain Curves for Weld Metal Coupons from Assembly A4
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Figure D10 — Stress vs. Strain Curves for Weld Metal Coupons from Assembly A6
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Figure D12 — Stress vs. Strain Curves for Weld Metal Coupons from Assembly A8

200



700

600

500

400

Stress (MPa)

300

200

100

Strain (%)

- E71T8-K6(H)W
- I
e Coupon 1
——Coupon 2
0 5 10 15 20 25 30

35

Figure D13 — Stress vs. Strain Curves for Weld Metal Coupons from Assembly A9

700

600

500

400

300

Stress (MPa)

200

100

E71T8-K6(H)S

—— Coupon 1

——— Coupon 2

10

15 20
Strain (%)

25

30

35

Figure D14 — Stress vs. Strain Curves for Weld Metal Coupons from Assembly A10

201



Appendix E

Transverse Fillet Weld Test Results
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Appendix E — Transverse Fillet Weld Test Results

Explanatory Notes:

Test/Predicted Ratios are calculated from two different steel design standards:
CAN/CSA-S16, Limit States Design of Steel Structures, and AISC Load and
Resistance Factor Design Specification for Structural Steel Buildings. Values
using both the nominal weld strength and the weld strength measured from weld
metal tension coupon tests are shown. The resistance factor is taken equal to 1.0.
A more complete description of these calculations, and the rationale on which
they are based, can be found in section 4.6 of the main body of the report.

Effective Throat Area is the product of the minimum theoretical throat dimension,
calculated using the mean value of the measurements of each weld leg, and the
weld length.

Facture Surface Area is the product of the mean fracture surface width, based on
measurements at eight locations along the weld, and the weld length.

Ultimate P/Awrox and Ultimate P/Agaenre are calculated as one-half of the
maximum load applied to the specimen divided by the effective throat area or the
fracture surface area, respectively.

Average A/D is the mean value of the two strain measurements on the same weld.
The strain is calculated as the LVDT displacement measurement divided by the
original gauge length. Results at both the ultimate load and at fracture are
reported.

Fracture Angle is the angle between the fracture surface and the main plate. The
reported fracture angles are the mean value of eight measurements along the weld
length.

Maximum Main Plate Stress is the ultimate load divided by the measured cross-
sectional area of the main plate.

203



0 80°0 80°0 viv €99 [41:] ¥ze 06’} sze (YN Loz | doeg
10¥ - - - - - - 629 M H 1023 [ v'9 vl
- 200 100 — - 966 6ce 81 1ge 89°L 86°L juoi4
0 L0°0 200 6.¥ 649 €L6 yee 16' gge Wtk 207¢ Xoeg
1454 - - - - - - 169 M H #1043 [ ¥9 vl
- 60°0 60°0 — - 996 A% 68t 1 ZA 691 00C | o
oLy 0 80°0 80°0 96 1G9 286 62¢ €6') 22 L 0’z | Aoed - Lol
L " -
- Lo Lo — - Y66 §ce 6’1 (1594 vi'L 90'C | woid o9 M H 1023 9 v
— 8¥'0 8¥'0 — et 659 G6¢ Wi 25’ 9z’ LE'L | oed
€ee - - - - - - 0zs M B #1043 9 €€l
43 60°0 60°0 €69 SlE 0S89 ooy 6€’1 0g'L ve'L gL juold
e — 200 00 - - 829 454 el Syl oc't oe't Joeqd 815 M 1 y1023 o -
8l 60°0 200 992 8€e 59 96€ o'l Le't gc’L ce'L juoi4
. — 010 oL'o - - €9 1]84 9t 8yl [4A" ZeL | doegd ol 0 el
G a 4 ! -
¢t Sl 010 010 LzL 09¢ G69 L8 8vl 194 eed L | uoid & M ho.3 4
t 00 100 t - ov. 9ce 8g'1L | 7Ae" [A A" €S’} xoeg
€0¢ - - - - - - FAti4 M 1 yL0.3 79 €zl
6 0L0 60°0 2s9 69¢ 669 14 6’1 29’1 ve'L St juoi4
- 60°0 60°0 — - L zee €Sl g9t FAous 8v'L | Moegd
862 - - - - - - viv M 1 yr0.3 ¥'9 rArAR
14 L0 Lo ovL 8lLe oeL Gze 95’} 691 or'L 164 | o4
—_ 070 200 - - 819 LPe 148" 187} oel WL | toed , 9 .
6e 6 0L0 0L'0 0eL (74 419 143 L9} 0Lt (328" [As " juoid cov M 1 vi043 v bzl
L Lo 0L'0 9l9 Liv 96. 6€E 1971 sl't Syl LS’} oeg
162 - - - - - - €18 M 1 vi0/3 [ ¥P9| €Ll
A} 010 600 1.9 6.¢ 194 L€ €9°L 9l'L av'L 8G'L | ol
- Lo 600 —_ — 0L oze g9l 8Ll A 09'L | Moeg
(Xer4 - - - - - - zos M 1 043 [ v9 TL
8 oLo 800 969 €8¢t €eL (42 19} 0s'l or'L cs'L juci4
- 600 600 — — 164 FAA 0Ll 160 4+ Go'L | oed o , 9 L
8se ZL 60°0 800 299 48¢ 9zL £5€ GS'l 891 6€°1L 1S L | old el M 1 ri0i3 v F
(ediN) A v (eimoeud) (PEOT | (BdW) | (ww) (edn) | (uw) WbusAS [pbuang| Yibusas [HibusaSiuogeoo| (NY) Holeouqedleinioejnuep|Uoeoyissel) (wuw)luoneubiseg
sseng mo av  lerewnn)preey gl efeeny  |Eaunyg | Rouy | PBM | PIBM | PIEM PIOM | plem | peol | Iesis | eponoeia | eposoel3 |92iS| uswiads
aelg | SPYY | opeioay| Qv |erewnin| -eeiy elewnin| - ealy painsesjy|[eulWoN [pa.nsesy|{euiioN Llewnin PIOM
ey [MMO% oBelony eoepNg oy | oned (0SIV) oned (91S)
wnwixew ainoeld oAoay3|  pejoIpeId/ise L psloIpeidAse L

s)NsaY 359, wourrdadg sords paddey — 1H d1qEL

204



Do0S- 18 Pa1sa) uswioads 4

— 910 | 9t0 | — - Zv6 | 6.8 | 98t | 8LT | L9t | S6'4 | doed
€Sy ; ; ; ; eLL M 1 v-1023 | ¥9! €81
ct ¥c'0 €20 6€9 84S €6 28e S8’ gl¢ S9'l v6'l UOt4
9 €20 0c¢’0 885 185 0€6 49¢ 8’1 St'e G9'L £6°1 Noeg
ey . : . : €89 M 1 v-10.3 | v'9| 28l
- FAN] 91’0 it - 9G6 L5€ 68°1 lce 69°L 86°} juoi4
— — 10 - Pelled | ggg | i€ 8LL | 802 | 65k | 98 | xoeg
85174 PISM ; ; ; - €49 M 1 v-10.3 [ ¥9| 8L
- - 02’0 — |paolojuiey| €46 ove c6't S2'e L't 20’2 | iuoid
06 80°0 80°0 099 SLy 6cLl S/2 €2e ¥9'e 00¢ 9€e yoeg
66€ . . . ; 29 S H v10/3 (V9| .6l
06 S9°0 S9°0 099 Siy FAYAS 862 8€'2 ¢8'¢e e ¢s'e | uol4
06 60°0 600 69 131514 SHEL 0lc 8¢ 8G'¢ 96'L le'2 Joeg
8¢ - : . - 109 s H v103 | ¥9 | .2LL
06 200 200 69 €ey 09kt 65¢ 23 89°¢ y0°¢ ov'e | uold
06 60°0 600 998 26¢e St S0€e 8i'e .82 S6°L oge Xoeg 9 s H p10 o "
6L -1043 | ¥ e
sev 06 800 800 881 (8314 60ct 182 YA 08¢ cle 162 o4
06 02’0 020 S8 1414 clLi gie 0g'e LLe 90'¢ ev'e yoeg
(5944 " ; . ; 372 M H v-10.3 ¥'9 €91
- vio | vio | — - veLlL | oge | o0z | 092 | L6V | €8T | Woid
LL €10 €10 918 90¥ €201 60¢€ 0L¢ 8v'e 881 (4 oeg
ecy : . . ; €99 M H v-1043 ¥'9 ¢-91
— 800 | 800 | — — zeoL | tge | 2oz | 6€2 | 18t | vz | uoid
- ct’0 20 — - octi oce 6l'¢c 652 16} [45%4 joeg H bl ° 1-91
LiL M -1023 | ¥
6sv 06 91’0 910 698 19134 SLEL Sog 0ge elLe 90'¢ v¥'e { juold
0 010 0L'0 6EY SiL £66 91¢€ S6°1 oe'e 7 90'¢c Joeg
v6E . . ; N 829 M H -1043 v'9 e-Gl
— ¥0°0 00 el -— 0.6 yee 06°L Sg'e 0Lt 102 | Woi4
0 600 600 6ev P22 £ve See S8'lL 8i'¢ 99t 96’1 Yoeg
G6E " - - . ce9 M H ¥-1043 A°) ¢Sl
- 00 00 - - 196 l2e 06°t ve'e 0Lt 00¢ ol
0 800 80°0 v0S €v9 866 gce 96’} lee SL') 20°¢ xoeg avo M H 10 o ol
i% -10L 1 L=
vov - 200 200 - - 266 9¢e 6L 0ee vl 90'c | Wold 1043
(ediN) (o) (aamoed)| (PeOT | (edW) | (ww) | (edi) | (uw) (pbusis [ibuang| yibuens [yibusaiSjuopeoo] (NY) [oreouqedisinioenuepyiuoneoyisse|ol(ww)uoneubisaq
ssells Ny QN |erewnn)preeay | sneesy [ty g oy PlEM PlEM pPIeM PEM | piem | PEOT 1e8ig apo08|3 sponos|a |ezig | uswioadg
o1eld alBUY | cgoioay | Qv [orewnin| -eery |erewnin| - eesy [PRINSEO|[EUILION|PBINSES|[BUILION orewnin DIOM
urepy  [PMORH abeloAy eoBYNS yeosyL | oned (OSIV) oned (915)
wnuwixew ainjoeld anjoayd| pelolpaldasel | pelopeidase ]

(*7u09) S)NSAY 159 [, wowrAdg do1dg padde] - 1 dqeL

205



- S0 S0 - — Ssebl 145 80¢C £9C 18’1 ge'T | oeg

o6y - - - - - - €82 S H .-1043 |9 €Tl
06 91’0 9L'0 6¥8 [Ke)4 8.0L | €9¢ 86°L 6¥'¢ LL) €2°C | woid
1L [4%¢] rAN] 9.6 ¥6€ 88l | vIe 8L'e 6.2 g6l oy'Z | oeg

1 - - - - - - 69. S H 103 | v9| zel
- oL'0 (Y - b 9901 19€ 96’} A 4 78" \g'c | wolg

o 9. 2Lo ZL'o P48 121944 90LL | L€ €02 96°C z8’L 62'Cc | doeg o '

L - ' -zl
— 600 60°0 - - 666 €.€ €8l LET 9L 20T | woid sve s H Lo v 4
- 900 90°0 - - LL8 9.¢ 09’} c0'c ev'l 08’L joed

Ly - - - - - - 559 M H 103 | vol el
0 600 60°0 olLs v9 168 89¢ 12° 90'¢ FA A" 68'L | uol4
0 800 800 £9Y seL 216 €le 191 e s’ 681 | oeg

ey - - - - - - 089 M H 251043 | v9| el
- 80°0 80°0 - - L6 clE 89'L L'e 0s’L 68’1 juoi4
— 600 600 - - 868 48¢ S9'L 80T 8yl 98°'L | oeg 0 y

14 g : -

8¢ 0 910 €L'o €0S 169 186 Zs¢ 18°1 82¢ AN S0Z | wold §69 M H £d0a3 v e
- 900 90°0 LLL 8% 256 86¢€ 88l 02T 69°L 6L | oed

€8¢ - - - - - - FA7A S 1 $103 | v9| €0LL
Lz L0 LL0 - — gLoL | €l¢ 10C see 08’1l g | wold
vl €L'o Lo gl LYS 6v01 6. 102 €v'e 98'| L2 | doed

Loy - - - - - - 6. S 1 1043 |v9| TOLL
- €10 FAN] - - €90L | vi€ oL'e Ww'e 88’1 0cz | ol

e — 900 90°0 - — Gg26 00v €8'1L L 44 oL 4" Joeg , i L-OLL

28 €C [ANY [ 6L L0S 0.6 18€ 26’ gce 2L’ 10Z | uoid ovL S T v10.3 o

- 120 120 - - (7424 0L€ (Y4 66°¢ 86°1 Ze’c | oeg

o] - - - - - " 628 S 1 -10.3 7’9 €61
j°14 iZAY j7AY €€8 (514 LLbL €Le 0ze 182 167} 0€C | ol

oLe 12 610 6L°0 SLL zzs 801 | €€ 1454 [S+3r4 z6'L GZ'C | oeg 608 s . 1023 | b9 261
h 81’0 6L0 - - eril vse 922 G9'¢ A4 LET | Wol4
014 S0 SL'o 288 LSy 8601 19¢ FANA 14° K4 ¥6°L 82'C | Yoed .

L08 - 610 61°0 - t gell i vee go'e L0¢ ge’Z | oi4 908 s L r10.3 9 vel
(ed) A v (eanpoe1d)| (PO | (BdW) | (jww) | (BdW) (wiu) (ibUSNS [WBUSAS IbusnS |PbUeAS uoneoor| (NY) Moteouqed|isimoenuepyuoneoysselo(ww)uogeubiseq
ssais % QV  [orewnin)pReay ) SRey |y g | oy pPEM PleM PEM PM | piam | peOT 19918 sposoe|g | eponosiz |9zig| uewioeds
seld SIPUY | ofeiony | Q/V jolewmin| -eesy  [PleWwR|N| - Baly [PSINSESEUILION paINSESN|[BUIWION ojewiin PISM

ueyy [P ebeiony eoBUNS jeowyl [ oned (OSIV) oney (91S)

winwixep ainjoeld eAOeyg| pejipeidasel pejoIpalIdnsaL

(‘1u00) s)[nsay Is9 ], udmuads ao1ds padde] - I 3IqeL

206



12 ¥2°0 20 | 889 8Lb 66 | sve 6.1 022 09'} 16} | >oegd
6EY - - - - - - 859 M 1 DA-L1023 | 9| €9Ll
- 910 910 —_ — 826 | Ss€ vLL S1'Z 9g'L z6'L | woid
— — 0Z'0 — polles | 406 LEY 0L') oLz Ay 88l | oeg
L6¥ - ol de - - - - z8. M 1 2103 | 9] Z9lL
- — €Z'0 — |®elddeT| ool | 99¢ oz | vz | o8 zz'z | woud
o 8l ¥£0 LE'0 | 669 0SS 9€6 Ly oLl e LG} ¥6°'1 | oeg . . o
L 210/ i b
b - 20 120 — - veoL | 2.¢ v6'L 682 vl yL'z | woidg 69 M 1 1043 1 ¥ -
- ¥0'0 ¥0'0 — — 086 L6¢ 9Ll Yrard 8G'1 £0'C | doeg
98¢ - - - - - - 99. S 1 27103 | ¥9| €SIl
0 90'0 900 | 2vs 904 l001L | 08¢ 19l €€ Z9'1L 60z | oid
— S0°0 S0'0 —_ -— ¥v6 | €0P oLl 8L'e z5'L 96'L | oeg
y8e ; ; ; ; ; - 09, S 1 2-1043 | v9| ZSLL
0 100 00 | 00§ 09.L z96 | s6¢ gLl €27 gs'L 66'L | woid
o - 00 ¥0°0 — — y00L | 68¢ 194 zee | 2ol 802 | Moeg N
- N * -
§ 0 900 900 L¥S zzL v.0L | VOt £6°1L 6v'C eLl €22 | woud veL s 1 41043
—_ $0°0 80°0 — — v68 | 16¢ Lo'L 02 L 6g'L | doegd
(A4 4 - - - - - - 604 S 1 2-10/3 | v9| €PlL
14 0L0 oL'o L6¥ z2L S68 | 96¢ (K} 202 ed’ 98’} | woid
8 €10 Lo | ees £2L 666 | 9ov Ll 2T vS'L 66’1 | >oegd
605 ; ; ; ; ; - 8.4 S 1 2-10/3 | ¥'9| Tyl
— £1°0 €10 - — 9/6 | 66€ SLL TAA 5 zoz | woud
9 800 800 | €€s zeL 9c6 Ly 89'L e 16} 764 | doeg 10 o| VM
vev - 010 0Lo — - 0.6 | 96¢ vl A4 96’} 107 | woud 692 s T 03 v
— ZL0 100 — — 000L | Z0€ 08’} zee 19°'L 07 | doeg
8¢ - - - - - - 509 M 1 471043 | ¥9{ €€lL
6¥ 6L°0 S0'0 | LS 825 66 | 9ie A T2 vSL 86'L | Woid
— - €10 — Peies | 9g6 | 6vE L) gz | 651 | v0Z | oeg
vey PIBM - - - 689 M 1 2-10/3 | ve| TELL
- - ¥L°0 — peosojuiey| Y20l | 9E€ 8l A g9l ZV’g | oid
- 90°0 ¥0'0 — — Sv8 | 6s¢ Ao} 96°L ¢’ Sl'1 | doeg . 10 ol 1
vee 06 100 900 128 0.¢ 126 | €LE vLL LS TAr 95’1 L0z | woid £09 M 1043 v +
(ed) A v (eunyoeid)| (PEOT | (BdW) | (Quw) | (BdW) () (YBUBHS [UIDUSAS| YIDUBS nbuens uogeoo (NX) Mojesugedjieinoenuepuonesyisselo|(ww)luoneudiseq
ssens % QN [erewnin)ereeny gl Sheeny | Rodyyg | Rewy | DIOM | PPM | PIPM | PIBM | plom | PEOT | [991S | SPONOSIT | OpOsdSIT | SZIS usuioeds
aielg | OPYY | opejeny| Qv |otewnin| -eery jelewnin| - easy [PSINSESI|IEUILION POINSESN|IEUILON arewnin DIOM
ueyy  [MMPEM aBeIoAY eoepNg o) [ oned (OSIV) oneY (91S)
wnwixep ainjoeid oAloeyd| pejoipaldasel | pejoipaldasel

(‘7u00) sj[nsaY 3s9], wommdAdg oy ds paddeT — 17 dqeL

207



— | 00 | 600 | — — v6s | eeL | Zzh | L&+ | ¥LL | €21 | dHoeg
ey L sio | evo | vov o6 | oes | seL | 21 | ser | wit | ver | wom | o M ! yros3 jlel) eoel
— | evo | eto} — — ee9 | evL | Sev | b | 2L | 1€ | dfoeg . )
vev L 610 | 210 | osv | ovoL | 189 | 2469 | ovh | 8g'h | ogk | Wb | woid 6v6 M 1 vioz3 - jlek) eoel
— | 900 | s00 | — — ovs | ¥eL | Sk | szb | eob | zkL | oeg
v6e 2z | sko | €10 | ol 7o | ges | wz | evt | 2zv | vot | eor |wens | ¥ M ] yios3 ok boel
sz | 6L0 | 60 | L 206 | s66 | v.€ | see | ogz | 10z | 90z | does
89y — | sv0 [ sto | — — s | e | 661 | voz | szt | es1 |wom | ¢ s H OHBLIL | VO EBHL
9z | ozo | ozo | 018 vey | oL0b | 99€ | eve | sve | i | zze | xwoea
€ T T a0 | svo | — — 06 | sev | voz | soz | zet | 281 |woia | T S H Or8LII | v eBLL
vz | L0 | 20 | 018 v | cook | ese | 22 | zee | oz | soz | xwea
o6Y — Sk0 | sto | — — 6 | oor | o2z | 92z | et | 207 |woim | O¥ s H OHBLLLF | V9| HBLL
0 2e0 | 160 | evs pso | sviL | oie | ese | 99z | ez | sez | voea
evy — | ovo | ovo | — —Tveor | zee | sez | we | ez | ere |wom | F M H Or8LiI | Vo | ©8LL
0 le0 | oe0 | zzs | 0.9 |eskh | goe | oz | 92 | eez | e | Hoea ,
evy — | ovo | svo | — - Zone | o6 | sz | sez | vez | eee | wom | °°° m H HFBLILT | Vo) TBLL
— | szo | ezo | — — | eow | zee | ez | ssz | szz | 622 | doeg 1 el
evv 0 20 | L0 | 06y | 922 | OW | o2 | 1§52 | iS2 | Sz | oge | woid HH M H SHBLLI | VO
— goo | 800 | — — 6 | e6€ | ast | eve | vsL | 06k | doeg
i 6 | 010 | or0 | G2kt | z0e | o8kl | soe | zez | sz2 | seL | Ssvz | o et s 1 L3 | vy ELLL
— | 900 | 900 | — — v06 | 96€ | OLL | 60z | 25+ | Z8'% | oeg .
hav 06 | 500 | S00 | zzzt | eee | zceer | e6z | ezz | €8z | soz | €52 | woud sk s 1 21043 |\ VO TLhl
— | a0 | avo | — — | geor | sse | 90z | vse | v8L | L2 | does
i 9 20 | 210 | uv6 o losn | see | ziz | 8oz | 61 | ove |wem | - s L R N A e
(edW) on (aunpoead)] (PO | (edi) | (w) | (ediv) | (wuw) yibuadls [uibusag| pbuang fuibuensiuoneso| (NY) Horeouqediiainjoenuepy|uoyeoyisselof(ww)|uoneubiseq
ssallg Qv [PreWn|n)prsiy g Sy iRy oty PleM PleM pleMm PEM | plem | peod 19918 sponos|n | spolosjg |ezig| uswioads
e | OB | obeieny | am  |orewnin| -eeiv [erewmin| - eety [PaInSER|RUILION|PRINSEA|fEUIION ewn|N ploM
uepy  [MMOB4 ebeieny 80BYNS yeoiyl [ oned (OSIV) oney (91S)
wnWwixep ainjorld oAnoay3| pelolpeldisel pejoIpsldise |

(-3u02) SIMSIAY 359 ], wauradg 01dg padde] — 17 d[qe],

208



— GgL'o S0 - —_ 108 129 XA 65°C 86°L cee xoeg
£0S - - - - - - 566 S 1 1023 |21 evel
Ll 143" 710 29 161 G8L €9 0ce 18°C 16°L oce o4
[44 2’0 1A 619 [R+72 [0]15] 0€9 viLe 1G6'C 26'L jerAr4 xoeqg
9lG - - - - - - 0z0L S 7 y-1043 |22 Tved
- SL'o S0 - - o€s 19 9z S9'c 20 lEC juol4
- [44 120 0T 969 62. 661 €9 e ¥Se 6L 8Z'¢c xoeg
L 101 V- ArAY L-¥e
— 8L0 L0 - — 8¢c8 S09 2T €92 10T Ge'c | wold v S L 1023 L
- 0L0 0L'0 - - 099 969 98’ 8Lz 19 S6°1L joeg
14517 - - - - - - 616 M 1 #1023 (22| €€Zl
Ll S0 v1°0 928 v.L8 669 169 g8l 91z g9’} v6°L juoid
— 80°0 800 — — 8¥9 0LL 8L 1 4 co't €6’ yoeg
sop - - - - - - 0z6 M 1 1043 |LTh| 2Tl
vl 910 710 S6v 826 6.9 119 68°L XA 69°L 861 juoig
g —_ eL'o ZLo - - 8.9 474 8L’} 80°¢C 65t 98l joeq
14 ’ -
8 el 120 610 LG Sv6 101 €89 6L T ArA [4% 20¢ juol4 996 M 1 rlo3 lel veel
LY - 142" 10 — - 1S8 08¢ 89°L 86°L 0g’L 8.'L Joeg v66 < H NPy —
0 L0 9l'0 90S £86 G.8 89S (7" €0'¢c el 1871 juol4
cop — 800 800 - — cs. 109 A % viL 452 9G'L xoeq c06 s H B P
0 €L'0 L0 L9v 996 €28 8vS 19} 16°L Sl WL juodd
0 - 80°0 800 - - 6¢. L9 Sy (YA og’L €51 | yoeg ) L-2Z1
ov 0 g1’o €L'0 L6¥ 826 214°] 8€S 99'L 96't ev’L 9.’ juold cie s H rlosa Let
cop 0 €10 oL'0 Ly GoLL 0.9 189 et gg'lL gL'l 6L joeg .26 M N w103 |2zl 2L
—_ 600 80°0 - h 699 889 34 gg'l FAN " 6L juoid
oot 0 GL0 PL0 5344 6ELl r49) 689 6¢’L co'l gzl 8y'L | Moeg L6 M H NP e
— oLo 00 - e $0. 169 8e’l €9’} 17" oL | woid
o — [AR"] Lo - -— €L 289 eVl 69°L 8Z’'1 1G°L yoeg
6 : -
0 gL0 aLo 287y £eol ve 129 Sv'lL ¢l 0g'L el juold 966 M H L e el
(edW) A v (eunoeg)| (peot | (edw) | (ww) (edw) | (juw) (1bUSAS |ADUBLS| IBUSHS ouanS uoneoo| (N¥) Hoesuged|ieinioenuepuoneoyisselo (W) uoneubisaq
$S941S % Qi [Prewnn)peeiyyd| ey |y g | By pIBM PleM PIEM PIOM | piem | peol 19918 sponosiz | eposoely [sz1g | uswiosdg
ajeld 8jouy sbesoay | GQ/V [stewnn| -esly [Slewnin) - esly painsesijjeuiWwoN|palInses|y|jeulWoN alewnin plam
uepy  [PREH abeJeAY soepng yeowy) [ oned (OSIV) onEY (915)
INWiIxep ainyoeld oAoeyTl  PalIPSIdNSS L peIpaIdase L

(‘Ju05) s)[nsaYy 352, wdwrAdS 901dg padde — 1 d[qeL

209



0 [ANY) Lo 151014 yicl 184 ge9 or'L [R: 91 az'l 9L yoeg
00§ - - - - . - 166 S a 2-1043 |42L) €8¢l
- oL'o oL'o - - 99/ 1v9 8L L) ec’l 6G°L juol4
0 AN 21’0 (5474 ceLl o8 119 o'l 181 og’L 89°L yoeg
¥0S . - - - - - 666 S a 2-1043 |12V T8ZL
- A%} cL'0 - - 881 €9 423 8L LT’ £9'L juol4
00 it Lo Lo - - 008 619 L g8l 62’1 99't joeg 101 Iz ozl
G - 4 1=
6l L0 L0 £€9 8L Gll 6€9 [¢1990 8 64°L g’ 19°L juodd 066 s 1 L4043
€l 800 800 0€9 164 2174 1€9 1o gL'l oc’L Ggs't xoeg
2154 - - - - . - Sv6 M q 2-1043 (L2 eldl
- cL'o [AN) — ht gel 2%9 oe't 89°L L 0g’L o4
€l €10 4N 299 t4 Y3 9¢L L9 [4 581 oLt 8Ll €g'L jxoeg
ely - - , - - - £v6 M 1 [-10/3 |Lev) ziel
- Lo Lo - - 6lL 969 6c't a9't 9L’ 6v°L juol4
¢ - 100 20’0 - - 299 GE9 611 £g’L 01 FAN" joeg 21 -1z
cv o4 oo 60°0 989 8l Ly9 0s9 gL'l og’t vo'L el juold e M L e L &l
- €10 €10 Gl9 181 108 849 8¥'L 181 el 91 joeg
LES - - - - - - 2901l S H 2-1043 |LTh| €921
144 220 AAY - - 08 199 8L 98°lL 2€’l 19°'L juoJ4
- 910 91’0 519 898 9e8 6£9 yS'L 6L LE') el'l joeg
LS . - - - . - 8901 S H 2-1043 |l 292l
€C 120 0c0 —_ - 18 1G9 161 06°L se'l 0Lt ol4
o v | 20 | L0 | — - Zv8 | 089 | Sgb | s6'L | s€l | wiL | wed . 1-021
s et L0 LLV0 804 6v. F44] Sv9 1S’ 06°L se'lL 0L’} juold 090} s H £10a3 ek
ols 2% Ggl'o L0 82s 996 G6. Lv9 o'l 8L L€ c9'L yoeg — M u 103 |z ezl
- Lo Lo - - 96/ v.i9 6€°L elL'l ve'i 181 juoi4
b0S - L0 Lo - — 6LL Lv9 er'L 08'L T 29t yoeg 666 M H ;103 lezs| zszL
0 Lo Lo oey 191 VLL 8v9 vl 6L°L L2l 09°L juol4
oz - - oo | — %%n 16L | 289 oL | €81 | o€l | po'L | wed ov01 o Y
i M H 2-1023 |12 -
- - oLo —  |peoiojuiey| 081 199 eVl 08’L 8c’1L 29l juold
(edin) A v (aimoead)| (Peo | (eaw) | (ww) | (BdW) () TGS [Uibuesg| pbUSnS pbuenSluoineoo| (NX) Holeouged[iainiogjnue(UoNeoyISse|O (ww)|uoneubiseq
SSONS o %c av  jerewnin)prerng gy eneRly Ry g oy PIEM PIeM pPleM PPM | plem | peod 1eals spoJioelg | eposoejg |8z | uswioads
s.ld BUY | opeieny | Qv lerewnin| -esry  [slewnin] - eesy [PRINSESIN|JEUILION paInsesiy|{BUILLON srewin PISM
ey [HRRH ebeiony eoeung yeoiy) [ oned (OSIV) ey (915)
winwixew anpeld oAnoay3|  peloIpRIdASe L pajoipaldnse L

(‘3u0d) s)msay 3s9. udmadg 3d11dg padde — [F dIqEL

210



- 61°0 gL'0 — — 6G6. €19 7" 9L el 1871 xoeg
9ls - - - - - - zz0l S H oM-8LL/3 |LZh| €2el
(119 1€°0 0g0 €8S 9.8 828 219 18 261 89°L 24 | oid
£€c 9Z'0 I ZAY 9.9 9.4 68L G99 84°L £8’l 09°L o'l Joed
0es - - - - - - 6701 s H oy-81123 |LTh| zZeel
- 820 120 - - 98 029 167 96°1 (AN% Gl juold
74 €20 120 14%°] ] 6L4 029 9L’} 08l 8s'L 291 | oeg orersa Lzl 1zel
S 144014 H M- : =
8 — 12’0 1Z°0 - - 628 0€9 18} 26°L 89°L cl') juol4 vo S 443
0 et A 120 414 160l 048 €88 L6°L [Je)4 9L’ 08’L xoeg
LLS - - - - - - yL0L M H oM-81b3 |LTh| €lEL
— (XA 6L°0 — — 961 LE9 08’1 8L 91 g9l juol4
0 92’0 €20 6SY 2601 [4A*] 119 98°L 06'L 99'L 0’1 yoeg
10§ - - - - - - 00} M H -8LLLT {LTL| T-lEL
- 8L’0 LL0 - - S08 ¥29 FA I 98l €9'L 9L juol4
0 62°0 120 oy aLil ¥8 L9 4" 96°L cl'L 9Ll Joeg ) e
L 8Ll T -
ees - €20 44 - —_ 698 965 1671 10c 9’1l 08’} | Juold 9t0 m H oreLid e +
- 0Z°0 0z'0 - - 868 Gl9 19°L 66°1 i A" 8L'} xoeg
] - - - - - - 9504 S 1 L1043 |LTL| €0l
12 T A] sZ'0 9lL FASA 6.8 €09 ¥o’'l €0'C 'l 181 juol4
61 0Z0 610 069 y A 968 66 89°'1L 10'¢ 1S 98°L xoeg
zvs - - - - - - €01 S 1 21043 |L2V| 20el
— Al ¥2'0 - — 188 609 o' 02 gr'L €81 | uol4
- - 810 | — | popey | 998 | 409 | oL | 86L | vpL | 8.1 | g L-06L
H - . F
ees - - [4AY — [9%eld U szg 6€9 gs'l 26°L 6g°L VL juol4 4504 s 1 orLL03 |12
e | T L0%0 | T | perd | VYL L OvE | @b | Ser L PRL LR agh | m 1 21023 |LTL| e6eL
- — 0Z'0 — [PRIdUBN| zps | 62L 6€'L zLL gz'L v | uoud
ovs - —_ gLo - psiied 1472 162 el g9’ (VNS sl xoeqg €201 M . as103 ezl z6zL
- - 610 — |.dUBAl 197 | g0L €L | 9LV | 8ZL | 85t | ol
- —_ L0 - paje 1472 8G.L el So'L 0z'L 8y’ | oeg 0 110 Y -
) €801 a -L K4 h
Lvs — — PN — [|SleIdUBN €18 | 999 €5l 88’1 i) 69'L | Juoid M erLioa el
(edW) A v (aunjoeag)| (PeoT | (edw) | (Qww) | (edw) | (uw) (buanS |WbusaS (busnS [WIbusHS uonesc| (N®) Mojeougedlisinioejnueuonesyisse|(wuw)uoneubisag
SSans mo anv  [Prewnin)prReng gl heeny Ry | oy PEM PEM PeM PPM | plem | peo 19918 oponosjg | eponoslg |ezig| uswioeds
oeld sjouy ebeieny | Qv |elewninl -easy  [plewnin| - eaty [PRINSESN|EUILION |PBNSESN|{EUIUON rewnin PIBM
uppy  [>MPEH abeleny soepng o) | oned (OSIV) ofed (91S)
wnwixep ainjpoely sA0ayT| pejoIpeldAseL psjIpaidase L

(1u09) s3nsay Iso L, udmAdg 9911ds padde - 19 3[qe L

211



0 S0'0 <S00 119 9G¥ 148 2se go'L €0¢ iyl [A°N2 yxoeqg
o0ge - - - - - - 819 M 1 2103 | ¥'9| €20
— 100~ 100~ et hand L6 6€e A% (384 €Sl 681 Juol
0 29L (01544 ¥S6 eve 6.1 R4 09°L 86°L Aoeg
oLy 200 200 - - - - Gs9 M R L1043 | V'O 220
- - - 1€6 0S¢ 9L°1 Le 187} v6°'L juoi4
. — 000 000 — - 8.8 0.e g9l €0°C 8yl Z8'L | oed 059 . 11023 | v'9 125
ey S 800 800 0cL (814 166 9z¢e 18} 1e°2 89 20 | woid m
- - — 14%:] 69¢ 191 88’} 124 69°L | oeg
ose 100 100 - - - - 009 M H $-1043 | V9 €10
0 08S 8Ls £v6 8Le a8’ gLe 9L g6’} ol
- - — 748 9.¢ gL'l 20¢ g6’ L8’ Xoeg rad%e)
oLy 200 200 - - - - 869 M H 103 | ¥'9
0 86S 06S 8201 oce €0°C 8eC 28l gL'e | old
- 0 o0 — - €26 1251 28l 144 €9l 16’4 | doed 219 ri03 | vo 10
4 g0’ ‘0 L M 1 g -
v 141 0 98g €19 190} 4124 LL'e VA 68’1l 12°C | woid H
(ediN) A v (eumpoeag)| (peod | (edw) | (uww) (edn) | (uuw) GIBuSHS [NBUBNS Wbuens [pbusns uoneso| (NM) Lojesuqediieinioeinuepy|uonedyisseld (ww)juoneubiseq
ssals mo Qv [erewpin)eneeiy gl sy (ot | oy PIEBM PloM pPieM PIBM | piem | peo 19918 opospels | epopeiy |ezig| uswioeds
oeld sjouy obesony| QN [elewnin -eary |ejewnin| - ANV painsea\||eulloN [pSINSES|[BUILION slewnin PPM
uey [MPEH ebeJony soepng oyl [ oned (OSIV) oneY (91S)
WINWIXEeN ainjoeid oAl0aYT| PeNdIPRIdASeL pajoIpaidase L

synsoy 359 L, ududAdS urioyNI) — 7H AqeL

212



Appendix F

Transverse Fillet Weld Stress vs. Strain Response
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Appendix F — Transverse Fillet Weld Stress vs. Strain Response

Figure FO shows a sample stress vs. strain plot for the transverse fillet weld test
specimens. A description of several key elements of the plots, identified by number, is

provided below.
pa

1300
1200JE71T8-K6(H)S 12.7 mm

1100
1000
900 |
800 |

F
=
700 }
600 ) /
500 .
400 oo
#2
Pa

0 0 L. #3 (failed weld)
200 e 14 (failed weld)]
100
0 i
0 005 01 015 02 025 03 035 04 045 05 055 06

el

Figure F0 — Sample Stress vs. Strain Plot

l. The elements of the specimen identifier nomenclature are described in chapter 1
of the main body of the report.

2. The subscripts indicate upon which area the plotted stress values are based. In
general, the area is that of the measured fracture surface, which accounts for both
weld penetration and reinforcement. It is implicitly assumed that the test weld that
did not fail would have had a fracture surface with a similar area. In the few cases
where the base plate fractured just prior to reaching the weld capacity, the area of
the theoretical throat, based upon the measured weld leg sizes, is substituted.
Stresses measured in these two different ways cannot be compared directly.

3. The weld strain was calculated as the measured weld deformation, A, divided by
the initial measured weld leg size, D.

4. The diagram shows the locations of the LVDTs. LVDTs 1
and 2 are at the front of the test specimen and LVDTs 3 and
4 are at the back. Some cruciform specimens had only two
LVDTs that were located at the sides of the specimen to
eliminate the effects of bending. See section 3.2.2 of the
main body of the report for details.

J
Front Side Back

5. The legend identifies for each curve the location where
displacements were measured and indicates where failure
took place.
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P/A fracture (MPa)

1000
900
800
700
600
500
400
300
200
100

Figure F1 — Specimen T1-1 with 6.4 mm weld from E7014 electrode

1000
900
800
700
600
500
400
300
200

100

Figure F2 — Specimen T1-2 with 6.4 mm weld from E7014 electrode

E7014(L)W 6.4 mm (25.4 mm Plate)

= = = =#1 (failed weld)
#2 (failed weld)

0.3

| E7014(L)W 6.4 mm (25.4mm Plate)

= = = =#1 (failed weld)
#2 (failed weld)
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P/A tracture (MPa)

P/A fracture (MPa)

Figure F3 — Specimen T1-3 with 6.4 mm weld from E7014 electrode

1000
900
800
700
600
500
400
300
200
100

Figure F4 — Specimen T2-1 with 6.4 mm weld from E7014 electrode

E7014(L)W 6.4 mm (25.4mm Plate)

= = = =#1 (failed weld)
#2 (failed weld)

03

E7014(L)W 6.4 mm

= = = =j1 (failed weld)

#2 (failed weld)
....... #3
—i#4
0.05 0.1 0.15 0.2 0.25
' A/D
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P/A fracture (MPa)

1000
E7014(L)W 6.4 mm
900
800
700 —
600
500 e NN T
400
= = = =#1 (failed weld)
300 #2 (fa"ed weld) Ez=== = ====9
200l 00 | #3
— o |
100 |~
0 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 03
AD

Figure F5 — Specimen T2-2 with 6.4 mm weld from E7014 electrode

1000
E7014(L)W 6.4 mm
900
800 i
700 i
600
500 )
400
= = = =#1 (failed weld)
300 #2 (failed weld) I
20 W | #3
—4
100 "
0 ' ' ' '
-0.05 0 0.05 0.1 0.15 0.2 0.25

Figure F6 — Specimen T2-3 with 6.4 mm weld from E7014 electrode
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P/A tracture (MPa)

P/A fracture (MPa)

1000
E7014(L)W 6.4 mm
900 !
800 i
700 T
600
500
400
= = = =31 (failed weld),
300 #2 (failed weld)
200  F | #3
—it4
100
0 ' ' ' '
-0.05 0 0.05 0.1 0.15 0.2
AD

Figure F7 — Specimen T3-1 with 6.4 mm weld from E7014 electrode
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900
800
700
600
500

E7014(L)W 6.4 mm

400 |
= = = =#1 (failed weid)
300 #2 (failed weld)
20f 0 | #3
— ¥4
100
0! : ' ' ' '
0 0.05 0.1 0.15 0.2 0.25
AD

Figure F8 — Specimen T3-2 with 6.4 mm weld from E7014 electrode
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P/A fracture (MPa)

1000
E7014(L)W 6.4 mm
900 -
800 -
700 v -
600
500 N\ /\T
400
= = = =#1 (failed weld)
300 #2 (failed weld) =l [====1
200 W | #3
— 4
100 W
0 L [ 1 1
-0.05 0 0.05 0.1 0.15 0.2 0.25
AD
Figure F9 — Specimen T3-3 with 6.4 mm weld from E7014 electrode
1000
000 | ETOT-4(H)W 6.4 mm
800
700
600
500 - -"N"-’--’_ JT \’
400
- == =i
300 — 1 FEEE =
200 ¥Iff 000 | #3 (failed weld)
———#4 (failed weld) D O
100 -~ U
0 [} 1 1 1 1
0.05 0.1 0.15 0.2 0.25 0.3
AD

Figure F10 — Specimen T4-1 with 6.4 mm weld from E70T-4 electrode
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P/A ¢racture (MPa)

P/IA fracture (MPa)

1000
E70T-4(H)W 6.4 mm

900

800

700

600 |

500 | o~ n
400

=== -#
300 #2 po==x| =
POV 47 N R LR #3 (failed weld)
#4 (failed weld) ﬂ |
100 I
0 i 1 1 L [l
0 0.05 0.1 0.156 0.2 0.25 0.3
ADD

Figure F11 — Specimen T4-2 with 6.4 mm weld from E70T-4 electrode

1000
E70T-4(H)W 6.4 mm
900
800
700
600 |
500 |
400 1
= = = =i
300 42
200 V¥ 000 |- #3 (failed weld)
—— i##4 (failed weld)
100 |
0 1 1 1 1 [
0 0.05 0.1 0.15 0.2 0.25 0.3

Figure F12 — Specimen T4-3 with 6.4 mm weld from E70T-4 electrode
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P/A fracture (MPa)

1000
900 E70T-4(H)W 6.4 mm»
800 |
700 |
600
500
400
300
200

100

- = = =
#2
------- #3 (failed weld)
—#4 (failed weld)

Figure F13 — Specimen T5-1 with 6.4 mm weld from E70T-4 electrode

1000
900
800

E70T-4(H)W 6.4 mm

700
600 |
500
400
300
200
100

mp—_
—_—2

------- #3 (failed weld)
~———#4 (failed weld)

0 0.05 0.1 0.15 0.2 0.25 0.3

Figure F14 — Specimen T5-2 with 6.4 mm weld from E70T-4 electrode
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P/A fracture (MPa)

P/A tracture (MPa)

1000
900
800
700
600
500
400
300
200
100

Figure F16 — Specimen T6-1 with 6.4 mm weld from E70T-4 electrode

<

E70T-4(H)W 6.4 mm

rhd
re’d

....... #3 (failed weld)
——— #4 (failed weld)

0.3

E70T-4(H)W 6.4 mm

« = = =#1 (failed weld)
#2 (failed weld)

....... #3
—#4
0.05 0.1 0.15 0.2 0.25
AD
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1000
900
800
700
600
500
400
300
200
100

Figure F17 — Specimen T6-2 with 6.4 mm weld from E70T-4 electrode

1000
900
800
700
600
500
400
300
200

100 F

Figure F18 — Specimen T6-3 with 6.4 mm weld from E70T-4 electrode

AD

E70T-4(H)W 6.4 mm
N y
/ == = aff
. —#2 k====x =
------- #3 (failed weld)
———— #4 (failed weld) D &
P J
0 0.05 0.1 0.15 0.2 0.25

0.3

E70T-4(H)W 6.4 mm

#3 (failed weld),
#4 (failed weld)

———ae..
______
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P/A fracture (MPa)

1000
900
800
700
600
500
400
300
200
100 |

E70T-4(L)S 6.4 mm (-50°C)

Both welds failed

0 1
0 0.05 0.1 0.15 0.2 0.25
AD

Figure F19 — Specimen T7-1 with 6.4 mm weld from E70T-4 electrode

0.3

1000
E70T-4(L)S 6.4 mm (-50°C)
900
800 |
700
600
500 N
400
- = = i
300 a #2 Emnz=| =
200 S I #
#4 D O L
100 I A~
Both welds failed
0 i 1 1 i
0.1 0.15 0.2 0.25

AD

Figure F20 — Specimen T7-2 with 6.4 mm weld from E70T-4 electrode
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P/A throat (MPa)

1000
900
8oo |

E70T-4(L)S 6.4 mm (-50°C)

700
600
500
400
300
200
100

Both weld§ failed

0 0.05 0.1 0.15 0.2 0.25 0.3
AD

Figure F21 — Specimen T7-3 with 6.4 mm weld from E70T-4 electrode

1000
900
800
700
600
500
400
300
200
100

E70T-4(L)W 6.4 mm

Failure occurred on reinforced weld
1 1 I

0 0.05 0.1 0.15 0.2 0.25 03

AD

Figure F22 — Specimen T8-1 with 6.4 mm weld from E70T-4 electrode
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P/A fracture (MPa)

P/A fracture (MPa)

1000
900
800
700
600
500
400
300
200
100

Figure F23 — Specimen T8-2 with 6.4 mm weld from E70T-4 electrode
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900
800
700
600
500
400
300
200
100

Figure F24 — Specimen T8-3 with 6.4 mm weld from E70T-4 electrode

E70T-4(L)W 6.4 mm

Ep——

- - - #3 (failed weld)
——#4 (failed weld)

#2

0 0.05

0.1 0.15
AD
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| E70T-4(L)W 6.4 mm
i = = = =#1 (failed weld)
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1000
900
800

E70T-4(L)S 6.4 mm

700
600
500
400

- - - #
300 4

208 02000 fcc #3 (failed weld)
———##4 (failed weld)

100

0 0.05 0.1 0.15 0.2 0.25 0.3

AD

Figure F25 — Specimen T9-1 with 6.4 mm weld from E70T-4 electrode
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800

E70T-4(L)S 6.4 mm

700
600
500
400

300

20006 000000 |t #3 (failed weld)
—#4 (failed weld)

100

0 0.05 0.1 0.15 0.2 0.256 0.3

Figure F26 — Specimen T9-2 with 6.4 mm weld from E70T-4 electrode
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900
800 |

E70T-4(L)S 6.4 mm

700
600
500
400
300
2€0m 0 |7
100

= = = =#1 (failed weld)
#2 (failed weld)

E70T-4(L)S 6.4 mm (25.4 mm Plate)

= = = =#1 (failed weld)

300 2 (failed weld) Fe===| M

20§ 000 | #3
— 4 DD

100 L~ W

0 h Il 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3
A/D

Figure F28 — Specimen T10-1 with 6.4 mm weld from E70T-4 electrode
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1000
E70T-4(L)S 6.4 mm (25.4 mm Plate)
- 900
800
700
600
500 N
400
- = = =3
300 % |
204 00 fee #3 (failed weld)
—— #4 (failed weld) D O
100 A *
o | 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25
AD

P/A tracture (MPa)

Figure F29 — Specimen T10-2 with 6.4 mm weld from E70T-4 electrode

0.3

1000
900
800
700
600
500

E70T-4(L)S 6.4 mm (25.4 mm Plate)

400
- = = «#1 (failed weld),
300 1 #2 (failed weld)
2004 0 feeeee #3
—#4
100
0 | 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25
A/D

Figure F30 — Specimen T10-3 with 6.4 mm weld from E70T-4 electrode
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P/A fracture (MPa)

1000
900
800
700
600
500
400
300
200
100

Figure F31 — Specimen T11-1 with 6.4 mm weld from E70T-7 electrode

1000
900
800
700
600
500
400
300
200
100

Figure F32 — Specimen T11-2 with 6.4 mm weld from E70T-7 electrode

E70T-7(H)W 6.4 mm

- = = «#1 (failed weld)
#2 (failed weld)

0.3

E70T-7(H)W 6.4 mm

- ===
#2
....... #3 (failed weld)
—#4 (failed weld)

.......
- -
- e
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P/A fracture (MPa)

PIA fracture (MPa)

1000
900
800
700
600
500
400
300
200
100

Figure F33 — Specimen T11-3 with 6.4 mm weld from E70T-7 electrode

1000
900
800
700
600
500
400
300
200
100

Figure F34 — Specimen T12-1 with 6.4 mm weld from E70T-7 electrode

E70T-7(H)W 6.4 mm

= = = =#1 (failed weld)
#2 (failed weld)

....... #3
—#
0.05 0.1 0.15 0.2 0.256
A/D

0.3

E70T-7(L)S 6.4 mm

- - - -#

#2

#3 (failed weld)
— #4 (failed weld)
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P/A fracture (MPa)

P/A fracture (MPa)

1000
900
800
700
600
500
400
300
200
100

Figure F35 — Specimen T12-2 with 6.4 mm weld from E70T-7 electrode

1000
900
800
700
600
500
400
300
200
100

Figure F36 — Specimen T12-3 with 6.4 mm weld from E70T-7 electrode

E70T-7(H)S 6.4 mm

R

#2
#3 (failed weld)
#4 (failed weld)

0.15 0.2

AD

0.3

E70T-7(H)S 6.4 mm

- = = =#1 (failed weld)

#2 (failed weld)
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PI/A throat (MPa)

1000
900
800
700
600
500
400
300
200
100

Figure F37 — Specimen 13-1 with 6.4 mm weld from E70T-7 electrode

1000
900
800
700
600
500
400
300
200
100

Figure F38 — Specimen 13-2 with 6.4 mm weld from E70T-7 electrode

E70T-7(L)W 6.4 mm

i
I PN
, = = = =#1 (failed weld)
| #2 (failed weld) =< |H
....... #3
#4
0 0.05 0.1 0.15 0.2 0.25
AD

0.3

Failure occurred on reinforced weld
i

E70T-7(L)W 6.4 mm

0 0.05 0.1 0.15
AD
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1000
900
800
700
600
500
400
300
200
100

Figure F39 — Specimen T13-3 with 6.4 mm weld from E70T-7 electrode

1000
900
800
700
600
500
400
300
200
100

Figure F40 — Specimen T14-1 with 6.4 mm weld from E70T-7 electrode

E70T-7(L)W 6.4 mm

:

= = « =#1 (failed weld)

#2 (failed weld)

E70T-7(L)S 6.4 mm

- - = e
#2 === |
------- #3 (failed weld)
———— #4 (failed weld) D O
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0.05 0.1 0.15 0.2 0.25
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P/A fracture (MPa)

P/A fracture (MPa)
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R
300 —_#2 Foszx - ====d

2006 0 qrmmmee #3 (failed weld)

—#4 (failed weld) ﬂ m
100 W

0 0.05 0.1 0.15 0.2 0.25
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Figure F41 — Specimen T14-2 with 6.4 mm weld from E70T-7 electrode
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1000
E70T-7(L)S 6.4 mm

900

800

700

600

500 |

400
= = = <1 (failed weld)

300 #2 (failed weld)

200 0000 | #3
—_—a

100

0 : ' ' ' '
0 0.05 0.1 0.15 0.2 0.25

Figure F42 — Specimen T14-3 with 6.4 mm weld from E70T-7 electrode
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PIA fracture (MPa)
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E70T-7(L)S 6.4 mm (25.4 mm Plate)
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800
700
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500 .
400
= = = =#1 (failed weld)
300 #2 (failed weld) -
20HH9y | #3
——#4 D O
100 W *
0 1 1 1 1
0.1 0.15 0.2 0.25
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Figure F43 — Specimen T15-1 with 6.4 mm weld from E70T-7 electrode

0.3

1000 )
E70T-7(L)S 6.4 mm (25.4 mm Plate)

900

800 |

700 |

600

500

400
= = = =#1 (failed weld)

300 #2 (failed weld)

2001 0 | #3
— 4

100

0 ' ' ' l
0.1 0.15 0.2 0.25
ADD

Figure F44 — Specimen T15-2 with 6.4 mm weld from E70T-7 electrode
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P/A tracture (MPa)

1000
E707-7(L)S 6.4 mm (25.4 mm Plate)
900 ,
800
700 |
600
500 N W
400
- = = «#1 (failed weld)
300 #2 (failed weld) S—
204 000000 | #
— 4 D &
100 L~ WU
o 1 1 1 ]
0.1 0.15 0.2 0.25 0.3

Figure F45 — Specimen T15-3 with 6.4 mm weld from E70T-7 electrode
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1000
900
800
700
600
500

E70T7-K2(L)W 6.4 mm

R

400
#2 i
LUV | S PO #3 (failed weld)
200 ———#4 (failed weld)
100 "

0 005 01 045 02 025 03 035 04 045 05 055 06
AD

0

Figure F46 — Specimen T16-1 with 6.4 mm weld from E70T7-K2 electrode
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1300
1200 + E70T7-K2(L)W 6.4 mm
1100
1000
900
800
700
600
500
400
300
200

100 Failure occurred on front lap plate

0 | 1 1 i 1 1 i 1 i 1 [ 1

0 005 01 015 02 025 03 035 04 045 05 055 06
AD

Figure F47 — Specimen T16-2 with 6.4 mm weld from E70T7-K2 electrode

1300

1200

1100

1000
900
800
700
600
500
400
oo ... #3 (failed weld)
200 ~——— 34 (failed weld)
100

0! 1 1 g 1 1 1 1 i ! 2 1
0 005 01 015 02 025 03 035 04 045 05 055 0.6
AD

E70T7-K2(L)W 6.4 mm

P/A fracture (MPa)

Figure F48 — Specimen T16-3 with 6.4 mm weld from E70T7-K2 electrode
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200
100 f

= = = «#1 (failed weld)
#2 (failed weld)

0 005 04 015 02 025 03 035 04 045 05 055 06
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Figure F49 — Specimen T17-1 with 6.4 mm weld from E70T7-K2 electrode

1300
1200
1100
1000
900
800
700
600
500
400
300
200
100
0 L

0 005 01 015 02 025 03 035 04 045 05 055 06

AD

E70T7-K2(L)S 6.4 mm

P/A fracture (MPa)

= = = «#1 (failed weld)
#2 (failed weld) E====| |

Figure F50 — Specimen T17-2 with 6.4 mm weld from E70T7-K2 electrode
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1200
1100
1000
900
800
700
600

500

400 == = aff (failed weld)
——— 342 (failed weld) F==== A ====3

oo} | 43

200 } — 4 ?Efﬂ Effﬂ
100 } N

0 005 01 015 02 025 03 035 04 045 05 055 06
AD

E70T7-K2(L)S 6.4 mm

Figure F51 — Specimen T17-3 with 6.4 mm weld from E70T7-K2 electrode

P/A fracture (MPa)

1300
1200 E7178-K6(H)W 6.4 mm

1100 | Illl 1
1000

900 I
800 |

700 | D Q@
600 |
500 |
400 }
300
200

100
0

2

= = = =#1 (failed weld)
#2 (failed weld)

0 005 01 015 02 025 03 035 04 045 05 055 06
AD

Figure F52 — Specimen T18-1 with 6.4 mm weld from E71T8-K6 electrode
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P/A fracture (MPa)
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400
300
200
100

0

E71T8-K6(H)W 6.4 mm

P ]
_-----"-"

#2
....... #3 (failed weld)
————#4 (failed weld)

1 1 1 1 1 1 1 1 1 1 1

0 005 01 015 02 025 03 035 04 045 05 055 06
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Figure F53 — Specimen T18-2 with 6.4 mm weld from E71T8-K6 electrode

P/A racture (MPa)
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800
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0
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....... #3 (failed weld)
#4 (failed weld)

0 005 01 015 02 025 03 035 04 045 05 055 06
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Figure F54 — Specimen T18-3 with 6.4 mm weld from E71T8-K6 electrode
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PI/A fracture (MPa)
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300 #3 (failed weld)
200 ——— #4 (failed weld)
100 r
0 S T S

0O 005 01 015 02 025 03 035 04 045 05 055 06

AD

Figure F55 — Specimen T19-1 with 6.4 mm weld from E71T8-K6 electrode
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0 g | #3 (failed weld)
200 #4 (failed weld)
100 f

0 il Il 1 i [] 1 1 1 1 1 1

0 005 01 015 02 025 03 035 04 045 05 055 06
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Figure F56 — Specimen T19-2 with 6.4 mm weld from E71T8-K6 electrode
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P/A tracture (MPa)
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800
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600
500
400
300
200
100
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Figure F57 — Specimen T19-3 with 6.4 mm weld from E71T8-K6 electrode
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400
300
200

100

| E717T8-K6(H)S 6.4 mm
- == =i
#2 i
------- #3 (failed weld)
——#4 (failed weld) L
0 005 041 015 02 025 03 035 04 045 05 055 06

E7014(L)W 12.7 mm

= = = =#1 (failed weld)
#2 (failed weld)

Figure F58 — Specimen T20-1 with 12.7 mm weld from E7014 electrode
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PI/A fracture (MPa)

P/A fracture (MPa)
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E7014(L)W 12.7 mm

500 | o~~~
400 |
300
200

100

= = = =#1 (failed weld)

0 0.05 0.1 0.15 0.2 0.25 03

Figure F59 — Specimen T20-2 with 12.7 mm weld from E7014 electrode
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E7014(LYW 12.7 mm
900
800
700
600
500 r
400 :
= = = =1 (failed weld)
300 #2 (failed weld)
200 0 | 3
—i4
100
0 : ' ' '
0 0.05 0.1 0.15 0.2 0.25 0.3

Figure F60 — Specimen T20-3 with 12.7 mm weld from E7014 electrode

244



P/A gacture (MP2)

P/A fracture (MPa)
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Figure F61 — Specimen T21-1 with 12.7 mm weld from E70T-4 electrode
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300
200
100

Figure F62 — Specimen T21-2 with 12.7 mm weld from E70T-4 electrode

E70T-4(H)W 12.7 mm

= = = =#1 (failed weld)
—##2 (failed weld)

0.3

E70T-4(H)W 12.7 mm

- = = =i
#2
------- #3 (failed weld)
—#4 (failed weld)
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P/A fracture (MPa)
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E70T-4(H)W 12.7 mm

....... #3 (failed weld)
——#4 (failed weld)

0.15
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Figure F63 — Specimen T21-3 with 12.7 mm weld from E70T-4 electrode
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E70T-4(H)S 12.7 mm
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—— 2 (failed weld)
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———#4
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Figure F64 — Specimen T22-1 with 12.7 mm weld from E70T-4 electrode
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P/A tracture (MPa)
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Figure F65 — Specimen T22-2 with 12.7 mm weld from E70T-4 electrode
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Figure F66 — Specimen T22-3 with 12.7 mm weld from E70T-4 electrode
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PIA tracture (MPa)

P/A fracture (MPa)
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Figure F67 — Specimen T23-1 with 12.7 mm weld from E70T-4 electrode
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Figure F68 — Specimen T23-2 with 12.7 mm weld from E70T-4 electrode
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P/A fracture (MPa)
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204 000 {7 #
—#4 D O
100 _~d &
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Figure F69 — Specimen T23-3 with 12.7 mm weld from E70T-4 electrode
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100

E70T-4(L)S 12.7 mm

....... #3 (failed weld)
———#4 (failed weld)

Figure F70 — Specimen T24-1 with 12.7 mm weld from E70T-4 electrode
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P/A tracture (MPa)
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Figure F71 — Specimen T24-2 with 12.7 mm weld from E70T-4 electrode
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Figure F72 — Specimen T24-3 with 12.7 mm weld from E70T-4 electrode
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P/A throat (MPa)
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Figure F73 — Specimen T25-1 with 12.7 mm weld from E70T-7 electrode
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Figure F74 — Specimen T25-2 with 12.7 mm weld from E70T-7 electrode
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P/A tracture (MPa)

P/A fracture (MPa)

1000
900
800 r
700 1
600

E70T-7(H)W 12.7 mm

500
400

- - -
300 2

2014 0 | #3 (failed weld)
————#4 (failed weld)

100

0 0.05 0.1 0.15 0.2 0.25 0.3
AD

Figure F75 — Specimen T25-3 with 12.7 mm weld from E70T-7 electrode
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Figure F76 — Specimen T26-1 with 12.7 mm weld from E70T-7 electrode
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P/A fracture (MPa)
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Figure F77 — Specimen T26-2 with 12.7 mm weld from E70T-7 electrode
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Figure F78 — Specimen T26-3 with 12.7 mm weld from E70T-7 electrode
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PIA fracture (MPa)
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« = = «#1 (failed weld)
—— 42 (failed weld)

Figure F79 — Specimen T27-1 with 12.7 mm weld from E70T-7 electrode
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....... #3 (failed weld)
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Figure F80 — Specimen T27-2 with 12.7 mm weld from E70T-7 electrode
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P/A fracture (MPa)
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Figure F81 — Specimen T27-3 with 12.7 mm weld from E70T-7 electrode
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Figure F82 — Specimen T28-1 with 12.7 mm weld from E70T-7 electrode
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P/A fracture (MPa)
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Figure F83 — Specimen T28-2 with 12.7 mm weld from E70T-7 electrode
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Figure F84 — Specimen T28-3 with 12.7 mm weld from E70T-7 electrode
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P/A throat (MPa)
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Figure F85 — Specimen T29-1 with 12.7 mm weld from E70T7-K2 electrode
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E70T7-K2(L)W 12.7 mm

P/A throat (MPa)

2.

Figure F86 — Specimen T29-2 with 12.7 mm weld from E70T7-K2 electrode
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Figure F87 — Specimen T29-3 with 12.7 mm weld from E70T7-K2 electrode
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Figure F88 — Specimen T30-1 with 12.7 mm weld from E70T7-K2 electrode
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Figure F89 — Specimen T30-2 with 12.7 mm weld from E70T7-K2 electrode
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= = « =#1 (failed weld)
#2 (failed weld)

Figure F90 — Specimen T30-3 with 12.7 mm weld from E70T7-K2 electrode
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Figure F91 — Specimen T31-1 with 12.7 mm weld from E71T8-K6 electrode
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————#4 (failed weld) W
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Figure F92 — Specimen T31-2 with 12.7 mm weld from E71T8-K6 electrode

260



1300
1200 | E7T1T8-K6(H)W 12.7 mm
1100
1000 |
900 |
800
700 | ‘
600 ~ Y
500 |
400
300
200
100
0 &

0 005 01 015 02 025 03 035 04 045 05 055 06

AD

P/A fracture (MPa)

- = = i1
#2

------- #3 (failed weld)
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Figure F93 — Specimen T31-3 with 12.7 mm weld from E71T8-K6 electrode
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Figure F94 — Specimen T32-1 with 12.7 mm weld from E71T8-K6 electrode
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PIA fracture (MPa)

Figure F95 — Specimen T32-2 with 12.7 mm weld from E71T8-K6 electrode
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Figure F96 — Specimen T32-3 with 12.7 mm weld from E71T8-K6 electrode
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PIA fracture (MPa)

P/A fracture (MPa)

1000
900
800
700
600
500
400
300
200
100

1000
900
800
700
600
500
400
300
200
100

E70T-4(H)W 6.4 mm (Cruciform)

co
.- @
——i2
W N
0.05 0.1 0.156 0.2 0.25 03
AD
Figure F97 — Specimen C1-1 with 6.4 mm weld from E70T-4 electrode
E70T-4(H)W 6.4 mm (Cruciform)
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Figure F98 — Specimen C1-2 with 6.4 mm weld from E70T-4 electrode
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P/A fracture (MPa)
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Figure F99 — Specimen C1-3 with 6.4 mm weld from E70T-4 electrode
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Figure F100 — Specimen C2-1 with 6.4 mm weld from E70T7-K2 electrode
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PIA fracture (MPa)
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Figure F101 — Specimen C2-2 with 6.4 mm weld from E70T7-K2 electrode
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Figure F102 — Specimen C2-3 with 6.4 mm weld from E70T7-K2 electrode
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Appendix G

Weld Hardness Test Results
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Figure G1 — All-Weld Specimen Hardness (Rockwell B Scale) vs. Weld Metal Tensile
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Figure G2 — All-Weld Specimen Hardness (Rockwell C Scale) vs. Weld Metal Tensile
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Figure G3 — Fillet Weld Hardness (Rockwell B Scale) After Fracture vs. Weld Strength
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Figure G4 — Fillet Weld Hardness (Rockwell C Scale) Before Fracture vs. Weld Strength
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Appendix H

Examination of Fracture Surfaces
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Appendix H - Examination of Fracture Surfaces

The fracture surface of representative test specimens was examined under a scanning
electron microscope to determine the mode of fracture of welds that failed on the shear
plane (angle of failure surface of 0°), on the tension plane (angle of failure surface of
90°), and intermediate fracture surface angles.

Figures H1 and H2 show a typical shear fracture surface in the weld metal from specimen
T2-3 (E7014(L)W 6.4 mm) where the fracture angle was 9°. The fracture surface shows
elongated microvoids, indicative of ductile shear failure.

Specimen T13-1 (E70T-7(L)W 6.4 mm) failed on a plane at 90° to the load axis. The
fracture surface, shown in Figure H3, showed some areas of microvoid coalescence and
some areas of cleavage fracture. Figures H4 and HS show the fracture surface at
increased magnification. The equiaxed (rounded) shape of the microvoids indicates
failure in tension.

Test specimen T6-2 (E70T-4(H)W 6.4 mm) showed some porosity (see Figure H6). The
average angle of the fracture surface for this specimen was 77°. The fracture surface
showed some signs of cleavage fracture, as shown in Figure H7, and some microvoid
coalescence, as shown in Figure H8. Since the microvoids are equiaxed, the fracture was
therefore a tension fracture. Another specimen that failed at a similar angle showed
extensive microvoid coalescence on the fracture surface. This was the case for specimen
T12-1 (E70T-7(H)S 6.4 mm) shown in Figures H9 and H10, for which the fracture
surface was at an angle of 76°.

Specimen T22-2 (E70T-4(H)S 12.7 mm) failed in shear (angle of failure surface of 0°).
As expected for this mode of failure, the fracture surface showed elongated microvoids
(refer to Figures H11 and H12).

Several test specimens failed on a fracture surface close to 20°. The fracture surface for
these specimens was typically ductile, as shown in Figures H13 and H14 for specimen
T32-2 (E71T8-K6(H)S 12.7 mm). Similar features were also observed in specimen T28-1
(E70T-7(L)S 12.7 mm), as shown in Figures H15 and H16. Specimen T30-3, which also
failed in the weld at a fracture surface angle of 21°, showed both microvoids and
cleavage on the fracture surface (refer to Figures H17 to H19).

Specimen T17-2 (E70T7-K2(L)S 6.4 mm) failed at the front weld at 90° because of a
significantly shorter tension leg than the shear leg (the length of the tension leg was only
about 40% of the shear leg). Failure took place in the base metal. Microvoid coalescence
characterized the fracture surface as shown in Figures H20 and H21.

Fracture of all specimens tested at low temperature took place on a plane at 90° from the
axis of the load. The fracture surface, shown in Figures H22 and H23 for specimen T7-2
(E70T-4(H)S 6.4 mm) show a mixture of cleavage and microvoid coalescence.
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Figure H1 - Fracture Surface of Test Specimen T2-3

Figure H2 —~ Microvoid Coalescence on Fracture Surface of Test Specimen T2-3
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Figure H3 - Fracture Surface of Test Specimen T13-1

Figure H4 — Cleavage and Microvoid Coalescence on Fracture Surface of Test
Specimen T13-1
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Figure H5 - Cleavage and Microvoid Coalescence on Fracture Surface of Test
Specimen T13-1

Figure H6 - Fracture Surface of Test Specimen T6-2
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Figure H7 - Cleavage Fracture on Test Specimen T6-2

Figure H8 — Microvoid Coalescence on Fracture Surface of Test Specimen T6-2
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Figure H9 — Fracture Surface of Test Specimen T12-1

Figure H10 -- Microvoids on Fracture Surface of Test Specimen T12-1
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Figure H12 — Microvoid Coalescence on Fracture Surface of Test Specimen T22-2
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Figure H13 - Fracture Surface of Test Specimen T32-2

Figure H14 - Elongated Microvoids on Fracture Surface of Test Specimen T32-2
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Figure H15 - Fracture Surface of Test Specimen T28-1

Figure H16 - Elongated Microvoids on Fracture Surface of Test Specimen T28-1
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Figure H17 — Fracture Surface of Test Specimen T30-3

Figure H18 — Cleavage on Fracture Surface of Test Specimen T30-3
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Figure H19 — Microvoids on Fracture Surface of Test Specimen T30-3

Figure H20 — Fracture Surface of Test Specimen T17-2
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Figure H21 - Microvoids on Fracture Surface of Test Specimen T17-2

Figure H22 — Fracture Surface of Test Specimen T7-2 (Low temperature test)
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Figure H23 — Microvoid Coalescence and Cleavage on Fracture Surface of Test
Specimen T7-2
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