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PREFACE

The American Institute of Steel Construction (AISC), headquartered in Chicago, is a non-partisan, not-
for-profit technical institute and trade association established in 1921 to serve the structural steel design
community and construction industry in the United States. As part of its technical activities, AISC
actively funds and supports research related to structural steel design and construction. AISC members
primarily come from the structural steel construction community, including producers, fabricators, and
engineers.

Many AISC members are engineers, so much of our research supports the engineering community,
including maintaining and updating our technical publications such as Design Guides, The Steel
Construction Manual, and our Specifications and Provisions. We distribute our specifications free for
their use. The primary goal of those specifications is the reliability of structures and, through that, the
safety of the public.

AISC does not use the results of research for profit, nor do we sell reports of the research or derivatives
from it. Our work is performed in the interest of public safety. As such, we fund projects to, in part,
support the development of next-generation steel systems for enhanced performance, safety,
sustainability, and economy.

It is reasonably common for AISC research projects to receive additional direct, indirect, or in-kind
support from external organizations such as federal or state agencies or member companies . As such, the
partial or complete contents of this Report may also reside in the public domain of these external funding
agencies.
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CHAPTER 1
INTRODUCTION

This report uses data from existing research to calculate appropriate resistance factors for various
welded joints using a first-order reliability analysis. The AISC Specification (AISC, 2022) is the
primary basis for the analysis, however, design methods in the AISC Manual (AISC, 2023) and
AWS DI1.1 (AWS, 2020) were used where necessary. The following joint types were included in
the analysis:

1. Concentrically loaded, normal strength fillet welds
Longitudinally loaded fillet welds
Transversely loaded fillet welds
Fillet welds with skewed load angles
Multi-orientation fillet weld groups
Welds with skewed dihedral angles
f. Single-sided fillet welds
2. Partial-joint-penetration (PJP) welds
a. Longitudinally loaded PJP welds
b. Transversely loaded PJP welds
3. Concentrically loaded, high strength fillet welds
a. High strength longitudinally loaded fillet welds
b. High strength transversely loaded fillet welds
4. Eccentrically loaded fillet weld joints
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CHAPTER 2
SPECIFICATIONS, CODES AND MANUALS

In this chapter, the design methods in various specifications, codes and manuals are reviewed.

AISC SPECIFICATION (AISC, 2022)

The strength of welded joints is defined by Equation J2-3 in AISC Specification Section J2.4(a).
For each condition, the weld metal nominal stresses, Fuw, are listed in Table J2.5 along with the
corresponding values for ¢ (LRFD) and Q2 (ASD).

For partial-joint-penetration (PJP) welds
Ry = FawAwe (Spec. Eq J2-3)

For PJP welds that are subjected to shear or tension normal to the weld axis, Table J2.5 specifies
Fuw = 0.60FExx. For shear loading, ¢ = 0.75 (LRFD) and Q2 = 2.00 (ASD). For tension loading
normal to the weld axis, ¢ = 0.80 (LRFD) and Q2 = 1.88 (ASD). The effective area, Awe, of groove
welds is defined in Section J2.1a as the length times the effective throat, E. The effective throat is
based on the welding process, the welding position and the groove type according to Table J2.1.
For example, for FCAW in the flat (F) or horizontal (H) position with a 45° bevel groove, the
effective throat is equal to the groove depth, S.

For fillet welds
Rn = anAwekds (Spec. Eq J2-4)

For fillet welds, Table J2.5 specifies Fuw = 0.60Fexx and ¢ = 0.75 (LRFD) and Q = 2.00 (ASD).
The effective area, Awe, of fillet welds is defined in Section J2.2a as the effective length times the
effective throat, E. The effective throat is the shortest distance from the root to the face of the
diagrammatic weld. When strain compatibility of the various weld elements is considered, the
directional strength increase factor is

kas = 1.0 +0.50sin'-°0 (Spec. Eq. 12-5)

For all other conditions, including fillet welds at the ends of rectangular HSS loaded in tension, kas
=1.0.

where
Awe = effective area of the weld, in.
E = effective throat of the weld, in.

Fexx = filler metal classification strength, ksi
Fnw  =nominal stress of the weld metal, ksi
kas = directional strength increase factor



0 = angle between the line of action of the required force and the weld longitudinal axis
as shown in Figure 2.1, degrees

ﬁ
Fig. 2.1. Loading angle for fillet welds.

For concentrically loaded joints consisting of both longitudinal and transverse fillet welds with a
uniform leg size, the strength is permitted to be calculated with Specification Equation J2-6.
Alternatively, the strength of these weld groups can be calculated by summing the individual weld
strengths with kas = 1.0 used in lieu of 1.5 for the transverse welds.

R.= O.SSanAwel + I.SFnWAwet (Spec. Eq J2—6)

where
Awer = effective area of longitudinally loaded fillet welds, in.
Awer = effective area of transversely loaded fillet welds, in.?

Design requirements for end loaded fillet welds with high //w ratios are in AISC Specification
Section J2.2b(d). When //w < 100, the effective length is equal to the actual length. When 100 <
I/w <300, the effective length is calculated by multiplying the actual length by the reduction factor,
B, according to Equation J2-1. When //w > 300, the effective length is 180w.

!
B=1.2-0.002 (;j <1.0 (Spec. Eq. 12-1)

where
[ = actual length of end-loaded weld, in.
w =weld leg size, in.

AWS D1.1 (AWS, 2020)
The requirements for concentrically loaded fillet and PJP weld strengths in AWS D1.1 are similar
to the ASD provisions in the AISC Specification. Equations 2.1 through 2.6 are required to
calculate the strength of eccentrically loaded fillet weld groups with the instantaneous center of

rotation (ICR) method according to AWS D1.1 Subclause 4.6.4.3.

Fui=0.3Fgxx(1.0 + 0.50sin"%0)F(p) (2.1)

F(p) = [p(1.9 - 0.9p)]"? (2.2)



A,

p= A_,,, (2.3)
A=0.209w(0 + 6)-3 (2.4)
Au=1.087w(® + 6)095 < 0.17w (2.5)
7.
A=A
1 u ]/' (26)

where
Fyi = allowable stress of the weld metal, ksi
rerie = distance from the instantaneous center of rotation to the weld element with the
minimum A,/r; ratio, in.
ri = distance from the instantancous center of rotation to element i, in.
Am = deformation of weld element at maximum stress, in.
Ay = deformation of weld element at ultimate stress (rupture), in.
A; = deformation of weld element at intermediate stress levels, in.

Butler et al (1972) originally developed the ICR method based on the empirical load-deformation
curves from Butler and Kulak (1971), who tested concentrically loaded linear fillet welds at angles
of 0°, 30°, 60° and 90° from the loading direction. The equations in AWS D1.1 Subclause 4.6.4.3
were primarily developed by Lesik and Kennedy (1990), except that their polynomial function for
F(p) was replaced by the simpler empirical approximation of Equation 2.2. Also, an upper limit of
0.17w was added to the original equation for A, resulting in Equation 2.5. Lesik and Kennedy
(1990) used linear regression to develop the load-deformation curves with the data from Miazga
and Kennedy (1989), who tested 70 ksi concentrically loaded linear fillet welds with varying load
angles from 0 to 90° in 15° increments.

For multi-orientation fillet weld groups, Section 4.6.4.4 specifies an allowable load equal to the
sum of the strengths of each weld, £Fv, where Fi = 0.30CFEexx. Values for coefficient C are listed
in Table 4.4 for various weld orientation combinations. These coefficients were calculated using
the equations in Subclause 4.6.4.3. For joints that combine longitudinal (6 = 0°) and transverse (0
=90°) welds, C = 0.825 for the longitudinal welds and C = 1.50 for the transverse welds. For joints
that combine welds with load angles of 45° and 90°, C = 1.29 for the skewed welds and C = 1.50
for the transverse welds. The coefficients in Table 4.4 are reproduced in Table 8-1 of the AISC
Manual.

When the fillet weld dihedral angle, , is between 80° and 100°, Subclause 4.4.2.6 allows the
effective throat to be calculated using y = 90°. For other conditions, Subclause 4.4.3 requires the
effective throat the calculated busing the actual geometry, considering the effect of the Z loss
dimension when 30° < y < 60°. The Z loss dimension addresses the potential area of incomplete
fusion near the weld root. The values for Z are listed in D1.1 Table 4.2 for various dihedral angles,



welding processes and welding positions. AWS D1.1 Annex A provides further information on
the calculation of effective throat dimensions in skewed T-joints.

AISC MANUAL (AISC, 2023)

Eccentrically loaded weld groups are discussed in Part 8 of the AISC Manual. Figure 2.2a shows
a fillet weld group with eccentricity in the plane of the faying surface. These welds can be analyzed
with either the ICR method or the elastic method.

Figure 2.2b shows a fillet weld group with eccentricity perpendicular to the plane of the faying
surface. Several methods are available to analyze these welds, including the ICR method, the
elastic method and the plastic method. Additionally, these joints can be designed using the bearing
strength of the connecting elements on the compression side of the neutral axis and the weld
strength on the tension side of the neutral axis.

When the plastic method is used, two options are available for combining the normal force and
moment. For the conventional plastic method, the stresses caused by the normal force and the
moment are summed as shown in Figure 2.3a. The optimum plastic method is based on the

traditional plastic stress distribution shown in Figure 2.3b.
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a. In-plane eccentricity b. Out-of-plane eccentricity

Fig. 2.2. Eccentrically loaded weld groups.
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a. Conventional plastic method
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Stress from Stress from Equivalent
Moment Normal Stress

b. Optimum plastic method

Fig. 2.3. Plastic method normal stresses.

CANADIAN STANDARD S16-14 (CSA, 2014)

Canadian Standard S16-14 (CSA, 2014) specifies Equation 2.7 for the strength of concentrically
loaded linear fillet weld groups. Equation 2.8 defines Mw, which is a coefficient that accounts for
any differences in the weld deformation capacity that are caused by their orientation. In the case
of a single fillet weld, My, = 1.0.

Rn=0.67FExx (1.0 + O.SOsin1'56)AweMw 2.7)
0.85+ 91/600
W or o (2.8)
0.85+ 92/600
where
¢ = 0.67

01 = angle between the line of action of the required force and the weld longitudinal axis for
the weld segment under consideration, degrees

02 = angle between the line of action of the required force and the weld longitudinal axis for
the weld segment in the group that is oriented nearest to 90°



EN 1993-1-8 (CEN, 2005)

Eurocode 3 Part 1-8 (CEN, 2005) is limited to steel grades S235 up to and including S460. Section
4 allows two design methods for welded connections: the directional method and the simplified
method. According to Section 4.2(2), “the ultimate tensile strength of the filler metal should be
equivalent to, or better than that specified for the base material.” The directional method is
applicable to both fillet and PJP welds. Both Equation 2.9 and 2.10 must be satisfied.

F
Jor+3(n+) < (2.9)
BWYMZ
0.9F,
o, < (2.10)
Ymo

For the simplified method, which is applicable only to fillet welds, the available stress at the
theoretical effective throat is calculated with Equation 2.11.

F, <t 2.11
" \/EBWYMZ ( ' )

where
Fu = specified minimum tensile strength of the base metal, ksi
Bw = correlation factor according to Table 2.1
ym2 = partial safety factor, = 1.25
or =normal stress perpendicular to the plane of the throat, ksi.
1z = shear stress in the plane of the throat, parallel to the weld axis, ksi.
tr = shear stress in the plane of the throat, perpendicular to the weld axis, ksi.

Table 2.1. Correlation factors for fillet welds in EN 1993-1-8 (CEN, 2005).
Steel Grade Fu (MPa) Fu (ksi) Bw
S235 340-360 49.3-52.2 0.80
S275 360-430 52.2-62.4 0.85
S355 450-510 65.3-74.0 0.90
S420 500-540 72.5-78.3 1.0
S460 530-570 76.9-82.7 1.0

The Section 4.11 design requirements for fillet welds with high //w ratios are similar to those in
AISC Specification Section J2.2b(d), except the effective throat is used instead of the weld leg
size. For lap joints longer than 150E, Equation 2.12 is applicable.

0.2/
<
150F

B=12- 1.0 (2.12)



Section 4.12 is applicable to eccentrically loaded single-sided fillet and PJP welds. Welds are
required to be “designed according to elastic design rules” when flexure about the weld longitudinal
axis results in tension stress at the root. Section 4.12(1) requires that “local eccentricity should be
avoided where possible.” Section 4.12(1) allows local eccentricity to be neglected for welds around
the perimeter of HSS shapes.

EN 1993-1-12 (CEN, 2007)

Eurocode 3 Part 1-12 (CEN, 2007) provides additional requirements for steel grades from S460
up to and including S700. For undermatched electrodes, Section 4.5.3.2(6) requires the joint
strength to be based on the strength of the filler metal. For longitudinal fillet welds in lap joints,
Section 4.11 requires the effect of uneven stress distribution to be considered when the length is
greater than 50F.

PREN 1993-1-8 (CEN, 2021)

The latest draft of Eurocode 3 Part 1-8 (CEN, 2021) is applicable to all steel grades from S235 up
to and including S700 unless otherwise stated in individual clauses. Section 4 lists revised

correlation factors and provides new correlation factors for high strength steels according to Table
2.2.

Table 2.2. Correlation factors for fillet welds in prEN 1993-1-8 (CEN, 2021).
Steel Grade Fu (MPa) Fu (ksi) Bw
S235 340-360 49.3-52.2 0.80
S275 360-430 52.2-62.4 0.85
S355 450-510 65.3-74.0 0.90
S420 500-540 72.5-78.3 0.88
S450 550 79.8 1.05
S460 530-570 76.9-82.7 0.85
S500 550 79.8 0.90
S550 590-640 85.6-92.8 0.95
S620 650-700 94.3-101 1.05
S690 710-770 103-112 1.10

For steel grades higher than S460 with mismatched filler metals, the strength of fillet welds can
be calculated with Equations 2.10 and 2.13 for the directional method and Equation 2.14 for the
simplified method.

\/Gi +3(’E§ 4 2) < OZSF; +0.75FEXX

T 2.13
! \/ngm’YMZ ( )

5 025F, +0.75F,,

" ﬁmeYMZ

(2.14)



where
Bwnm = modified correlation factor according to Table 2.3

Table 2.3. Modified correlation factors for filler metals in prEN 1993-1-8 (CEN, 2021).
Strength Class (II\;-I‘i’X)a() (II:(ESX:; Bwm
42 500 72.5 0.89
46 530 76.9 0.85
69 770 112 1.09
89 940 136 1.19

For long lap joints connected by fillet welds, Equation 2.12 remains unchanged. However, for steel
grades equal to or higher than S460, the length of longitudinal fillet welds in lap joints is limited

to 150F.

AlJ RECOMMENDATIONS (AlJ, 2012)

The Architectural Institute of Japan Recommendations for Design of Connections in Steel
Structures (AlJ, 2012) specifies Equation 2.15 for calculating the strength of fillet welds.
Equations 2.16 and 2.17 are applicable to longitudinal and transverse PJP welds, respectively.
Because Equation 2.17 is based on the tensile strength of the base metal, it is valid only when

matching or overmatching weld metal is used.

F, <00 (1.040.405in6)

nw \/§

F

F < ZEX
nw \/5
Fuw=Fuy

where
Fu. = specified minimum tensile stress of the weaker base metal joined, ksi

(2.15)

(2.16)

(2.17)



CHAPTER 3
LITERATURE REVIEW

This chapter provides a review of the available literature on weld strength. Although the review
focuses on the research with experimental test data, design methods and supplementary
information are also included.

FILLET WELDS

In this section, the available literature related to concentrically loaded, normal strength fillet
welds is reviewed.

ABW (1931)

ABW (1931) reported a comprehensive series of experimental tests on many different
configurations for both fillet and groove welds. The specified tensile strength of the weld metal
was 56 ksi. The tensile strength was measured using 20 specimens each for the 34 primary welders
in the study using a complete penetration welded coupon subjected to tension. This resulted in a
weighted average rupture strength of 53.7 ksi. The average shear rupture strength on the throat of
the concentrically loaded fillet weld specimens was 42.5 ksi and the average strength of butt welds
in tension was 49.6 ksi.

AWS (1937)

The early research on fillet welded connections was primarily concerned with the elastic stress
distributions, both along the weld length and in the weld cross section. The available research on
fillet-welded joints prior to 1937, consisting of 150 references, was summarized in AWS (1937).
The research shows highly nonlinear stresses along the length and in the weld cross section, even
for the simplest configurations.

Rosenthal and Levray (1939)

Rosenthal and Levray (1939) tested longitudinally loaded fillet welds in double-lap joints. The
primary objective of the research was to determine the elastic stress distribution in the joints;
however, ten specimens were tested to destruction. Only four of these specimens ruptured along
the weld throat. The specimens were fabricated using the SMAW process. The measured weld
metal tensile strength, cuw, was 57.0 ksi. The specified weld sizes were %4 in. and the welds were
machined to the specified triangular cross section and length before testing. For the four specimens
that ruptured along the weld throat, the mean rupture stress was 47.5 ksi, which is 0.833Guuw.

Godfrey and Mount (1940)

Godfrey and Mount (1940) tested fillet welds in single-lap, double-lap and tee joints. The testing
program included longitudinal specimens, transverse specimens and specimens with combined
longitudinal and transverse welds. The specimens were fabricated with ASTM Grade 10 electrodes
using the SMAW process. The electrodes had a specified minimum tensile strength of 60 ksi. The
actual tensile strength, measured with all-weld-metal specimens, Guw, was 78.25 ksi. The measured
tensile strength of the base metals was approximately 75% of the measured weld metal tensile
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strength. The specified weld sizes were s, /2 and ¥% in.; however, measured weld dimensions
were not reported.

The nine longitudinally loaded specimens ruptured along the weld throat at a mean stress of 51.5
ksi, which is 0.658cuw. The nine transversely loaded double-lap joint specimens ruptured along
the weld throat at a mean stress of 76.4 ksi, which is 0.976Guw. The transverse-to-longitudinal
strength ratio is 1.48.

The three transversely loaded T-joint specimens ruptured along the weld throat at a mean stress of
61.6 ksi, which is 0.787G.w. Compared to the transversely loaded double-lap specimens, the
rupture stress of the T-joint specimens was 19.4% lower.

For the nine transversely loaded single-lap single weld specimens, “the specimens became
distorted. ..and considerable bending took place in the fillet welds.” Compared to the transversely
loaded double-lap specimens, the rupture stress of the single-lap specimens was 27.6% lower.

For the three specimens with combined longitudinal and transverse welds, the strengths can be
accurately calculated by summing the individual strengths, including the 50% directional strength
increase for the transverse welds and no reduction for the longitudinal welds.

Spraragen and Claussen (1942)

Spraragen and Claussen (1942) reviewed 77 references on fillet welds that were published between
1932 and 1939. For longitudinally loaded fillet welds, the rupture stress at the throat is between
0.64 and 0.84 times the uniaxial tensile strength. Although longitudinally loaded fillet welds had
high elastic stress concentrations at the end, it was shown that the rupture strength of short welds
(//w between 1.4 and 19), is unaffected by the weld length.

Tests on double-lap specimens with transversely loaded fillet welds showed that the specimens
with tensile loads were approximately 20% higher than for compression-loaded specimens. Also,
several research projects showed that the rupture strength of transversely loaded T-joints varies
between 75% and 100% of the strength of double-lap specimens. This effect was caused by the
constraint provided by the transverse contact force at the faying surfaces as well as the friction
resulting from these forces. A gapped T-joint specimen designed by Kist (1936) to eliminate the
transverse force at the faying surfaces had only 64% of the strength of a double-lap transverse
tension specimen with similar welds. Hankins and Brown (1938) tested double-lap specimens with
a cutout in the middle plate to eliminate any contact between the outer plates and the inner plates.
Compared to otherwise identical specimens without the cutouts, the specimens with the cutouts
had 25% reduction in strength. It was concluded that the rupture stress at the throat of transversely
loaded fillet welds was slightly higher than the uniaxial tensile strength measured with all-weld-
metal coupons.

Wilson et al. (1949)

The primary objective of the research by Wilson et al. (1949) was to determine the fatigue
performance of welded joints; however, the static testing of joints with various weld group
configurations was also documented. The static testing program included four longitudinal

11



specimens, eight transverse specimens and ten specimens with combined longitudinal and
transverse welds.

The specimens were fabricated with E6010 electrodes using the SMAW process. Although the
weld metal tensile strength was not measured, the expected tensile strength of the weld metal can
be calculated with the values from Table 4.1, where cuw = pmiFexx. = (1.06)(60 ksi) = 63.6 ksi.

The specified weld sizes were Y4, Y16 and 2 in. The throat dimensions were measured prior to
testing and the rupture surfaces were measured after testing. Although the measured throat
dimensions were “slightly oversize,” the rupture surfaces were “slightly less” than the measured
throat dimensions. This indicates that the “penetration was not quite perfect.”

Eb (1952)

Eb (1952) tested transversely loaded fillet welds in double-lap, tee and gapped tee joints. The
gapped T-joint specimens, which were similar to those tested by Kist (1936), eliminated the
transverse force on the faying surface. The T-joint specimens had only 68% of the strength of a
double-lap transverse tension specimens with similar welds. The gapped T-joint specimens had
only 61% of the strength of a double-lap transverse tension specimens with similar welds.

Vreedenburgh (1954)

Vreedenburgh (1954) continued the work of Kist (1936) with supplementary tests and analyses.
Although Kist assumed the rupture plane was always defined by the theoretical throat,
Vreedenburgh found out that the rupture planes were not always coincident with the theoretical
throat. Additionally, Vreedenburgh found that the experimental behavior was not compatible with
any of the available failure theories. Because of this, an empirical solution was adopted. As shown
in Figure 3.1, the shear strength of the weld was assumed to be 0.75 times the weld metal uniaxial
tensile strength. For transversely loaded equal-leg welds, the weld throat is oriented 45° from the
load and the strength is 0.84c: Based on this approach, the ratio of the transverse fillet weld
strength to longitudinal fillet weld strength is 0.84/0.75 = 1.12. Also, according to Figure 3.1,
welds subjected to compression at the effective throat are 70% stronger than welds subjected to
tension at the effective throat.
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Fig. 3.1. Fillet weld critical limiting stress according to Vreedenburgh (1954).

Wastlund and Ostlund (1956)

Wastlund and Ostlund (1956) tested 30 longitudinally loaded fillet weld specimens. Only 28 of
the specimens were tested to destruction. Each end of the specimen had four 80 mm long fillet
welds and the connected bar heights varied from 20 to 45 mm to determine the effect of
eccentricity. The specimens were fabricated with Philips Ph 48 electrodes using the SMAW
process. The electrodes had a measured tensile strength, cuw, of 5,750 kg/cm? (81.8 ksi). The
specified throat was 3.5 mm, and the welds were ground to obtain the proper throat within £ 0.2
mm. Because all 30 specimens had similar strengths, the effect of the bar height is negligible. The
mean rupture stress was 0.686Gu.

Three additional longitudinally loaded fillet weld specimens were tested to destruction. For this
group, the weld lengths (70, 70 and 140 mm) and throat dimensions (3.5, 6.0 and 3.0 mm) varied.
The mean rupture stress for these three specimens was 0.748cuw and the mean rupture stress for
all 33 specimens was 0.692Guw.

Archer et al. (1964)

Archer et al. (1964) compared different failure theories with experimental results to determine
which one best represents the actual strength of fillet welds. The failure theories included
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maximum principal stress, maximum shear stress and von-Mises. The comparisons also included
calculations that considered the moments at the weld legs that were caused by the small
eccentricity between the load and the resisting force; however, the results were more accurate when
these moments were neglected. The authors determined that the maximum shear stress method,
while neglecting the moment in the weld, provides the best fit. The predicted orientation angle of
the rupture plane compared well with the experimental results. Nevertheless, the calculated weld
strength using maximum shear stress slightly underestimated the experimental strength that was
determined using double-lap specimens with longitudinal welds.

Douwen and Witteveen (1966)

Douwen and Witteveen (1966) recommended combining the normal and shear stresses on the
theoretical effective throat using von Mises equation. Because von Mises yield criterion was found
to be conservative, the resulting effective stress was multiplied by a correlation factor, Baw, that is
dependent on the base metal strength. The authors recommended Baw = 0.7 for St 37 steel and 0.85
for St 51 steel. Both the International Institute of Welding (ITW, 1976) and Eurocode 3 (CEN,
2005) adopted this approach later.

Bornscheuer and Feder (1966)

Bornscheuer and Feder (1966) tested 21 longitudinal and 8 transverse fillet welded joints with leg
sizes between 0.18 and 0.63 in. For the longitudinal welds, the weld length varied from 3.94 to
11.8 in. The specimens were fabricated with 70 ksi electrodes; however, the weld metal tensile
strength was not measured. The expected tensile strength of the weld metal can be calculated with
the value from Table 4.1, which results in Guw = (1.04)(70 ksi) = 72.8 ksi. Li et al. (2007) provides
further information on these tests.

Swannell (1968)

To obtain a uniform shear distribution along the weld length, Swannell (1968) subjected 15 round
specimens with circular fillet weld groups to torsional moments. The original ¥ie-in. fillet welds
were machined to equal-leg “-in. welds. Post-test inspections of the rupture surfaces indicated
“very little root penetration in any of the welds.” The measured weld metal uniaxial tensile strength
was 64.4 ksi and the mean rupture stress at the throat was 57.0 ksi, resulting in an average shear
strength equal to 88.5% of the tensile strength.

Preece (1968), Higgins and Preece (1969)

Preece (1968) and Higgins and Preece (1969) documented 168 tests on double-lap specimens with
either longitudinal or transverse fillet welds. The variables were weld size (%4, ¥% and '%-in.),
electrode strength (60, 70, 90 and 110 ksi), weld length (1.5, 2, 3 and 4 in.) and base metal (ASTM
A36, A441 and A514). Although the weld metal tensile strength was not measured, the expected
tensile strength of the weld metal can be calculated with the values from Table 4.1, where Guw =
pmiFExx.

The experimental rupture stress increased slightly with length; however, the increase of 3% was
deemed negligible. All specimens ruptured in the weld metal “even when the mechanical
properties of the weld metal exceeded those of the base metal by a substantial amount.” The
transverse welds averaged 1.57 and 1.44 times stronger than longitudinal welds for 70 and 110 ksi
electrodes, respectively.
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For the 4-in. fillet welds, the average measured weld size was 20% greater than the specified size.
For the % and -in. fillet welds, the average measured weld sizes were 13 and 5% greater than the
specified sizes, respectively.

Ligtenburg (1968)

Ligtenburg (1968) compiled the data from a series of experiments where fillet-welded joints were
tested in nine different countries. The specimens were double- and single-lap joints with
longitudinal, transverse and combined longitudinal/transverse welds. All specimens were welded
with the SMAW process. The weld sizes and plate material properties varied. Only the results from
double-lap specimens were used in this report. Several of the specimens ruptured in the plates;
however, only the specimens that ruptured in the welds were included in the data. The results are
based on the measured weld lengths and leg sizes, as well as the measured tensile strength of the
weld metal.

The results were compared to the “ISO formula,” which is Equation 3.1. This results in Fuw =
0.745Fexx for longitudinal welds, Fnw = 0.845FExx for transverse welds and k4s = 1.13. Using a
regression analysis, the authors showed that the “ISO formula™ is conservative. The proposed
rupture stresses are Fnw = 0.84c. for longitudinal welds (standard deviation = 14.5%) and Fuw =
1.37c. for transverse welds (standard deviation = 10%), resulting in ks = 1.63.

\/G§+l.8(r§+1:i)£csc (3.1)
G, s% (3.2)

For joints with multi-orientation fillet weld groups, the total weld strength is the sum of the
transverse and longitudinal weld strengths with a reduction in the regression coefficients: Frnw =
0.78c. for longitudinal welds and Fnw = 1.25c, for transverse welds. This results in a standard
deviation of 11.7%.

Strating (1971)

Strating (1971) tested 38 different specimens with three duplicates each for a total of 114 tests.
The specimens were similar to Lightenburg’s double-lap specimens; however, the FCAW, GMAW
and SAW processes were used instead of SMAW. Both self-shielded and gas-shielded (CO2)
FCAW was used. The GMAW shielding gases were CO2 and Argon/CO2/Ox.

The authors recommended that the weld rupture strength calculations should be based on the
average tensile stress of the base metal and the weld metal. A linear regression analysis showed
that the strength of longitudinally and transversely loaded welds can be predicted with Equations
3.3 and 3.4, respectively. A conclusion from the tests on joints with combined longitudinal and
transverse welds is that failure of the transverse welds always precludes failure of the longitudinal
welds at loads that are less than the sum of the independent strengths.

Rn = 0.83FExxAwe (3.3)
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Rn = 133FEXXAW€ (34)

The design recommendations were based on weld areas that were calculated using pre-test throat
dimensions measured 45° from the connected plates. Therefore, the effect of any convexity or
concavity was considered. Although the effect of penetration was not considered in the
recommendations, several specimens were sectioned after testing for penetration measurements.
The results are listed in Table 3.1. As expected, the SAW welds had the largest mean penetration
depth (0.130 in.).

Table 3.1. Penetration measurements by Starting (1971).
Process Shielding Gas Penetration (in.)
Mean Min. Max.

FCAW-S +0.0381 -0.0197 +0.110
FCAW-G CO2 +0.00504 -0.0197 +0.0307
GMAW CO2 +0.0689 +0.0256 +0.118
GMAW Argon/C02/02 +0.0500 —0.0394 +0.110

SAW +0.130 +0.0354 +0.197

Butler and Kulak (1969, 1971)

Butler and Kulak (1969, 1971) measured the load-deformation of fillet welds in 23 concentrically
loaded double-lap joints. 60 ksi SMAW electrodes were specified to deposit % in. fillet welds at
angles of 0°, 30°, 60° and 90° from the loading direction. The authors found that the strength and
ductility is dependent on the loading direction and developed empirical equations 3.5 through 3.9
to describe the load-deformation behavior of the specific welds that were tested. These equations
are plotted in Figure 3.2 for 6 = 0°, 30°, 60° and 90°. Equation 3.5 results in kas = 15.8/10.9 = 1.45
when 6 = 90°. Additionally, eight eccentrically loaded connections were tested.

R=Ru(1 — e 18y (3.5)

- 10+6 (3.6)
0.92+0.060360

Au=0.225(6 + 5)047 3.7)

p = 75001140 (3.8)

) = 0.4¢0-01460 (3.9)
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Fig. 3.2. Load-deformation curves for Y4 in. E60 fillet welds.

Clark (1971)

Clark (1971) tested 18 concentrically loaded double-lap specimens with a specified fillet weld size
of %6 in. and load angles of 0°, 30°, 60° and 90°. The specimens were fabricated using the SMAW
process with 60 ksi electrodes; however, the weld metal tensile strength was not measured. The
expected tensile strength of the weld metal can be calculated with the value from Table 4.1, which
results in cuw = (1.06)(60 ksi) = 63.6 ksi. Li et al. (2007) provides further information on these
tests.

Kato and Morita (1974)

Kato and Morita (1974) calculated the strength of transverse fillet welds using the theory of
elasticity and determined that the rupture plane is 22.5° from the loading direction. Based on this
critical rupture plane, they developed a directional strength factor of

_ 1.0-7/4
“ " sin?(22.5°) (3.10)
=1.46

The authors compared their theoretical findings with the results from finite element models and 15
experimental tests, which verified the rupture plane orientation. The experimental specimens were
double-lap joints. Although the stress distribution along the critical section was shown to be non-
uniform, the proposed equations were shown reasonably accurate.

Swannell (1974)

Swannell (1974) tested 13 double-lap fillet weld specimens, including five specimens with
longitudinally loaded welds, one transversely loaded specimen and seven multi-orientation
specimens that combined both longitudinal and transverse welds. The welds were oversized and
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machined to an ideal triangular shape with a weld leg size of 4 in. The specimens were fabricated
with the SMAW process using E6013 electrodes. The weld metal tensile strength, ow, from all-
weld-metal coupons was 69.1 ksi and the elongation at rupture was 28.5%.

Higgs (1981), Biggs et al. (1981)

Based on cruciform specimens loaded in both directions as shown in Figure 3.3, Higgs (1981) and
Biggs et al. (1981) recommended a circular interaction between the normal stresses and shear
stresses on the critical section of fillet welds. Figure 3.4 shows that the orientation of the critical
section varies with the load ratio, f,/fx. The stress interaction on the critical section is shown in
Figure 3.5. Figure 3.6 shows the interaction between x- and y-direction loads, fr and f,
respectively. It is interesting to note that f, increases with an increase in fx up to approximately
(];/)hzz 0.6.

load applied through
‘{$}‘ pins in 16mm dia. holes

127

test welds 4mm leg length

i

force in the
x direction

4—15mm thick

83 | 38

lforce in the y direction

Fig. 3.3. Experimental specimens tested by Higgs. (1981).
(from Biggs et al., 1981)
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Kamtekar (1982), Kamtekar (1987)

Based on von Mises yield criterion, Kamtekar (1982) derived equations to calculate the strength
of longitudinally- and transversely loaded fillet welds. The same theory was used by Kamtekar
(1987) to derive equation 3.11 for the full range of loading angles (0° < 6 < 90°). The theory
predicts that transverse welds rupture along the leg (fusion zone) at a 41% higher load than
longitudinal welds.

k, =N2—cos’ 0 (3.11)

Pham (1983)

Pham (1983) documented a series of 36 tests on transversely loaded T-joints connected with fillet
welds using the FCAW and SAW welding processes. Macro-etches showed that the theoretical
throat increased by 30% for FCAW welds and 50% for SAW welds with a coefficient of variation
of 0.20 for both processes. Many of the welds ruptured along the fusion zone; however, the
experimental loads exceeded the expected strengths due to oversized welds and overstrength weld
metals.

Neis (1985)

Neis (1985) used plasticity theory to derive the ultimate strength and maximum displacement of
fillet welds. Although several simplifying assumptions were required, limited comparisons with
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experimental results showed “an acceptable fit.” The ultimate (rupture) force and deformation are
calculated with Equations 3.12 and 3.13 respectively.

1+15sin® o,

R, =0,WL 3.12
" 6(1+7sin20cd) G.12)
0 =¢ 3
v 2(1+7sin2ad) (3-13)
The complete load-deformation curve can be plotted with Equations 3.14 through 3.16.
fi
R =R, (3.14)
S
258, | 758,
f=1-4 ¢ (3.15)
2
258, | 758,
e I ;e (3.16)

where
R; = strength at deformation A, kips
o7 = angle between the weld longitudinal axis and the weld displacement direction
& =Aiw
du =Au/w
e« = uniaxial engineering tensile rupture strain
ow = true tensile rupture stress, ksi
ouww= uniaxial engineering tensile rupture stress, ksi

As a conservative estimate, the authors noted that the true tensile rupture stress can be calculated
with Equation 3.17.

Owm = Gu(l + O758u) (317)

Equation 3.18 provides an approximate value of the angle between the weld longitudinal axis and
the weld displacement direction.

tan O
tanal, =<5 (3.18)
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Kennedy and Kriviak (1985)

Kennedy and Kriviak (1985) discussed Butler and Kulak (1971) Equation 3.5, plotting it as an
interaction curve, along with the available experimental data. This led to the surprising conclusion
that the strength of a longitudinally loaded fillet weld increases when a transverse load is added as
shown in Figure 3.7. The authors developed Equation 3.19, which provides a more conservative
estimate of fillet weld strength compared to Equation 3.5. Equation 3.19 results in k4s = 1.42 when

6 =90°.

2
V. V. V
1.2[—T —L4 L 10 (3.19)
v, v, V,
where

V1 = longitudinal load, kips
Vr = transverse load, kips
Vu = weld strength at 6 = 0°, kips

1.5

M TEST DATA
Vu o 0 KATO and MORITA (1969)
® BUTLER and KULAK (1971)
o CLARK (1971)
1.0 B~ BUTLER and KULAK (1971)
/EQUATION [5]
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o
CAN3-S16.1-M78
EQUATION [3]
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II'W COMMISSION XV
( EQUATION [8]

Fig. 3.7. Interaction of longitudinal and transverse fillet welds.
(from Kennedy and Kriviak, 1985)

Faltus (1986)

Early attempts by International Institute of Welding (IITW) committees to develop an accurate
design equation resulted in Equation 3.20, which was originally proposed by Van der Eb in 1952.
This equation was later adopted by the International Organization for Standardization (ISO).
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\/ci +18(17 47, ) = Fry (3.20)

Equation 3.20 results in a shear rupture stress of 0.745Fexxwhen 6 = 0° and kas = 1.13 when 0 =
90°. In 1974, the 1.8 constant was changed to 3, which results in von Mises equation. Because this
increased the conservative error compared to the experimental results, the stress was reduced by a
correlation factor, Bw, which had values of 0.70 or 0.85 depending on the steel grade. Also, a limit
was added to ensure that the normal stress was not greater than the weld metal tensile strength.
This resulted in Equations 3.21 and 3.22, which is the basis for the equations in Eurocode 3.

Buyor +3(T +7) ) < Foe (3.21)

Or S Foyy (3.22)

Sanaei and Kametkar (1988)

Sanaei and Kametkar (1988) tested seven concentrically loaded double-lap specimens with either
longitudinal, transverse or skewed fillet welds. The specimens were loaded by applying a
compression force to the center plate, which was resisted by opposing compression forces in the
lap plates. The skewed specimens were tested at load angles, 0, equal to 30° and 60°. The weld
metal tensile strength, ow, from all-weld-metal coupons was 71.2 ksi. The specified fillet weld size
was 8 mm and the actual weld sizes were recorded. All welds were 100 mm long.

McClellan (1989), NSRP (1989)

McClellan (1989) and NSRP (1989) tested 96 double-lap specimens with either longitudinal or
transverse fillet welds. The joints were fabricated using the FCAW process with either CO:2 or 75%
argon/25% COz shielding gasses. The specified weld sizes were either Y or %z in. and the specified
electrode strengths were either 70 or 100 ksi. By evaluating the rupture surfaces and macro-etches,
the author concluded that the penetration depth was similar to that of a weld deposited with the
SMAW process. The rupture surface for the transverse welds was oriented at approximately 22.5°
from the load direction. The transverse welds averaged 1.51 and 1.39 times stronger than
longitudinal welds for 70 and 100 ksi electrodes, respectively.

Miazga and Kennedy (1986), Miazga and Kennedy (1989), Lesik and Kennedy (1990),
Kennedy et al. (1990)

Miazga and Kennedy (1989) developed an analytical model to predict the fillet weld strength in
double-lap joints as a function of the loading direction. The model includes a variable failure plane
angle and restraining conditions at the weld root. They validated their model by testing 42
specimens with varying load angles from 0 to 90° in 15° increments. The fracture was ductile for
the cases of longitudinal loading. For transverse loading, the fracture transitioned from brittle at
the weld root where the crack initiated to ductile fracture at the crack termination. The area of the
rupture surface is
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3 wL sin(45°)

- sin (45°+a.) (3.23)

Where a is the angle between the loading direction and the rupture surface as shown in Figure 3.8.
The normal stress on the rupture surface is

Psin©
O =

(sina+acosa) (3.24)

The shear stress on the rupture surface is

r:Aﬁ\/(sinﬁcosoc+asin9sinoc)+cosz6 (3.25)
0

Where a is a portion of P that defines the transverse force on the weld cross section that is required
for equilibrium of the weld free body diagram as shown in Figure 3.8. Due to the nonlinear stresses
at the weld cross section, the authors were unable to determine an accurate equation to define «;
however, the experimental results showed that a constant value of 0.345 is applicable for 6 between
45° and 90°. For smaller values of 6, a could not be determined due to the scattered test results.

To Psind
pPsinf

e e i

Fig. 3.8. Weld free body diagram.
(from Miazga and Kennedy, 1989)

Among the failure theories considered by Miazga and Kennedy (1986), which included von-Mises,
maximum normal stress and maximum shear stress (Tresca), the Tresca theory was the most
accurate in determining the ultimate weld strength and rupture plane orientation, a.. Setting dt/da
= 0, results in Equation 3.26.

(coso—asin OL)2 +cot’ 0

tan (45°+a.) = (3.26)

(coso—asina)(sino+acosa)
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The weld strength, Pe, at a loading angle 0 is calculated by setting the maximum shear stress equal
to the ultimate shear strength, .. Combining Equations 3.23 and 3.25 results in Equation 3.27.

» t,wLsin (45°)
0~ 3.27
sin (45° + oc)\/(sinecosoc—asinesin oc)2 +cos> 0 (3-27)

Based on the six experimental specimens with longitudinal fillet welds, t. can be estimated as
0.764 of the electrode tensile strength. For a = 0.345, a = 13.0°, which results in kss = 1.32 when
0 = 90°. The effect of constraint in the plane of the rupture surface was considered by multiplying
Equation 3.27 by a semi-empirical constraint factor, k, which is calculated with Equation 3.28.
This results in k4s = 1.50 when 6 = 90° and an experimental-to-calculated strength ratio of 1.004
with a standard deviation of 0.088. A plot of & x Pg and the experimental results are shown in
Figure 3.9.

k=1+0.141sin0 (3.28)

The weld strength is determined by calculating the rupture angle with Equation 3.26, substituting
this value into Equation 3.27 and multiplying by Equation 3.28. In an effort to simplify the design
process, Lesik and Kennedy (1990) developed AISC Specification Equation J2-5 by fitting the
curve in Figure 3.9. Based on the plotted data, Equation J2-5 is slightly conservative, with a
maximum error of 1.5% at 6 = 45°.

For lap-joints in compression, the transverse force is not available. Miazga and Kennedy (1989)
noted that the welds for these joints can be designed with a = 0, which results in oo = 22.5° and kus
= 1.34 when 0 = 90°. For this condition, the experimental-to-calculated strength ratio is 0.928 with
a standard deviation of 0.065 when compared to the experimental results of Swannell and Skewes
(1979). This approach was also recommended for T-joints in both tension and compression. To
simplify the design process, Kennedy et al. (1990) developed Equation 3.29 by fitting a curve
based on Equation 3.27 with a = 0.

kas = 1.0 + 0.34sin'%0 (3.29)

For the E48014 electrodes in the Miazga and Kennedy (1989) research, the specified uniaxial
tensile strength was 480 MPa and the measured strength was 538 MPa resulting in an overstrength
factor of 1.12. Lesik and Kennedy (1988, 1990) summarized the electrode strength statistics for
four previous projects found in the literature with a total of 672 weld metal tensile tests. For these
tests, the average overstrength factor, Guw/Fexx, was 1.12 with a coefficient of variation of 0.077.

Miazga and Kennedy (1986) measured the weld leg sizes with a digital micrometer with a
minimum of 44 readings per specimen. For the 5 mm welds, the average measured-to-specified
leg ratio, wm/w, was 1.04 with a coefficient of variation of 0.026. For the 9 mm welds, the average
measured-to-specified leg ratio, wm/w, was 1.03 with a coefficient of variation of 0.027.
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Fig. 3.9. Plot of k x Pg compared to the experimental results.
(from Miazga and Kennedy, 1989)

Chan and Ogle (1992)

Chan and Ogle (1992) tested a 12.5 mm flat plate that was cut to the geometry of a large
transversely loaded double-lap splice connection. The simulated fillet welds had 100 mm leg sizes.
When loaded to 82% of the rupture load, strain gages showed that inelastic stress redistribution
resulted in a near constant von Mises stress along planes oriented at both 0° and 22.5° from the
load. After significant plastic flow approximately along the 22.5° plane, a crack formed at the root
and grew to about 22 mm long in the direction of the plastic band.

Bowman and Quinn (1994)

Bowman and Quinn (1994) experimentally examined the strength and deformation of fillet welds
in double-lap joints for three different weld leg sizes (%4, %, and '2 in.), weld orientations
(longitudinal and transverse), and three root gap sizes (0, s, and %4 in.). Root gaps were fabricated
by using spacer bars between the plates to represent distortions or inadequate fitup of plates.
Eighteen specimens were prepared using 70 ksi SMAW welds with A572 Grade 50 plates.

The strength ratio between the transverse and longitudinal weld was between 1.3 and 1.7 for
specimens with no gaps and 1.2 and 1.4 for gapped specimens. For the same specified weld size,
the strength of the gapped specimens did not decrease significantly from non-gapped specimens
because of the relatively higher weld penetration in the gapped specimens.

Wilcox (1995)

To study the effect of penetration, Wilcox (1995) tested 10 transversely loaded fillet weld
specimens in cruciform T-joints. The specimens were welded with the FCAW process with 100%
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COz gas shielding. The penetration was increased by varying the arc voltage, current, wire feed
speed and travel speed. As expected, the experimental rupture loads increased significantly with
increased penetration.

Mellor et al. (1999)

Using experimental results from the literature and the results of finite element models, Mellor et
al. (1999) simplified an empirical equation that predicts the strength of fillet welds, resulting in
Equation 3.30.

Rn= KuF EpL (3.30)

Where E, is the actual weld throat defined as the penetration depth plus the effective throat
according to AISC Specification Section J2.2a. L is the weld length. F¢ is the rupture stress that
considers the effect of base metal dilution. The authors developed Equation 3.31 as a simplified
expression for Fe.

Fe=0.6Fgxx + 0.4F, (3.31)

Where Fu is the tensile strength of the base metal. Ka is an empirical coefficient, which can be
calculated with Equation 3.32 for transversely loaded double-lap fillet weld joints.

2
K, =0.079 +1.931£—1.084(£] (3.32)
EP EP

The authors found that, for transversely loaded fillet welds, double-lap joints are stronger than T-
joints. The higher loads were believed to be caused by friction at the faying surfaces in the lap
joints, higher stress concentrations in the T-joint, and higher rigidity of the T-joint. Based on the
experimental and theoretical results, the range of Kur was 0.93-1.04 and 0.82-0.98 for double-lap
and T-joints, respectively.

Ng et al. (2002), Ng et al. (2004)

Ng et al. (2002) tested 102 transversely loaded fillet weld specimens in double-lap and cruciform
T-joints. Both the SMAW and FCAW processes were used in the fabrication. The specified weld
size for the cruciform specimens was Y in. For the lapped specimens, two weld sizes were
considered: % in. and % in.

The mean calculated strength, using the measured rupture surface area, was approximately the
same for both welding processes. However, the penetration for the FCAW specimens was much
higher than for the SMAW specimens, resulting in higher rupture strengths for the FCAW
specimens. The measured rupture surface width for the SMAW welds was similar to the theoretical
effective throat dimension. The measured rupture surface width of the FCAW welds was about 1.5
to 2 times the theoretical effective throat dimension.

The tests showed that the rupture stress decreased nonlinearly with an increase in weld size. The
average rupture stress for the lapped specimens was 13% higher than that of the cruciform
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specimens. Also, the lapped specimens were approximately 3.8 times as ductile as the cruciform
specimens. Most of the specimens failed by ductile shear rupture at, or near, the weld shear leg (o
= 0°). The test-to-predicted strength ratio ranged from 1.28 to 2.57 compared to the AISC
Specification equations.

Deng et al. (2003)

Deng et al. (2003) investigated the strength of fillet welds in double-lap joints fabricated with both
the SMAW and FCAW processes. The welds were subjected to three loading angles: 6 = 0°, 45°
and 90°. A reliability analysis showed that the AISC Specification equations are applicable to
welds fabricated with both SMAW and FCAW processes. The FCAW process resulted in higher
root penetration than the SMAW process; therefore, the calculations are more conservative for
FCAW welds. The average experimental strength for the FCAW specimens was approximately
50% higher than that of SMAW specimens. However, the mean rupture stress calculated with the
measured rupture surface area was approximately the same for both welding processes. Based on
the shear stress at the measured rupture surface of the longitudinal welds, the mean shear-to-tensile
strength ratio was 0.778 with a coefficient of variation of 0.075.

Yasui et al. (2004)

Yasui et al. (2004) tested eight fillet welded T-joints that were fabricated with the GMAW process
(Group W specimens). Also tested were seven similar specimens with the fillet weld joints
machined from plates (Group C specimens). Both specimen groups were tested at various load
angles: 6 = 0°, 15°, 30°, 45°, 60°, 75° and 90°. The weld metal strengths were measured with
coupons extracted from the fillet welds, resulting in cexx= 651 MPa (94.4 ksi). The measured base
metal tensile strengths were Fu = 534 MPa (77.4 ksi) for Group W specimens and Fiu = 527 MPa
(76.4 ksi) for Group C specimens. Effective throat dimensions measured from etched sections
showed penetrations between 1 and 1.2 mm. Using a slip line analysis, the authors derived
Equation 3.33 for the directional strength increase, which results in k4s = 1.26 at 6 = 90°.

2(1+3sin%0
k) = (—2) (3.33)
2+3sin“ 0

Callele et al. (2005, 2009)

Callele et al. (2005, 2009) tested 34 double-lap fillet weld specimens, including nine specimens
with longitudinally loaded welds, three transversely loaded specimens and 22 multi-orientation
specimens. Of the multi-orientation joints, 14 specimens had both longitudinal and transverse fillet
welds and eight specimens combined skewed (0 = 45°) and transverse (0 = 90°) welds.

The specimens were fabricated using the FCAW-S process with E70T-7 electrodes and A572
grade 50 steel plates. The weld metal tensile strengths, 6w, from all-weld-metal coupons were 83.4
ksi and 82.7 ksi for Heats 1 and 2, respectively.

The results showed that it is not required to consider base metal rupture at the fusion zone for fillet
welds. The authors noted that the tensile strength at the fusion zone is affected by
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intermixing/dilution and tempering/heat treatment which is not considered in the design equations.
The research also indicated that the weld strength is independent of the number of weld passes.

Li et al. (2007)

Li et al. (2007) tested 12 transversely loaded fillet weld specimens in cruciform T-joints. The
specimens were welded with the FCAW process. The tests showed that lap-joints are between 0
and 30% stronger than T-joints. A reliability analysis was performed on transversely loaded fillet
welds using 1160 experimental data points from previous and current research. This indicated that,
for lap-joints, the safety index is 4.5 and for T-joints, the safety index is 4.3. The authors analyzed
1,706 measurements on weld leg or throat dimensions from 12 research projects and determined
that the average measured-to-specified ratio, pc, is 1.08 with a coefficient of variation of 0.142.
For the weld uniaxial metal tensile strength, 716 specimens from eight research projects showed
that the average measured-to-specified ratio, pai, is 1.13 with a coefficient of variation of 0.080.

Based on the results of 304 specimens from eight research projects, the shear-to-tensile strength
ratio of 0.60 in the AISC Specification equations is conservative. The average measured-to-
specified ratio, pamz, is 1.29 with a coefficient of variation of 0.130. This is identical to an average
Tu/Guw =0.774.

Gomez et al. (2008) and Kanvinde et al. (2009a)

The strength in fillet-welded cruciform T-joints was determined theoretically and experimentally,
while changing different parameters. The FCAW process was used with two electrodes: E70T7
(non-toughness rated) and E70T7-K2 (toughness rated), two root notch lengths (plate thickness):
1.25 and 2.5 in., and two weld sizes: 2 and ¥is in. The experimental program consisted of eight

combinations with three specimens each. The CVN energy at 21° C for all-weld-metal tests were
25.1 ] for the E70T7 specimens and 80.0 J for E70T7-K2 specimens.

The root notch length had an insignificant effect on the weld strength and ductility. The rupture
strengths were proportional to the weld size, indicating that the weld size had an insignificant effect
on the rupture stress. Generally, the calculated strength according to the AISC Specification was
accurate compared to the experimental results. The weld metal toughness had a significant effect,
with the specimens fabricated with the E70T7-K2 electrodes 12% stronger than the E70T7
specimens. The ductility of the specimens with E70T7-K2 electrodes was almost twice that of the
specimens with E70T7 electrodes. From the experimental results, the rupture angle of the weld,
measured from the tension face, ranged from 20° to 80°. A photomicrograph of the fracture surface
showed that the crack initiated at the weld root for about 0.06 in. (1.5 mm) as a ductile tension
fracture (crack opening fracture mode) and then transitioned to the measured fracture angle as a
brittle shear fracture.

The authors were able to predict the weld strength using fracture mechanics and finite element
models. From the experimental results, a 2D plain-strain model was created to simulate the test
specimens. The weld root was modeled as a half circle of 0.004 in. radius, which is acceptable
because the anticipated crack tip blunting in the weld root at fracture is about 0.01 in. The size of
the elements around the notch tip was 0.002 in. The FEA model was validated and calibrated by
comparing the load-deformation curve of the weld with the curves obtained from testing. The
critical fracture toughness of the weld root was calculated by integrating the stresses and strains
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within the 20 mesh contours around the crack tip. This value was used to determine the fracture
load of other specimens of the same weld size, yet with different root notch lengths. The specimens
were loaded gradually until the fracture toughness of the zone around the crack tip reached the
previously calculated critical fracture toughness. This was considered the weld rupture strength. It
was found that the strength and fracture ductility of pre-cracked welds are not dependent on the
crack length, if it is above 1 in. This can be supported by the fact that the weld yields and exceeds
its plastic limit prior to failure. Smaller root notch lengths (less than 1 in.) were claimed to have
higher ductility, but same strength.

Sugitani and Mochizuki (2013)

Sugitani and Mochizuki (2013) tested 112 transverse fillet welds in cruciform T-joints. The
specimens were fabricated using either the SMAW or GMAW process with varying welding
parameters (current, voltage, travel speed). Other variables included plate thickness (12.5 mm, 25
mm), root gap (0, 3 mm, 5 mm) weld size (6 mm, 9 mm) and welding position (flat, vertical
upward). The measured base material yield and tensile strengths were 372 N/mm?and 489 N/mm?,
respectively. The measured weld metal uniaxial tensile strength was 570 N/mm?. Before testing,
the weld dimensions were measured using a cross section of each weld.

The first group of 64 specimens had no root gap. This group was fabricated with eight different
welding conditions with eight duplicate specimens each. The second group, which was intended
to study the effect of root gap size, consisted of three duplicate specimens for each of 16 joint
geometries for a total of 48 tests.

The authors concluded that penetration can significantly increase the weld strength. As a result of
deeper penetration, the GMAW welds were stronger than the SMAW welds. Because the joints
with root gaps had deeper penetration and higher strengths, the authors recommended that welds
can be designed without consideration of the root gap.

Lu et al. (2015)

Both transverse and longitudinal fillet welds were studied by Lu et al. (2015). The objective was
to develop a unified shear strength definition for fillet welds that account for the actual stress
distribution and rupture plane. Finite element results and the traction stress approach were used to
determine the critical fracture plane and the stress concentrations along the weld line of
longitudinal fillet welds. The results were verified with 128 experimental tests.

The authors found that the weld strength can be determined from the membrane term and that the
bending term can be neglected. Accordingly, the shear stress on the rupture plane of a transverse
fillet weld is calculated with Equation 3.34.

P2
i 1+s1n(2oc)+cos(2oc)] (3.34)

Where a is the angle between the loading direction and the rupture plane. Setting dt7/da = 0,

results in o = 22.5°. Substituting o = 22.5° into Equation 3.34 results in Equation 3.35. According
to Equation 3.35, k4s = 1.48.
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Grismo et al. (2017)

To determine the strength of fillet welds subjected to impact loading, Grismo et al. (2017) tested
both longitudinal and transverse fillet weld specimens. The specimens were fabricated by welding
S355 plates with a tensile strength of 68.2 ksi (470 MPa) using E70XX SMAW electrodes. The
authors concluded that “the resistance to fillet welds was practically unaffected by the applied
displacement rate.”

In addition to the impact tests, longitudinal and transverse fillet welds were tested with quasi-static
loading (strain rate ~ 300 s'). The experimental rupture loads for these specimens are compared
to the strengths calculated with the AISC Specification equations in Table 3.2. The calculated
strengths are based on the measured weld metal tensile strength from the quasi-static groove weld
coupons (cuw = 80.0 ksi).

Table 3.2. Experimental results of Grismo et al. (2017).
. . . P. Pc
Loading Direction kips Kips PelPc
Longitudinal 47.2 35.6 1.33
Transverse 79.1 57.4 1.38

The weld metal tensile properties were measured with uniaxial tension tests with two different all-
weld-metal coupons: 1. Standard all-weld-metal coupons machined from groove-welded plates
according to AWS B4.0 (AWS, 2016), 2. All-weld-metal coupons machined from fillet welds.
These specimens were tested at a quasi-static strain rate of 10~ s~!. The mean tensile strengths of
the fillet and groove weld specimens was 94 ksi (650 MPa) and 80 ksi (550 MPa), respectively.
The difference was attributed to the cooling rate during and after welding “the butt weld was
manufactured with several weld passes, which induced a comparatively low cooling rate. Thus, a
coarser ferritic microstructure would develop, and a weaker weld metal was obtained.”

For the base metal and the all-weld-metal coupons machined from groove-welded plates, three
different strain rates were used to determine the uniaxial properties: 107> s~!, 10! s7' and 300 s".
Although the base metal was more strain-rate sensitive than the weld metal, the strain rate increase
from 10~ s7' to 10~' s7! resulted in a weld metal tensile strength increase of 4% and the strain rate
increase from 107 s~ to 300 s~! resulted in a 22% increase.

Shi and Chen (2018)

Shi and Chen (2018) tested five transverse fillet welds in double-lap joints. The specimens were
fabricated from 460 MPa (Fy = 66.7 ksi) plates using the GMAW process with CO2 shielding gas.
The specified tensile strength of the weld metal was 550 MPa (80 ksi) and the tensile strength
measured with all-weld-metal coupons was 669 MPa (97.0 ksi). The rupture surface angles,
measured from the loading plane, varied from 16.5 to 19.0°.
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Lu and Dong (2020)
Based on the shear stresses on the rupture plane, Lu and Dong (2020) derived Equation 3.36.

T, wL

P =
' (sina+cos a)\/(sinecos oc)2 +cos’ 0 (3.36)

For transversely loaded welds, the transverse compression force, a, that was originally included in
the Miazga and Kennedy (1989) derivations, was used to develop Equation 3.37.

P - T, WL

(sina+cosa)(coso+asina) (3.37)

Setting dt./da = 0, results the critical angle between the loading direction and the rupture surface
according to Equation 3.38.

tan20=-—2 (3.38)
1+a

The authors showed that the theoretical value for a is approximately 0.3, which results in a = 14.2°
and kqs = 1.30. For a = 0, the directional strength increase factor is calculated using Equation 3.39
with oo = 22.5°, which results in kas = 1.17.

4

k, =
“ x/z(1+sin2(x+cos2oc) (3.39)

Luo et al. (2020a)

Luo et al. (2020a) evaluated the limit loads of welded T-joints using both slip-line theory and finite
element models. Three different weld types were evaluated: 1. Double fillet welds, 2. PJP double-
bevel groove welds with 45° groove angles, 3. Combined fillet/PJP welds. The calculations
showed that transverse fillet welds are 41% stronger than longitudinal fillet welds. For longitudinal
welds, the theoretical rupture surface angles coincided with the orientation of the effective throat
as defined in AISC Specification Section J2.2a. According to their theory, the rupture surface angle
for transverse fillet welds is 0° from the loading direction.

Luo et al. (2020b)

Luo et al. (2020b) studied the effect of loading angle on both fillet and PJP welds using 17
experimental specimens and 21 finite element models. T-joints were used for the fillet welds and
both T- and butt-joints were studied for the PJP welds. The specimens were fabricated with a 5
mm specified effective throat using the GMAW process with CO2 shielding.

The research showed that the directional strength increase for fillet welds in Specification Equation

J2-5 is non-conservative. The strength of fillet welds can be calculated with Equation 3.29, which
has a mean test-to-predicted ratio of 1.00 and a standard deviation of 0.036.
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Dowswell et al. (2021)

Dowswell et al. (2021) tested experimental specimens with both fillet and PJP welds. Three
different base metal strengths and three different weld metal strengths were specified. A total of
71 specimens were tested, including 18 transverse fillet weld specimens and 15 longitudinal fillet
weld specimens. The transverse specimens were fabricated with T-joints and the longitudinal
specimens used double-lap joints. All specimens were shop welded using the FCAW process with
CO2 gas shielding.

All-weld-metal tension tests, according to ASTM A370 (ASTM, 2020), were used to measure the
weld metal strength. Tension coupons were machined from standard groove-welded test plates.
Three test plates for each weld classification were manufactured according to AWS A5.20 (AWS,
2015). Tension coupons were prepared according to AWS B4.0 (AWS, 2016). The mean measured
tensile strengths, cuw, are listed in Table 3.3 along with the tensile strengths reported in the
certificates of conformance.

Table 3.3. Weld metal tensile strength (Dowswell et al., 2021).

Classification Que Ouw
ksi ksi

E71T-1, E70T-1 71 75.8
E80T-1 82 80.8
E100T-1 107 100

ouw = experimental uniaxial tensile rupture stress, ksi
ouc = tensile stress reported in the certificate of conformance, ksi

Generally, the specimens ruptured in the weld metal. Table 3.4 shows the average Pe/Pn, Pe/ Pc and
fr/ouw ratios for the longitudinal fillet weld specimens, where Pe. is the experimental rupture load,
Py, is the nominal strength calculated with the AISC Specification equations, P. is the strength
calculated with the measured weld size and the measured weld metal tensile strength, f- is the
rupture stress calculated with the measured rupture surface area and cuw is the experimental
uniaxial tensile rupture stress based on all-weld-metal specimens. Table 3.5 shows the average

values for the Pe/Pn, Pe/Pc and fi/Guw ratios for the transverse fillet weld specimens.

Table 3.4. Strength ratios for longitudinal fillet welds.
Pe/ Pn Pe/ Pc fr/Guw
Fexx
ksi Average Staqd?rd Average Star_nda.ard Average Star_nd:flrd
Deviation Deviation Deviation
70 2.09 0.266 1.66 0.160 0.857 0.0448
80 1.95 0.0988 1.83 0.112 0.978 0.0610
100 1.44 0.153 1.24 0.0906 0.769 0.119
All Specimens 1.85 0.366 1.54 0.260 0.844 0.103
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Table 3.5. Strength ratios for transverse fillet welds.
FEXX Pe/ Pn Pe/ Pr: fr/O'uw

ksi Average Star.ldz_ard Average Star_lda.lrd Average Star.|d§rd
Deviation Deviation Deviation

70 1.84 0.306 1.51 0.175 0.888 0.100

80 1.53 0.189 1.42 0.103 0.980 0.0418

100 1.24 0.102 1.06 0.0730 0.857 0.0770

All Specimens 1.59 0.360 1.34 0.245 0.893 0.0946

Table 3.6 lists the average shear-to-tensile strength ratios, t./cuw, based on weld metal strength.
These values include the results for all longitudinally loaded fillet and PJP weld specimens.
Generally, these values are in agreement with the equations developed by Krumpen and Jordan
(1984). The data also agrees reasonably-well with the statistical analysis by Lesik and Kennedy
(1988) and Lesik and Kennedy (1990), who calculated an average shear-to-tensile strength ratio,

Tu/Guw, 0f 0.749 with a coefficient of variation of 0.121.

Table 3.6. Shear-to-tensile strength ratios.
Fexx Tulouw
ksi Average Star_Ida_lrd
Deviation
70 0.820 0.0725
80 0.843 0.134
100 0.752 0.0996
All Specimens 0.803 0.104

Based on their test results, Equation 3.40 was proposed for calculating the nominal weld metal
stress for fillet welds, Fuw. This results in kas = 1.30 when 6 = 90°.
Fuw=0.7Fexx(1.0 + 0.30sin'°0) (3.40)
The results showed that, for fillet and PJP joints with matching electrodes, calculation of the fusion
zone strength is not required. For fillet and PJP joints with overmatching electrodes, the fusion

zone strength can be calculated by replacing Fexx with the average of the base metal strength, Fi,
and the weld metal strength, FExx.

Chen and Chen (2022)

To determine the effect of exposure to elevated temperatures, Chen and Chen (2022) tested 120
double-lap joints subjected to compression. The test variables were exposure temperature, cooling
method, fillet weld leg size (2, 4, 6, 8 mm) and weld orientation (transverse, longitudinal). Eight
control specimens (four transverse, four longitudinal) were tested without exposure to elevated
temperature. The weld metal tensile strength was not reported; however, the control specimens can
be used to show the strength difference between tension and compression loading in double-lap
joints with transverse fillet welds. The transverse-to-longitudinal load ratios per unit length of the
specimens with 2, 4, 6, and 8 mm leg sizes are 0.869, 0.899, 0.875 and 1.02, respectively. The
average load ratio is 0.940. As shown in Table 4.8, the expected load ratio (kas) for transverse fillet
welds in double-lap joints is significantly greater than 1.00. This difference is likely caused by the
perpendicular constraining force, F' = a x P (Gallow, 2019), which is present only in the tension
specimens.
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Waite et al. (2022)

As part of a group of specimens tested to determine the strength of joints with both bolts and welds,
eight double-lap specimens with longitudinal welds were tested by Waite et al. (2022). The
specimens had ¥is in. equal-leg fillet welds, welded with the SMAW process using E7018-H4R
electrodes. Three weld lengths were used: 2, 3 and 4 in. Due to the weld penetration and
reinforcement, the mean rupture surface width (based on post-test measurements) was 28% larger
than the effective throat calculated with the measured leg dimensions (based on pre-test
measurements). The uniaxial tensile strength of the weld metal, based on all-weld-metal coupons,
was 83 ksi.

MULTI-ORIENTATION FILLET WELD GROUPS

Multi-orientation fillet weld groups are the result of combining fillet welds that are loaded at
different angles in the same joint. The most common combination is for joints with both
longitudinal (0 = 0°) and transverse (6 = 90°) fillet welds. For many of the research projects already
discussed, multi-orientation fillet welds were tested as part of a larger project. Because the details
of these specimens are provided in the section on Fillet Welds, only a summary of those tests will
be provided in this section.

ABW (1931)

The ABW (1931) report included 34 experimental tests on multi-orientation joints with both
longitudinal and transverse fillet welds. These tests showed that failure of the transverse welds
always precludes failure of the longitudinal welds at loads that are less than the sum of the
independent strengths.

Spraragen and Claussen (1942)

Spraragen and Claussen (1942) discussed several projects from the 1930s, where multi-orientation
fillet weld joints were tested. The various research projects resulted in similar behavior, with
rupture initiating in the transverse welds. Depending on the longitudinal-to-transverse length ratio,
the strength of the longitudinal welds may be only partially utilized when the transverse welds
ruptured.

Lord and Schutz (1963)

Lord and Schutz (1963) tested several specimens with both longitudinal and transverse fillet welds.
The transverse welds always ruptured before the longitudinal welds, and the authors concluded
that the behavior was dependent on the transverse-to-longitudinal weld area ratio. Relatively larger
transverse welds resulted in higher deformation capacity, allowing an increase in the load
transferred through the longitudinal welds. The specimen geometries and material strengths were
omitted from the report; therefore, the tests were excluded from the data set in this report.

Ligtenburg (1968)

Ligtenburg (1968) reported the results of 224 experimental tests on multi-orientation joints with
both longitudinal and transverse fillet welds.
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Strating (1971)
Strating (1971) reported the results of 23 experimental tests on multi-orientation joints with both
longitudinal and transverse fillet welds.

Swannell (1974)
Swannell (1974) tested seven multi-orientation joints with both longitudinal and transverse fillet
welds.

Gresnigt (1992)

Gresnigt (1992) documented tests on four double lap multi-orientation fillet weld joints. As with
single orientation joints, the longitudinal and transverse welds ruptured at angles of approximately
45° and 25°, respectively. The weld metal tensile strengths were measured with coupons extracted
from conventional groove welded plate specimens and coupons extracted from fillet welds. The
strength ratios, which are listed in Table 3.7, show that the fillet weld coupons are 9% stronger on
average than the groove weld coupons.

Table 3.7. Weld metal strengths from Gresnigt (1992).

Consumable I’\;-I;X)a( I\(IIYIL':‘V; IV?I;; ouwl Fexx ouflGuw
Conarc 60 G 620 656 753 1.06 1.15
Kardo 470 478 511 1.02 1.07
PZ 6030 520 540 633 1.04 1.17

o, = tensile stress from small-scale coupon extracted from fillet weld
Ouw = tensile stress from conventional coupon extracted from groove weld

Dowswell (2003)

Using the equations in AWS DI1.1 Section 4.6.4.3, Dowswell (2003) developed a simple design
method to combine the strengths in multi-orientation fillet welds. The design method is based on
deformation compatibility where the welds meet: the strength of the most ductile weld is calculated
at the rupture deformation of the least ductile weld.

For joints with both longitudinal and transverse welds, the rupture deformation, A, of the
transverse weld is 0.056w and the deformation of the longitudinal weld at maximum strength, A,
is 0.167w. At Ai = 0.056w, the strength of the longitudinal weld is 82.5% of the strength at Am.
Based on this, comparisons with experimental results and the equations proposed by Butler and
Kulak (1971), Dowswell (2003) recommended combining 85% of the longitudinal weld strength
with 100% (using kds = 1.50) of the transverse weld strength. This is identical to AISC Specification
Equation J2-6b, which was added to the Specification based in an independent analysis. Dowswell
(2003) noted that these reductions are likely conservative because only the welds were assumed to
deform. In real joints, the connected elements will also deform, allowing the longitudinal welds
to attract more load.

Callele et al. (2005, 2009)
Callele et al. (2005, 2009) tested 22 multi-orientation joints, including 14 specimens with both
longitudinal and transverse fillet welds and eight specimens that combined skewed (6 = 45°) and
transverse (0 = 90°) welds.
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SKEWED DIHEDRAL ANGLES

When two elements are connected at an angle other that 90° (£ 10°), welds can be located on either
the acute or obtuse side of the joint, as shown in Figure 3.10a and 3.10b, respectively. In many
cases, the joint is welded on both sides. The dihedral angle, y, is the angle between the welded
elements. On the acute side of the joint, the potential area of incomplete fusion near the weld root
is addresses with the Z loss factor (Figure 3.10a). On the obtuse side of the joint, root openings,
Rn, can be large when square-cut elements are used (Figure 3.10b); however, this can be prevented
by beveling the edge. Welds with skewed dihedral angles are designed according to the
requirements of AWS D1.1 Subclause 4.4.3.

a. Acute b. Obtuse

Fig. 3.10. Welds with skewed dihedral angles.

Gallow (2019)

To determine the strength of welds in skewed joints, Gallow (2019) tested 35 experimental double-
lap specimens, including 17 specimens loaded longitudinally and 18 loaded transversely. The
specimens were fabricated from A572 Grade 50 plates, with welds using the FCAW-G process
and E71T-1 electrodes. The plate edges were beveled at various angles from 30° to 150°.

Based on three all-weld-metal tests according to AWS A5.20, the mean measured tensile strength
was ouw = 83.4 ksi. For the 17 longitudinal specimens, the mean shear-to-tensile strength ratio was
T/cuw = 0.948, where 1 is the maximum test load divided by the weld rupture surface area
measured after testing. In addition to the all-weld-metal tensile tests documented by Gallow
(2019), three coupons were extracted from the same AWS AS5.20 test plates for all-weld-metal
torsion tests. The unpublished results from these specimens were used to verify the weld metal
shear strength. The plastic torsional rupture moment is calculated with Equation 3.41, which was
derived using plastic torsion theory.

T =z

u u

(3.41)
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Solving Equation 3.41 for t,, substituting » = d/2 and dividing by Guw results in the shear-to-tensile
strength ratio

T, 12T,
= (3.42)

3
G, ©0,d

The test results, which are shown in Table 3.8, have a mean shear-to-tensile strength ratio of 0.837.
This value is 13% lower than the 0.948 mean ratio from the longitudinal specimens.

Table 3.8. Torsion test results.
. dm Te

Specimen In. Kip-in. Tulouw
1 0.496 2.21 0.829
2 0.506 2.42 0.856
3 0.500 2.25 0.825
mean 0.837

dm = mean diameter of the specimen, in.

Te = experimental rupture torsion, Kip-in.

Barry et al. (2023)

To determine the effect of root gaps on the strength of skewed welds, Barry et al. (2023) tested 27
double-lap specimens that were similar to those tested by Gallow (2019). While Gallow’s
specimens were fabricated without a root gap, three different root gaps (¥is, ¥4, and % in.) were
used in the specimens tested by Barry et al. (2023). The plate edges were beveled at various angles
from 90° to 150°. The experimental program consisted of 12 longitudinally loaded specimens and
15 transversely loaded specimens. As with the Gallow (2019) research, the specimens were
fabricated from AS572 Grade 50 plates, with welds using the FCAW-G process and E71T-1
electrodes. Based on three all-weld-metal tests according to AWS A5.20, the mean measured
tensile strength was cuw = 83.4 ksi.

SINGLE-SIDED FILLET WELDS

Single-sided fillet welds are typically used when access to one side of the joint is restricted,
allowing welding on only one side. For single-sided fillet welds, the transverse force, a, that was
discussed by Miazga and Kennedy (1989) and Gallow (2019) is not present. This affects the weld
strength only when 6 > 0°.

Transverse fillet welds in single-lap joints are addressed in AWS DI1.1 Section 4.9.1.1, which
requires either an out-of-plane restraining force or welds along the ends of both plates.
Unrestrained single-lap joints with single transverse fillet welds are prohibited to prevent opening
of the joint, which causes flexural tension stresses at the weld root.

For many of the research projects already discussed, single-sided fillet welds were tested as part

of a larger project. Because the details of these specimens are provided in the section on Fillet
Welds, only a summary of those tests will be provided in this section.
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ABW (1931)

The ABW (1931) tests included specimens with transverse welds in both single-lap and double-
lap joints, as shown in Figure 3.11. Upon inspection, several of the welds were determined to be
defective. Additionally, several specimens failed by rupture at the gross section of the connected
plate. For the non-defective welds that ruptured in the weld, the single-lap specimens included 54
with a single transverse fillet weld (Figure 3.11a) and 110 with transverse welds along the ends of
both plates (Figure 3.11b).

a. Single-lap single-weld specimens

Hil

e g ey

115"

b. Single-lap double-weld specimens

c. Double-lap specimens
Fig. 3.11. Lap specimens reported by ABW (1931).

For the single-lap single-weld specimens, the joints rotated and opened as shown in Figure 3.12.
Using kds = 1.5 results in a mean test-to-calculated strength ratio, pr, of 0.773. Using kqs = 1.0, pp
= 1.16 with a coefficient of variation, V', of 0.193. In both cases, the reliability index, 3, with ¢ =
0.75 is less than the target reliability index, Br, of 4.0. Therefore, the prohibition of unrestrained

single-lap joints with single transverse fillet welds in AWS D1.1 Subclause 4.9.1.1 is justified by
these results.
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Fig. 3.12. Deformation of single-lap single-weld specimens (ABW, 1931).

For the single-lap double-weld specimens, the mean rupture stress equal to 0.903 times that of
double-lap specimens. Using k4s = 1.5 results in pp = 0.933 and B < Br. Using kas = 1.0, pr = 1.40
and Vp = 0.148. As shown in Figure 3.13, the joints rotated; however, the opening that was
observed in the single-lap single-weld specimens was prevented.

Fig. 3.13. Deformation of single-lap double-weld specimens (ABW, 1931).

Zhao and Hancock (1995)

Zhao and Hancock (1995) tested 18 axially loaded rectangular HSS members that were fillet
welded to perpendicular end plates as shown in Figure 3.14. Nine of the specimens were welded
completely around the perimeter and nine were welded only over a portion of each side. Due to
the thin HSS walls, which were less than 3 mm thick, only eight of the specimens ruptured at the
weld throat. Only these specimens, which were in the partially welded group, were considered in
this report. Using kas = 1.0, pp=1.15 and Vp=0.0441.
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Fig. 3.14. HSS specimens tested by Zhao and Hancock (1995).

Chen et al. (2001)

Chen et al. (2001) tested both longitudinal and transverse T-joints with single-sided welds. The
specimens were welded with the SAW process by three different fabricators and welding
procedures.

The throat sizes were significantly increased by penetration and reinforcement, with a mean
increase of 0.080 in. Therefore, the calculations are based on the measured throat sizes, which
include the penetration and reinforcement. Because the weld metal tensile strength was not
measured, the calculated strengths are based on the measured base metal tensile strength.

Most of the longitudinal specimens ruptured at the gross section of the web plate (not the fusion
zone), and only eight specimens ruptured in the weld. Based in the experimental rupture load and
the measured rupture surface for these eight specimens, the mean shear-to-tensile strength ratio,
G+/Guw, 18 0.820. The mean test-to-calculated ratio is similar to that of double-sided specimens,

with pp=1.37 and Vp=0.132.

20 cruciform T-joints with transverse welds were tested using the setup in Figure 3.15. The
specimens were fabricated with double-fillet welds on the non-test side and single-sided fillet
welds on test side. All specimens ruptured in the single-sided weld with a rupture deformation of
approximately 10% of the leg size. Generally, the rupture surface was approximately 45° from the
plates. Although the testing machine grips clamped the tee stems, “considerable flexural stress
occurred not only in the weld itself, but in the web plate due to the eccentricity.” This caused
flexural tension stresses at the weld root, resulting in a mean rupture stress ratio, 6//Guw, of only
0.747, which is lower than that of similar double-sided specimens. Using kqs = 1.0, pp = 1.24 and
Vp=0.185.
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Fig. 3.15. Test setup for the Chen et al. (2001) transverse specimen.

Packer et al. (2016)

To determine the strength of fillet welds around the perimeter of HSS members, Packer et al.
(2016) tested 33 axially loaded rectangular and round HSS shapes that were fillet welded to end
plates as shown in Figure 3.16. Ten of the specimens had skewed end plates that were oriented 60°
from the member axis. Only the 23 specimens (17 rectangular HSS and six round HSS) with
perpendicular end plates were considered in this report.

TP
J
4

o i

T
I
I
|
|
I
I
1
I
I
I
I
I
I
1

4
4

ve

Fig. 3.16. HSS specimens tested by Packer et al. (2016).

The specimens were fabricated using the FCAW process with E71T-1c electrodes. The test welds
were formed into a triangular shape by grinding and both leg sizes were measured before testing.
After testing, saw-cut weld sections were scanned, and the rupture surface was measured from the
scanned image.
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The authors concluded that calculations for using the AISC Specification with kis = 1.5 result in
an insufficient safety margin. However, they noted that a more rigorous reliability analysis may
indicate that a higher safety margin. Using k4s = 1.0 for the 17 rectangular specimens, pr = 1.21
and Vp = 0.188. Using kq4s = 1.5 for the six round specimens, pp=1.15 and Vp = 0.121.

Tuominen et al. (2018)

Tuominen et al. (2018) tested single-sided transverse fillet and PJP welds in T-joints with various
specimen geometries and loading conditions. Two specimens were subjected to tension, eight were
subjected to flexure and three were subjected to combined tension and flexure. The welds were
subjected to either tension or compression at the root and the authors concluded that “tensile
stresses on the root side of the weld due to bending and tension loads is the most critical
combination.”

Specimens RC03 and RC04T were the only transverse fillet weld specimens tested in tension with
an eccentricity equal to the distance between the loading plate and the weld. Therefore, the
remaining specimens are not considered in this study. These specimens were fabricated from high
strength steel using the GMAW process. The measured tensile strengths of the base and weld metal
are 1,210 MPA (175 ksi) and 980 MPa (142 ksi), respectively. Using kas = 1.0 results in
experimental-to-calculated ratios of 1.14 and 1.43 for Specimens RC03 and RC04T, respectively.

Torabian et al. (2018)

Torabian et al. (2018) tested 28 single-lap double fillet weld joints with transverse welds along the
ends of both plates (Figure 3.17). The specimens were fabricated from plates with nominal
thicknesses between 2.26 and 4.06 mm with specified weld sizes equal to nominal plate thickness.
The plate material was ASTM A1011 Grade 50 high strength low alloy steel. The GMAW process
was used with ER70S-3 electrodes and 80% Argon and 20% COz shielding gas. The electrode
strength was not measured; however, the uniaxial tensile strength was assumed to be 527 MPa
(76.4 ksi) based on the manufacturers certificate of conformance.
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Fig. 3.17. Single-lap specimens tested by Torabian et al. (2018).

Only three of the specimens failed solely at the weld throat of both welds. Many of remaining
specimens ruptured either at the HAZ or the shear leg, and some specimens had multiple failure
modes. The authors noted that the failure modes were not correlated with the plate thickness. Using
kas = 1.0 results in experimental-to-calculated ratios of 1.64, 1.89 and 1.47 for Specimens S-89-5,
S-89-6 and S-160-1, respectively.
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Thomas (2021)

Thomas (2021) tested 40 cruciform T-joints with transversely loaded single-sided fillet welds on
one side of the transverse plate and double fillet welds on the opposite side. The test setup is shown
in Figure 3.18. The specimens were fabricated using the FCAW process with matching E491T
electrodes (Fexx = 71 ksi), which have a measured weld metal tensile strength of 561 MPa (81.4
ksi). The plate material is CSA Grade 350W steel, which has £}, = 350 MPa (51 ksi) and Fi, = 450
MPa (65 ksi). Both leg sizes of the test welds were measured before testing. After testing, saw-cut
weld sections were scanned and the minimum throat dimension (shortest distance from the root to
the face) was measured from the scanned image. Although the testing machine grips clamped the
tee stems, strain measurements near the test welds indicated flexural stress transfer through the
weld.
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Fig. 3.18. Test setup for the Thomas (2021) specimen.

18 of the specimens had no specified eccentricity. For these specimens, the actual (measured)
offset between the branch plates was equal to or less than 18% of the branch plate thickness. Using
kas = 1.0 for the 18 specimens with no specified eccentricity, pr = 1.34 and Vp = 0.119. The
remaining specimens had eccentricities of 15 mm or 30 mm that induced either tension or
compression at the weld root. The test results from these specimens clearly showed that flexural
tension stress at the root causes a significant strength reduction.

Ltaief and Mensinger (2023)

Ltaief and Mensinger (2023) Tested three single-sided fillet welds that were subjected to flexure
with tension at the root. The specified leg sizes were 5 mm and the weld lengths, L, were 150 mm.
The filler metal was T46 3M, which has Fexx = 70 ksi. The maximum moments were consistently
reached at approximately 2° rotations. Rupture rotations varied significantly, with rupture at the
root occurring approximately between 3° and 7°. The experimental strengths were significantly
higher than the nominal plastic strength. M, = Fexx LE*/4.
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PARTIAL JOINT PENETRATION (PJP) WELDS

Satoh et al. (1974)

Satoh et al. (1974) tested T-joints with PJP double-bevel groove welds with several variables
including groove angle, preparation depth and size of the reinforcing fillet weld. Matching weld
metal was used for all specimens. For the case without reinforcing fillet welds, the nominal stress
on the effective throat as defined in AISC Specification Section J2.2a can be calculated with

1 — 1 EXX Sin e 3 .43

Where 6, is the groove angle measured from the load direction. The specimens ruptured either in
the weld metal, in the fusion zone perpendicular to the load, or a combined path forming a bilinear
crack through the PJP fusion zone and the fillet weld metal. Based on these ruptures in the fusion
zone, the authors recommended that the tensile stress on the fusion zone perpendicular to the load
should not exceed the base metal tensile strength.

The specimens were fabricated using the SMAW process with Fexx= 78.2 ksi electrodes; however,
the weld metal tensile strength was not measured. The expected tensile strength of the weld metal
can be calculated with the values from Table 4.1, which results in Guw ~ (1.09)(78.2 ksi) = 85.3
ksi.

Lawrence and Cox (1976)

Lawrence and Cox (1976) tested CJP butt-welded plates of A514 steel with matching electrodes
and intentional defects of varying length at the center of the weld thickness. Based on a limit
analysis of a cracked plate, they determined that reasonable upper- and lower-bound predictions
could be based on the von Mises and Tresca criteria, respectively. This results in weld rupture
stresses on the net weld cross section between 1.00 and 2/v3 = 1.15 times Fexx.

Popov and Stephen (1977)

Popov and Stephen (1977) tested column splice details with butt-welded flanges subjected to static
tension and reversible cyclic loading. The specimens were fabricated using W14x320 (/= 2.09)
shapes of A572 Grade 50 material with matching (70 ksi) filler metal. The welds “were made using
NR311 Inner-Shield welding.” Although the weld metal tensile strength was not measured, the
expected tensile strength can be calculated with the value from Table 3.1: cexx = (1.04)(70 ksi) =
72.8 ksi. For one specimen, the flanges had CJP welds. The six remaining specimens were

fabricated with PJP single-bevel groove welds with a 45° groove angle and specified weld sizes of
3%, ¥ and 1 in.

The weld rupture stresses increased with decreasing weld sizes, resulting in strength increases of
6% for a 49% penetration ratio, 28% for a 38% penetration ratio and 40% for a 23% penetration
ratio. The authors noted that the specimens with PJP welds exhibited “very little ductility.” Similar
column splice specimens with penetration ratios between % and % were subjected to cyclic axial
and flexural loads by Yabe et al. (1994). The results showed that the deformation capacity
increases with the penetration ratio.
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Gagnon and Kennedy (1987, 1989)

Gagnon and Kennedy (1987, 1989) tested 75 PJP groove weld specimens with butt joints subjected
to tension. The specimens were fabricated with SMAW electrodes using single-bevel preparations
and 45° groove angles. Five penetration (groove depth-to-plate thickness) ratios, p (20, 40, 60, 80
and 100%), and two steel strengths were tested.

Because the welds were offset from the plate centerlines, they were subjected to a moment in
addition to the tension force. The effect of eccentricity was studied by using both single specimens
and paired specimens oriented back-to-back. Both a theoretical analysis and strain gage readings
on the plates confirmed that flexural stresses were transferred through the welds. With increasing
load, second-order self-limiting deformations caused a reduction in eccentricity. The rotational
ductility of the yielded welds allowed the welds to align with the line of force, causing the moment
in the weld to approach zero at the ultimate load. Therefore, for self-limiting conditions where the
weld has adequate ductility, the effect of eccentricity is negligible. The tests showed similar
strengths for both the single and back-to-back specimens and Gagnon and Kennedy (1987, 1989)
concluded that “the strength of a properly made weld exhibiting ductile behavior can be based on
its tensile capacity.”

The specimens ruptured at or near the fusion zone of the plate with the square preparation. The
rupture stresses for all specimens were similar to or greater than the measured uniaxial tensile
stress of the weld metal. Table 3.9 shows the effect of the penetration ratio on the rupture stress,
where the rupture stress decreases with increasing penetration. This effect, which is caused by the
transverse constraint of the weld metal by the base metal, can be calculated with Equation 3.44.

Fe=Fexx (1.55 - 1.16p+0.61p2) (3.44)
where

F¢ =nominal tension rupture stress considering constraint, ksi
p = penetration ratio

Table 3.9. Mean experimental rupture stress ratio for each penetration ratio.
P 20% 40% 60% 80% 100%
(Ce/ ) mean 1.33 1.18 1.13 1.08 1.00
G, = experimental rupture stress, ksi
o.w = measured weld metal uniaxial tensile stress, ksi

Rasmussen et al. (1999)

Rasmussen et al. (1999) tested nine PJP welds in offset T-joints with single-bevel 45° groove
angles and 10 mm bevel sizes. Rupture was prevented at the bottom plate by welding on both sides.
The tested weld at the top plate was single-sided. By varying the distance between the center of
the top and bottom plates from —29.9 mm to +30.1 mm, the eccentricity about the weld longitudinal
axis was varied. Negative eccentricities caused tension at the weld root. The specimens were
fabricated from 20 mm hot-rolled plates with F, = 350 MPa (50 ksi) and F, = 450 MPa (65 ksi)
using the GMAW process with Fexx = 500 MPa (70 ksi). Although the weld metal tensile strength
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was not measured, the expected tensile strength can be calculated with the value from Table 4.7:
ouw = (1.14)(70 ksi) = 79.8 ksi.

The mean measured weld size was 9.1 mm, indicating a mean 0.9 mm distance at the root due to
lack of fusion. In all specimens, rupture occurred in the weld metal at an approximate angle of 75°
from the load direction. Although both positive and negative eccentricities equal to one-half of the
weld size reduced the strength by about 20%, the authors concluded that the weld strength can be
calculated as the product of the effective area and Fexx for small eccentricities.

Khurshid et al. (2015)

Khurshid et al. (2015) tested CJP and PJP butt welded joints in high-strength steel plates with
specified tensile strengths of 750 and 980 MPa. Both matching and undermatching filler metals
were used, and specimens with overmatching filler metal were tested for the lower-strength base
metal. The CJP preparations were double-V grooves and the PJP welds had single-V grooves. The
PJP welds had a 67% penetration ratio and both weld types had 90° groove angles. All CJP
specimens ruptured in the base metal. Rupture in the PJP specimens started at the root and
propagated along the fusion zone. The deformation capacity of the CJP specimens was several
times that of the PJP specimens. The ductility of overmatching PJP welds was slightly lower than
for matching welds, and the deformation capacity of the undermatching welds was significantly
higher (25% to 53%). The available design strengths were compared to the experimental rupture
loads, showing actual safety factors between 2.1 and 3.0 for the AWS D1.1 allowable strength
equations.

Ran et al. (2019)

Ran et al. (2019) tested 108 butt-welded high-strength CJP specimens with mismatched tensile
strength ratios between 0.696 and 1.27. The results indicated a slight increase in the rupture load
(between 4 and 10%) for undermatching welds when the weld length increased from 25 mm to
100 mm. This behavior is caused by the transverse restraint in the width and thickness directions
provided by the adjacent plates. The authors noted that the weld metal yields at a load equal to
(2/\3)"* ! times the yield stress, where # is the strain-hardening exponent. This results in a yield
load of 1.18 times the uniaxial yield load. Similar behavior can be expected in both matched and
mismatched PJP joints.

Luo et al. (2020a)

Luo et al. (2020a) evaluated the limit loads of welded T-joints using both slip-line theory and finite
element models. Three different weld types were evaluated: 1. Double fillet welds, 2. PJP double-
bevel groove welds with a 45° groove angle, 3. Combined fillet/PJP welds. The calculations
showed that transverse PJP welds are 83% stronger than longitudinal PJP welds. For longitudinal
welds, the theoretical rupture surface angles coincided with the orientation of the effective throat
as defined in AISC Specification Section J2.2a. According to the theory, the rupture surface angle
for transverse PJP welds is 36° from the loading direction.

Luo et al. (2020b)

Luo et al. (2020b) studied the effect of loading angle on both fillet and PJP welds using 17
experimental specimens and 21 finite element models. T-joints were used for the fillet welds and
both T- and butt-joints were studied for the PJP welds. The PJP welds had double-bevel grooves
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with a 45% penetration ratio and 45° groove angles. The specimens were fabricated with a 5 mm
specified effective throat using the GMAW process with COz2 shielding.

The research showed that the AISC Specification equations for PJP welds are over-conservative
for 0 > 0. Due to the effects of transverse constraint and weld reinforcement (measured dimensions
were not reported), the strength of the PJP T-joints were 1.23 times the strength of the butt-joints.
The authors proposed Equation 3.45 for PJP T-joints, which has a mean test-to-calculated ratio of
1.00 and a standard deviation of 0.014.

kas = 1.0 + 0.6290 +0.0686> (3.45)

They also proposed Equation 3.46 for PJP Butt-joints, which has a mean test-to-calculated ratio of
0.995 and a standard deviation of 0.038.

kas = 1.0 + 0.0350 +0.2956? (3.46)

Reynolds et al. (2020)

Reynolds et al. (2020) tested six PJP welds in T-joints with single-bevel 45° groove angles and
specified effective throats of 7 and 13 in. 1- and 2-in. thick A572 Grade 50 plates were welded
in the flat position with FCAW-G 70 ksi matching electrodes. Three specimens were loaded
longitudinally and three were loaded transversely. Additionally, 15 PJP specimens with reinforcing
fillet welds were loaded transversely.

All strength calculations used the measured weld geometries and material properties. The
longitudinally loaded specimens ruptured in the weld metal at loads that were accurately predicted
with the AISC Specification equations. The mean rupture load for the transversely loaded PJP
specimens was 30% higher than the strength calculated with the AISC Specification equations.
The authors noted that the rupture strength is most accurately predicted using the base metal tensile
strength and the fusion zone area at the transverse plate (which is identical to the effective weld
area) according to Equation 3.47.

Rn = Fque (347)

The mean rupture load for the combined PJP/fillet specimens was 21% higher than the strength
calculated with the AISC Specification equations. These specimens ruptured along a roughly
bilinear path forming a crack near the PJP fusion zone at the transverse plate and projecting
diagonally through the weld metal. This rupture pattern, which is similar to that described by Satoh
et al. (1974), is shown in Figure 3.19. The authors noted that the reinforcing fillet welds provided
no significant increase in strength for the geometries tested and they recommended that the
strength is best calculated by neglecting the reinforcing fillet. However, they noted that this may
not be the case where overmatching electrodes are used.
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Fig. 3.19. Rupture plane from Reynolds et al. (2020).

Dowswell et al. (2021)

Dowswell et al. (2021) tested experimental specimens with both fillet and PJP welds. Three
different base metal strengths and three different weld metal strengths were specified. A total of
71 specimens were tested, including 17 transverse PJP weld specimens, 15 longitudinal PJP weld
specimens and 6 skewed PJP weld specimens. The transverse and skewed specimens were
fabricated with butt joints and the longitudinal specimens used double-lap joints. Weld
preparations were double-bevel with 45° groove angles and all specimens were shop welded using
the FCAW process with CO: gas shielding.

All-weld-metal tension tests, according to ASTM A370 (ASTM, 2020), were used to measure the
weld metal strength. Tension coupons were machined from standard groove-welded test plates.
Three test plates for each weld classification were manufactured according to AWS A5.20 (AWS,
2015). Tension coupons were prepared according to AWS B4.0 (AWS, 2016). The mean measured
tensile strengths, cuw, are listed in Table 3.3 along with the tensile strengths reported in the
Certificates of Conformance.

Generally, the specimens ruptured in the weld metal. Table 3.10 shows the average Pe/Pn, Pe/Pc
and fi/cuw ratios for the longitudinal PJP specimens, where P. is the experimental rupture load, P
is the nominal strength calculated with the AISC Specification equations, Pc is the strength
calculated with the measured weld size and the measured weld metal tensile strength, f- is the
rupture stress calculated with the measured rupture surface area and cuw is the experimental
uniaxial tensile rupture stress based on all-weld-metal specimens. Tables 3.11 and 3.12 show the
average values for the Pe/Pn, Pe/Pc and f/cuw ratios for the transverse and skewed PJP specimens,
respectively. P. was calculated with an effective throat equal to the groove depth with no
consideration of the reinforcement.
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Table 3.10. Strength ratios for longitudinal PJP welds.
FEXX Pel Pn Pel Pr: fr/O'uw
ksi Average Star.ldz.ard Average Star_lda.lrd Average Star.|d§rd
Deviation Deviation Deviation
70 1.48 0.153 1.36 0.142 0.762 0.0704
80 1.18 0.277 1.17 0.274 0.776 0.106
100 1.23 0.122 1.23 0.122 0.730 0.0620
All Specimens 1.31 0.234 1.26 0.205 0.756 0.0831
Table 3.11. Strength ratios for transverse PJP welds.
Pe/ Pn Pe/ Pc fr/Guw
Fexx
ksi Average Staqd?rd Average Star_nda.ard Average Sta'?d?rd
Deviation Deviation Deviation
70 2.33 0.362 2.15 0.334 1.28 0.156
80 1.71 0.225 1.69 0.223 1.56 0.182
100 1.56 0.123 1.56 0.123 1.17 0.130
All Specimens 1.97 0.446 1.88 0.372 1.34 0.219
Table 3.12. Strength ratios for skewed PJP welds.
Pe/ Pn Pe/ Pc fr/Guw
Fexx
ksi Average Staqd?rd Average Star_nda.ard Average Sta'?d?rd
Deviation Deviation Deviation
70 1.62 0.149 1.50 0.138 1.02 0.0723
100 1.16 0.0112 1.16 0.0112 0.94 0.0236
All Specimens 1.39 0.255 1.33 0.196 0.98 0.0689

Similar to the proposals by Van der Eb (Faltus, 1986) and Collin and Johansson (2005), a design
equation for skewed PJP welds was developed by modifying von Mises criterion according to
Equation 3.48. Equation 3.48 is conservative compared to the experimental rupture stresses of the
skewed PJP specimens, with an average experimental-to-calculated ratio of 1.31 and a standard
deviation of 0.0728.

Joi+21 <F (3.48)
where
Fe = Fexx for joints with matching and undermatching weld metal, ksi
= (Fexx + Fu)/2 for joints with overmatching weld metal, ksi

The authors noted that all PJP welds can be designed using Equation 3.48. Compared to AISC
Specification Equation J2-3 with Fw = 0.60Fexx, Equation 3.48 results in a 67% strength increase
for transversely loaded welds and a 18% increase for longitudinally loaded welds.

The results showed that, for fillet and PJP joints with matching electrodes, calculation of the fusion
zone strength is not required. For fillet and PJP joints with overmatching electrodes, the fusion
zone strength can be calculated by replacing Fexx with the average of the base metal strength, Fu,
and the weld metal strength, FExx.
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Chen et al. (2023)

Chen et al. (2023) tested PJP welds subjected to both quasi-static and intermediate strain rates. All
specimens were welded using the GMAW process with a filler metal classification strength, Fexx
= 500 MPa (72.5 ksi). Both Q345 (F, = 470 MPa) and Q235 (F. = 370 MPa) base metals were
used, creating specimens with matching and overmatching electrodes, respectively.

Five quasi-static specimens were loaded with normal stress perpendicular to the plane of the throat.
These specimens were fabricated using butt joints with 90° double-vee grooves. The two
specimens with matching welds ruptured at the weld throat with a mean tensile rupture stress of
560 MPa, which is 12% higher than the filler metal classification strength. The three specimens
with overmatching welds ruptured along the fusion zone with a mean tensile stress along the throat
of 488 MPa, which is 98% of the filler metal classification strength.

Six quasi-static specimens were loaded with shear stress in the plane of the throat, perpendicular
to the weld axis. These specimens were fabricated using double-lap joints with 90° double-vee
grooves. These specimens ruptured along the weld throat, with shear rupture stresses of 452 and
357 MPa for the matching and overmatching welds, respectively. The data for matching welds
results in a shear-to-tensile strength ratio of 0.807.

HIGH STRENGTH WELDS

Li and Wang (2021) define high strength steel used in the construction industry as a family of
steels with a minimum yield strength of 460 MPa (66.7 ksi). Approved high strength steels listed
in AISC Specification Section A3.1a include:

e A913 Grade 70 high-strength low-alloy shapes with Fy, = 70 ksi and Fu = 90 ksi

e A1066 Grade 80 high-strength low-alloy plates with F), = 80 ksi and F., = 90 ksi

e AS514 quenched and tempered alloy plates with F) = 100 ksi and Fi, = 110 ksi

AWS D1.1 Table 5.4 lists filler metals with Frxx= 70, 80 and 90 ksi for matching strength of base
metals in Table 5.3. A913 Grade 70 is the material with the highest i, in AWS D1.1 Table 5.3,
which lists the approved base metals for prequalified welds. With qualification, AWS D1.1 Table
6.9 allows filler metals with Frxx= 100 and 110 ksi. In this report, high strength welds are defined
as those with either Fexx> 110 ksi or Fi, > 110 ksi.

Collin and Johansson (2005)

Collin and Johansson (2005) tested 27 longitudinally- and transversely loaded fillet welds in high-
strength steel joints. The measured uniaxial weld metal tensile strengths were 548 and 758 MPa.
The authors noted that the Eurocode 3 (CEN, 2005) directional method is over-conservative for
transverse fillet welds. They recommended Equation 3.49, which compared well with the
experimental rupture loads and results in kas = 1.41 when 6 = 90°.

\OF +215 4313 <F,, (3.49)
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The authors noted that the calculation accuracy can be improved by using the higher of the base
metal and weld metal tensile strengths. They concluded that the mean value, which was originally
recommended by Lightenburg (1968) was conservative but appropriate.

Kuhlmann et al. (2008)

Kuhlmann et al. (2008) tested both longitudinally and transversely loaded fillet welds as well as
PJP welds in high-strength steel joints. Compared to the Eurocode 3 (CEN, 2005) directional
method, the authors proposed a less conservative value of Bw = 0.85 for S460 steel. For the

longitudinally loaded fillet welds, the shear rupture stress was accurately calculated with Equation
2.13.

Rasche and Kuhlmann (2009)

Rasche and Kuhlmann (2009) studied both the strength and ductility of fillet-welded connections
in high strength steel using experimental and numerical analyses. The weld electrode was selected
to match the base metal in the first part of the study. The objective was to determine a more
accurate correlation factor, Bw, for use in Eurocode 3 (CEN, 2005). The authors recommended Bw

= 0.79 for longitudinal fillet welds connecting S460M steel, instead of 1.0 as specified in Eurocode
3.

In investigating different filler metals, overmatching electrodes increased the strength. For tests
with S690Q base metals, changing the filler metal from 690 MPa specified strength to 890 MPa
increased the weld resistance by 9%; however, the ductility was reduced by almost 50%.
Consequently, they concluded that the strength is controlled by the filler metal rather than the base
metal.

Bjork et al. (2012)

Bjork et al. (2012) tested 34 fillet welded high-strength steel joints. The project included 12
longitudinal specimens, seven transverse double-lap joints, nine transverse cruciform T-joints and
six multi-orientation joints that combined longitudinal and transverse welds. The specified
minimum yield and tensile strengths of the base metal were 960 MPa (139 ksi) and 1000 MPa (145
ksi), respectively. The measured yield and tensile strengths of the base metal were 1014 MPa (147
ksi) and 1,076 MPa (156 ksi), respectively. The GMAW process was used, and the measured
uniaxial weld metal tensile strengths were 690 MPa (100 ksi), 915 MPa (133 ksi) and 1,245 MPa
(181 ksi).

Most of the specimens with transversely loaded T-joints ruptured along the HAZ or fusion zone
and generally, the remaining specimens ruptured in the weld metal. The longitudinally loaded
welds ruptured approximately along the theoretical effective throat, which is defined with a rupture
angle of 45°. For the transversely loaded specimens that ruptured in the weld metal, the rupture
angles were approximately 20° from the load direction.

The strength of the longitudinally loaded specimens with //E < 50 was accurately predicted with

the Eurocode equations. For the specimens with 50 < //E < 150 the strength was approximately
15% less than for the shorter welds.

52



Sun et al. (2019)

Sun et al. (2019) tested 44 transversely loaded fillet welds in high-strength double-lap joints and
T-joints. The GMAW process was used, and the measured uniaxial weld metal tensile strengths
were 627, 727, 771 and 956 MPa (90.9, 105, 112 and 139 ksi). The rupture angles were
approximately 20° (13° to 24°) from the load direction for all weld sizes and electrode grades. The
average ductility of double-lap joints was similar to that of T-joints. The test-to-predicted ratios
were between 1.68 and 2.52 with an average of 2.01 for the Eurocode equations. For the AISC
equations, the test-to-predicted ratios were between 1.08 and 1.61 with an average of 1.29.

Of the two joint types, the measured rupture surface area was larger for the T-joints. Due to the
penetration and the low rupture surface angle, much of the rupture area for the T-joints was in the
HAZ rather than the weld metal. In high-strength welds, metallurgical softening causes the HAZ
to be weaker than the base metal. This may explain why, although the measured rupture surface
was larger at the T-joints, the rupture load for both joint types was approximately the same.
Another factor that was discussed by the authors is the presence of friction at the faying surfaces
of the lap-joints which cannot exist in the T-joints.

Ran et al. (2021)

Ran et al. (2021) tested 48 fillet welded specimens in high-strength double-lap joints with various
loading angles. The loading angles varied from 0° to 90° in 15° increments. After welding, the
welds were machined to obtain a perfect triangular shape with the specified weld size of w =5 mm
at each leg. The GMAW process was used, and the mean measured uniaxial weld metal tensile
strength was 1,052 MPa (153 ksi). For all specimens, the rupture location was in the weld metal.
The test-to-predicted ratios were between 1.75 and 2.42 with an average of 2.15 for the Eurocode
equations. For the AISC equations, the test-to-predicted ratios were between 1.50 and 2.31 with
an average of 1.80.

Ghimire and Wald (2023)

Ghimire and Wald (2023) tested six transversely loaded fillet welds in high-strength double-lap
joints. The GMAW process was used, and the measured uniaxial weld metal tensile strength was
779 MPa (113 ksi). The test-to-predicted ratios were between 1.06 and 1.29 with an average of
1.21 for the AISC equations.

ECCENTRICALLY LOADED FILLET WELD JOINTS

Several projects tested eccentrically loaded T-joints, where the eccentricity is perpendicular to the
plane of the weld group (Schreiner, 1935; Jensen and Crispen, 1938; Archer et al., 1959; Dawe
and Kulak, 1974; Beaulieu and Picard, 1985; Kanvinde et al., 2009b). However, for these
specimens, the weld strength cannot be properly isolated from the other variables. This difficulty
is caused by the interaction between the weld on the tension side of the neutral axis and the bearing
strength of the connecting elements on the compression side of the neutral axis. Therefore, these
tests were omitted from the data set in this report and only the data from the lap-joint specimens
were included in the analysis.
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Schreiner (1935)

In addition to testing two eccentrically loaded T-joints, Schreiner (1935) tested 25 double-lap fillet
welded specimens that were subjected to flexural loads. Sixteen specimens were subjected only to
flexure and nine specimens were tested with eccentric shear loads oriented parallel to the axis of
the welds. The variables were weld size (3% and Y2-in.), weld length (1.5, 3, 6 and 10 in.), electrode
type (lightly and heavily coated) and eccentricity. The weld metal strength was measured from
specimens that were machined from fillet welds. The heavily coated electrodes had a measured
weld metal tensile strength of 67.0 ksi with 26.5% elongation and 60.5% reduction in area. The
lightly coated electrodes had lower strength and ductility, with a measured weld metal tensile
strength of 54.5 ksi and only 5.8% elongation and 13.3% reduction in area. The measured weld
sizes were between 0 and /& in. larger than the specified weld sizes.

The rupture surface orientations were dependent on the electrode type. For the specimens that were
welded with the lightly coated electrodes, the welds ruptured along the 45° theoretical throat. The
specimens that were fabricated with the heavily coated electrodes had rupture planes in the weld
that were oriented at “a very flat angle to the main plate.”

Although the welds made with the lightly coated electrodes had low ductility, the tests showed that
the plastic stress distribution was reached for all specimens. Schreiner (1935) concluded that the
plastic distribution is more accurate than the elastic distribution for predicting the experimental
rupture loads.

Koenigsberger (1951)

Koenigsberger (1951) tested five eccentrically loaded single-lap fillet welded specimens. The weld
group geometries included a C-shaped group and four groups with two parallel welds. The
variables were the weld group dimensions (2, 3 and 6 in.), eccentricity (2.50, 3.00 and 5.75 in.)
and load orientation relative to the weld axis (parallel and perpendicular). The weld metal tensile
strength, Guw, from all-weld-metal coupons was 74 ksi and the elongation was approximately 28%.

Equations were derived to determine the plastic strength of the tested weld groups, and these
equations were used to plot design graphs. Comparisons between the calculated and experimental
strengths revealed that the weld rupture strength can be predicted accurately with the plastic design
graphs.

Butler et al. (1972)

Butler et al. (1972) tested 13 eccentrically loaded double-lap fillet weld specimens. The program
included five specimens with C-shaped weld groups and eight specimens with linear weld groups.
The variables were the weld group dimensions (3, 4, 6, 8, 10, 12 and 16 in.) and eccentricity (5, 6,
8,10, 12, 14, 15 and 16 in.). The specified fillet weld size was Y4 in. The weld sizes were measured,
and the experimental loads were adjusted by multiplying by the measured-to-specified weld sizes.
The specimens were fabricated with the SMAW process using E60 electrodes. The actual weld
metal tensile strength was not measured.

Swannell and Skewes (1979), Swanell (1981)

Swannell and Skewes (1979) and Swanell (1981) documented 21 experimental tests on
eccentrically loaded single-lap fillet weld specimens. Various weld group shapes were used,
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including rectangular box-shaped, C-shaped and groups with two parallel welds. The variables
were the weld group dimensions (30, 60, 90 and 150 mm), eccentricity (105, 120, 135 and 150
mm) and load orientation relative to the weld axis (parallel and perpendicular). The specified fillet
weld size was Y4-in. and the actual weld sizes were measured. The specimens were fabricated with
the SMAW process using E6013 electrodes. The weld metal tensile strength, cuw, from all-weld-
metal coupons was 78.1 ksi.

Kulak and Timler (1984)

Kulak and Timler (1984) documented three experimental tests on eccentrically loaded single-lap
fillet weld specimens. The weld groups had two parallel welds with eccentric shear loads oriented
perpendicular to the axis of the welds. The variables were the distance between the parallel welds
(200, 300 and 400 mm) and the eccentricity (140, 300 and 400 mm). The specified fillet weld size
was Y-in. and the actual weld sizes were measured. The specimens were fabricated with the
SMAW process using E70 electrodes. The actual weld metal tensile strength was not measured.

Sanaei and Kametkar (1988)

In addition to the concentrically loaded joints that were tested by Sanaei and Kametkar (1988),
nine eccentrically loaded double-lap specimens were tested. The specimens were loaded by
applying a compression force to the center plate, which was resisted by opposing compression
forces in the lap plates. The loading direction varied, with load angles, 6, equal to 0°, 30°, 60° and
90°. The weld metal tensile strength, Guw, from all-weld-metal coupons was 71.2 ksi. The specified
fillet weld size was 8 mm and the actual weld sizes were recorded. All welds were 100 mm long.

Bjork et al. (2014)

Bjork et al. (2014) tested three high-strength linear fillet welds subjected only to in-plane moments.
Two electrodes were specified with the same 980 MPa (140 ksi) strength but different elongation
values: 14% and 19%. The specimen with 19% elongation reached the plastic strength according
to AISC Specification Equation J2-5, including the directional strength factor (M, =
0.90FexxEL*/4). However, both specimens with 14% elongation reached only the elastic strength
according to AISC Specification Equation J2-5, including the directional strength factor (M, =
0.90F£xxEL?/6).

Soliman et al. (2021)

Soliman et al. (2021) tested two different specimens with duplicate specimens for a total of five
eccentrically loaded double-lap fillet welded tests. The specimens were tested with eccentric shear
loads oriented parallel to the axis of the weld group. A 3-in. eccentricity and a specified fillet weld
size of Y16 in. were used for all tests. The only variable was the weld length, with three tests for
specimens with 4.5 in. long welds and two tests for specimens with 9.75 in. long welds. The
specimens were fabricated with the SMAW process using E7018 electrodes. The weld metal
tensile strength, cuw, from all-weld-metal coupons was 83 ksi. The actual weld sizes were not
measured. Based on comparisons with the strengths calculated with the instantaneous center of
rotation method, Soliman et al. (2021) concluded that “the AISC model is highly conservative in
quantifying the capacity of these eccentric connections.”
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CHAPTER 4
STATISTICAL PARAMETERS

An accurate reliability analysis must consider the actual, measured, weld geometries and material
strengths. The bias and variation between actual and specified properties are discussed in this
chapter. The bias coefficient is

PR = PM PG PP 4.1)

where

pc = bias coefficient for the geometric properties, addressing the difference between the
nominal throat area based on the specified weld size and the actual throat area. pg is the
mean value of En/E.

pm = bias coefficient for the material properties, addressing the difference between the
specified and actual weld metal tensile strengths. pas is the mean value of cuw/FExx.

pr = bias coefficient for the test-to-predicted strength ratios. Mean value of the professional
factor calculated with the measured geometric and material properties

The coefficient of variation is

V=V +V2+V; 4.2)

where
Ve = coefficient of variation for the geometric properties, addressing the difference between
the nominal throat area based on the specified weld size and the actual throat area
Vu = coefficient of variation for the material properties, addressing the difference between
specified and actual weld metal tensile strengths
Vp = coefficient of variation for the test-to-predicted strength ratios

TENSILE STRENGTH

The bias coefficient and coefficient of variation for the material properties, p» and Vu are
discussed in this section of the report. ps and Vs address the difference between the specified and
actual weld metal tensile strengths.

Existing Literature

The statistical parameters for SMAW welds in Table 3.1 were published in a paper by Fisher et al.
(1978), who based their reliability analysis on px = 1.05 and Vi = 0.04. The values in Table 4.1
were compiled by Omer Blodgett using the data from Certificates of Conformance (CC) from The
Lincoln Electric Company (Miller, 2022).
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Table 4.1. Statistical parameters for tensile strength for SMAW welds
(Fisher et al., 1978).
Electrode Vi

Classification n pm v
E60XX 127 1.06 0.039
E70XX 138 1.04 0.036
E80XX 136 1.10 0.049
E90XX 16 1.11 0.043
E110XX 72 1.06 0.040

n = sample size

The reliability analysis by Fisher et al. (1978) was the basis for the weld provisions in the 1986
AISC LRFD Specification (AISC, 1986). The available research-oriented results are listed in Table
4.2. The pum values for the welding processes currently used for most shop and field welds indicate
that pam > 1.05 may be appropriate. For the 70 ksi welds tested since 2000, ps = 1.20.

Table 4.2. Research-oriented statistical parameters for tensile strength.
Reference E|e<_:t.r Od? Welding n pm
Classification Process

Swannell (1974) E6013 SMAW 1 1.15
Swannell and Skewes (1979) E60XX SMAW 2 1.31
Miazga and Kennedy (1986) E7014 SMAW 3 1.11
Gagnon and Kennedy (1989) E7018 SMAW 10 1.20
Gresnight (1992) E9018 SMAW 3 1.06
Gresnight (1992) 68 ksi SMAW 3 1.02
Gresnight (1992) ER70S-6 GMAW 3 1.12
Bowman and Quinn (1994) E7018 SMAW 3 0.986
Callele et al. (2005, 2009) E70T-7 FCAW-S 6 1.19
Grismo et al. (2017) E70XX SMAW 3 1.14
Gallow (2019) E71T-1 FCAW-G 3 1.19
Luo et al. (2020b) ER70S-3 GMAW 3 1.36
Reynolds et al. (2020) E71T1 FCAW-G 2 1.30
Dowswell et al. (2021) E70T-1 FCAW-G 3 1.08
Dowswell et al. (2021) E80T-1 FCAW-G 3 1.01
Dowswell et al. (2021) E100T-1 FCAW-G 3 1.00
Waite et al. (2022) E7018 SMAW 2 1.19
n = sample size

Lesik and Kennedy (1988, 1990) compiled the available data from several sources, including
Fisher et al. (1978) and several of the references in Table 4.2. The resulting values from 672
specimens are py = 1.12 and Vur = 0.077. A later analysis by Li et al. (2007) included 716
specimens, resulting in pym = 1.13 and Vau = 0.080. For their data set, Li et al. (2007) noted that
“there seems to be no correlation between py and the nominal filler metal tensile strength.”
Background documentation to Eurocode 3 (CEN, 2005) indicates that the provisions in Section 4
were based on py = 1.14 and V= 0.07. Teh and Rasmussen (2002) used p» = 1.1 and Vi = 0.1
in their analysis.

Current Welding Processes

Because the measured weld metal tensile strength varies with the welding process, information on
current welding practices is required. Welding data was collected from eleven companies that
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fabricate and/or erect structural steel for buildings and industrial structures. Various company sizes
and capabilities make up the group, including a metal building manufacturer. Information from
previous research, design and consulting projects by the authors were reviewed, and new data was
collected.

The data, which is summarized in Table 4.3, follows the general trends discussed in AISC Design
Guide 21 (Miller, 2017). For shop welds, FCAW-G is the primary process used by most
fabricators; however, GMAW also has significant use. For field welds, the primary process is
FCAW-S, with limited use of SMAW. SAW is used by metal building fabricators and has limited
use with large structural steel fabricators for the fabrication of plate girders and other built-up
members.

Table 4.3. Current welding practices.
‘lf’e'ding Electrode Gas Shielding Number of Notes
rocess Classification Companies
FCAW-G E71T-1 100% CO2 5
FCAW-G E71T-1 75% (+) Ar 25% (-) CO2 4
FCAW-G E81T-1 100% CO2 1 Dowswell et al. (2021)
FCAW-G E101T-1 100% CO2 1 Dowswell et al. (2021)
FCAW-S E70T 2
FCAW-S E71T 2
GMAW E70C-6M-H4 75% (+) Ar 25% (-) CO2 2
GMAW ER70S-3 100% CO2 1
GMAW ER70S-6 85% Ar 15% CO2 1
GMAW E80C-Ni1 75% (+) Ar 25% (-) CO2 2
SAW F7A6-EM12K-H8 1
SAW F7A2-EM13K-H8 1
SAW F7A2-EM12K 1
SMAW E7018 2
SMAW E7014 1

The information collected in the survey was considered in assigning weights for each welding
process to determine weighted averages and standard deviations for the weld metal tensile strength.
Because electrodes for some welding processes have a limited strength range, the weights assigned
to each process were different for each strength level. Due to the approximate nature of the
weighted average approach, the assigned weights were often based on conservative estimates. For
example, although used primarily for tack welding in the shop and for minor field welds, E70XX
SMAW electrodes were weighted at 5%. This is considered conservative because E70XX SMAW
electrodes are used on less than 5% of the total weld volume and they have the lowest measured-
to-specified ratio. The weighting assignments are listed in Table 4.4.

Table 4.4. Welding process weight assignments.
Welding Electrode Classification
Process 70 ksi 80 ksi 90 ksi 100 ksi 110 ksi
FCAW-G 50% 50% 50% 60% 30%
GMAW 30% 30% 35% 25% 40%
FCAW-S 10% 10% 10% 0% 0%
SAW 5% 5% 0% 5% 0%
SMAW 5% 5% 5% 10% 30%
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Effect of Strain Rate

Filler metal classification strengths are determined using all-weld-metal tensile tests according to
AWS B4.0, which specifies the testing procedures in ASTM E8. These test results are reported on
product certificates of conformance to document their compliance with the corresponding AWS
A5 standard. For tensile strength measurements, ASTM E8 (ASTM, 2016) Section 7.6.5 allows
strain rates between 0.05 and 0.5 in./in./min. The maximum value is equal to a strain rate of
0.00833 s~!. Dieter (1986) defined the strain rate range for tensile tests, with static strain rates
between10~> and 10~ s~! and dynamic strain rates between 10~! and 10? s~'. Compliance testing
by electrode manufacturers is assumed to be performed at the maximum strain rate allowed for the
post-yield range. This has been verified for a major electrode manufacturer (Miller, 2022).

Both the yield and tensile strengths measured with all-weld-metal tensile tests vary with strain rate.
To obtain static values, yield stresses from mill test reports have been reduced by different amounts
by various researchers. For example, mill test values were reduced by 4, 4.25 and 2.44 ksi by
Galambos and Ravindra (1978), Schmidt and Bartlett (2002) and Jaques and Frank (1999),
respectively.

Although the yield strength reductions are known to be estimates, the determination of appropriate
values for weld metal tensile strength is further complicated. Previous research has shown a
reduction in strain rate sensitivity with increased strength, and the tensile strength is less dependent
on strain rate than yield strength (Dieter, 1986). Using tensile tests on S690QL and S960QL high
strength steels, Alabi et al. (2018) found that the properties measured with quasi-static tensile tests
are valid up to a maximum strain rate of 4 s™'. Based on the experimental results, the authors
observed a lower strain rate sensitivity for steels with finer-grained microstructures. Tensile tests
on lower strength specimens of Q355 steel showed that the properties measured with quasi-static
tensile tests are valid up to a maximum strain rate of approximately 2 s™' (Chen et al., 2021). At
higher strain rates, the tensile strength increased with the log of the strain rate.

Soroushian and Choi (1987) used data found in the literature to formulate empirical equations to
estimate steel properties at dynamic loading rates. Because strain rate sensitivity has an inverse
relationship with strength, the equation variables were the strain rate and yield strength. For weld
metal strengths of 70 and 110 ksi tested at a strain rate of 0.00833 (1/120) s™!, the trend lines show
tensile strength increases of approximately 4% and 2%, respectively.

To determine the strength of fillet welds subjected to impact loading, Grismo et al. (2017) tested
both longitudinal and transverse fillet weld specimens. The specimen were fabricated by welding
S355 plates with a tensile strength of 68.2 ksi (470 MPa) using E70XX SMAW electrodes. For the
base metal and the all-weld-metal coupons machined from groove-welded plates, three different
strain rates were used to determine the uniaxial properties: 10~ s~!, 10~! s7! and 300 s~!. Although
the base metal was more strain-rate sensitive than the weld metal, the strain rate increases from
1073 s7! to 107! s7! resulted in a weld metal tensile strength increase of 4% and the strain rate
increase from 10~ s7! to 300 s~! resulted in a 22% increase.

Chen et al. (2021) Used experimental tests on Q355 steel welded with matching weld metal to

study the effect of strain rate on the properties of the base metal, weld metal and HAZ. The
measured tensile strengths in Table 4.5 show the expected strength increase for the dynamically
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loaded specimens.

However, the HAZ and weld metal strengths were higher for the quasi-static

specimens.
Table 4.5. Tensile strengths measured by Chen et al. (2021).
Coupon Location Quasi-Static Strain Dynamic Strain
Rate: 103 s™' Rate: 2to 3 s'
Base Metal 76.6 ksi 78.5 ksi
HAZ 78.6 ksi 78.0 ksi
Weld Metal 73.5 ksi 71.9 ksi

Based on the research discussed in this section, a 2.5 ksi reduction was applied to the tensile
strengths listed on manufacturer CMTRs and CCs. Because research-oriented specimens are
typically tested at quasi-static strain rates, the research-oriented tensile strength data was not
reduced.

Effect of Dilution

The extent of admixture is dependent on the welding parameters, welder technique and joint
geometry. Miller (1989) discussed the effect of joint geometry using two different preparations,
showing that the square butt welds are composed primarily of the base metal and single vee butt
welds are composed primarily of the weld metal. Svensson (1994) noted that dilution is typically
between 25% and 50%. 25% dilution is in agreement with the design requirements in prEN 1993-
1-8 (CEN, 2021) for steel grades higher than S460 with mismatched filler metals. 50% dilution is
in agreement with the design method proposed by Lightenburgh (1968), Treiberg (1992) and other
researchers.

Effect of Cooling Rate

The microstructures of both the weld metal and heat affected zone are dependent on the welding
parameters. For carbon steels, higher cooling rates result in stronger welds with less ductility and
reduced impact properties. The cooling rate is dependent on the heat input, preheat level, interpass
temperature and the ambient temperature (Miller, 1989). The cooling rate is also affected by the
connection geometry. When several thick elements intersect at the welded joint, the heat sink effect
is greater than the condition where two thin elements are connected.

Another variable that can affect the strength and ductility is the number of weld passes. Single-
pass welds typically cool faster than multi-pass welds. For multi-pass welds without preheat, the
first pass will cool faster than subsequent passes (Miller, 1989). Additionally, weld passes can be
effectively heat treated by subsequent passes, causing lower strength and higher impact properties
(Miller, 1989). However, the data summarized by Callele et al. (2005, 2009) showed that the weld
strength is independent of the number of passes.

The effect of cooling rate was clearly shown in the tests by Gresnigt (1992), where the weld metal
tensile strengths were measured with coupons extracted from conventional groove welded plate
specimens and coupons extracted from fillet welds. The strength ratios, which are listed in Table
3.7, show that the fillet weld coupons are about 9% stronger on average than the groove weld
coupons. Similar tests by Grismo et al. (2017) showed an 18% strength increase for the fillet weld
coupons compared to the groove weld coupons. Grismo et al. (2017) attributed the difference to
the cooling rate during and after welding: “the butt weld was manufactured with several weld
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passes, which induced a comparatively low cooling rate. Thus, a coarser ferritic microstructure
would develop, and a weaker weld metal was obtained.”

Consideration of every possible condition cannot be duplicated in a single standardized all-weld-
metal tensile coupon. Miller (1989) noted that the tensile test in AWS B4.0 is for “classification
or qualification of a particular product to a specific filler metal type.” Because the welding
parameters are controlled within the limits of AWS D1.1 and the fabricators Welding Procedure
Specification (WPS), the weld metal tensile strength and ductility is expected to be within an
acceptable range for properly welded and inspected joints.

Specimen design for welded joints is often limited by the loading capacity of the available testing
machine, resulting in single-pass welds for many of the specimens documented in this report. In
these cases, the uniaxial tensile strength of the test weld is likely higher than that of the all-weld-
metal coupon. For multi-pass welds, the tensile strengths will likely be closer to the measured
values.

Relevant Data

For most welds in buildings, the welding parameters deviate significantly from the conditions
specified for the tensile test in AWS B4.0. Although, this usually results in strengths that are
greater than those measured with the tensile test, the tensile strength variation is considered in the
statistical parameters associated with the test-to-predicted strength ratios. For most of the research
projects, the tensile strength was measured with tests according to, or similar to AWS B4.0. These
tensile strengths were used to calculate the predicted strengths in the test-to-predicted ratios.

Based on the information reviewed in this section, it was concluded that pa can be calculated with
the tensile strength data from a combination of Certificates of Conformance (CC), Certified
Material Test Reports (CMTR) and research-oriented results. The effect of strain rate was
considered by reducing the tensile stress from the CMTRs and CCs by 2.5 ksi. The variation in
tensile strength with the welding process was considered by applying the weighting assignments
listed in Table 4.4.

The CC data consists of 380 current CCs from three major electrode manufacturers representing
each welding process listed in Table 4.4. Table 4.6 lists the statistical parameters, which were
based on the tensile strengths listed on the CC (the values were not reduced by 2.5 ksi). A
comparison of the pi values in Tables 4.1 and Table 4.6 indicates a mean 4% strength increase for
the current data set.

Table 4.6. Statistical parameters for tensile strength from
Certificates of Conformance.
Electrode V
Classification n pm v
70 ksi 228 1.18 0.0566
80 ksi 87 1.11 0.0526
90 ksi 32 1.10 0.0534
100 ksi 23 1.13 0.0458
110 ksi 10 1.06 0.0131
n = sample size
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The CMTR data consists of 21 CMTRs from a large structural steel fabricator, with dates between
2012 and 2022. This data set includes three CMTRs for the SAW process and 18 CMTRs for the
GMAW process with 75% (+) Ar 25% (-) CO2 shielding gas. The electrode classification for two
CMTRs was E80C-Nil-H4, and the remaining CMTRs were for the E70C-6M-H4 electrode
classification.

The research-oriented results are listed in Table 4.2. The data set includes all specimens with
tensile strengths equal to or greater than 70 ksi.

The final statistical parameters for each electrode strength are listed in Table 4.7. These values
were calculated with a 2.5 ksi reduction for the CMTR and CC data. For all electrode strength
classifications, 416 data points resulted in on pm=1.12 and Vi = 0.0543. These values are similar
to those calculated by Lesik and Kennedy (1988, 1990), Li et al. (2007) and Eurocode 3 (CEN,
2005).

Table 4.7. Statistical parameters for tensile strength for the
complete data set.
Electrode Vi
Classification n pm M
70 ksi 259 1.14 0.0583
80 ksi 90 1.08 0.0528
90 ksi 33 1.07 0.0532
100 ksi 24 1.10 0.0451
110 ksi 10 1.03 0.0134
n = sample size

SHEAR-TO-TENSILE STRENGTH RATIO

Although the AISC Specification equations are based on the weld shear strength, weld strengths
are specified using tensile strengths, which are measured with all-weld-metal tensile tests
according to AWS B4.0. The variation in material strength can be considered by separating the
tensile strength variation from the shear-to-tensile strength ratio (Fisher et al., 1978; Li et al.,
2007). The bias coefficient associated with the shear-to-tensile strength ratio, paz, is discussed in
this section of the report. pa2 is not used in the reliability analysis because the bias and variance
associated with the shear-to-tensile strength ratio are included in pr and V'p, respectively. However,
the information in this section can be used to determine the accuracy of the 0.6 ratio in AISC
Specification Equation J2-5. This information can also be used to refine the design method by
using a more accurate shear-to-tensile strength ratio if necessary.

Existing Literature

According to Brockenbrough and Johnston (1974), the shear rupture strength of structural steel
“ranges from 2/3 to 3/4 of the tensile strength.” Gaines (1987) noted that a shear-to-tensile strength
ratio of 0.75 has been approved for the design of welds in steel Naval ships.

Kulak (1972) summarized 180 tests on longitudinally loaded fillet weld joints, resulting in a mean
shear-to-tensile strength ratio, (tu/cuw)m, of 0.769 with a coefficient of variation, Ve, of 0.126.
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Based on a similar study with 133 tests, Fisher et al. (1978) calculated (tv/cuw)m = 0.84 and Vi =
0.10. Using 126 tests, Lesik and Kennedy (1988, 1990) calculated (tv/cuw)m = 0.749 and Vi =
0.121. Using the results of 304 specimens from eight research projects, Li et al. (2007) calculated
(tw/ouw)m =0.774 and V2 = 0.130. Li et al. (2007) also determined that the shear-to-tensile strength
ratio was not affected by the weld size or the weld metal tensile strength.

Table 4.8 summarizes the various shear-to-tensile strength ratios discussed in Chapter 3 and in this
section of the report. For the specification provisions, the ratio ranges from 0.577 to 0.75.
Generally, these values are conservative compared to the experimental results, which range from
0.64 to 0.948. However, as discussed in the section on Tensile Strength, a portion of this difference
can be attributed to the higher tensile strength of the tested welds compared to the all-weld-metal
coupons.

Table 4.8. Shear-to-tensile strength ratios, tu/cuw.
Reference TulCuw Source Comments
AISC Specification (AISC, 2022) 0.60 Specification
AWS D1.1 (2015) 0.60 Specification
Canadian Standard CSA (2014) 0.67 Specification
Eurocode 3 (CEN, 2005) 0.722 Specification Bw=0.80
Eurocode 3 (CEN, 2005) 0.679 Specification Bw=0.85
Eurocode 3 (CEN, 2005) 0.642 Specification Bw=0.90
Eurocode 3 (CEN, 2005) 0.577 Specification Bw=1.0
Eurocode 3 (CEN, 2005) 0.525 Specification Bw=1.1
AlJ (2012) 0.577 Specification
Naval Ships 0.75 Specification Gaines (1987)
ISO 0.745 Specification Ligtenburg (1968)
International Institute of Welding (1IW) 0.745 Specification Van der Eb (1952)
Freeman (1931) 0.69 Design For butt welds
Rosenthal and Levray (1939) 0.833 Experimental
Spraragen and Claussen (1942) 0.64-0.84 Experimental
Koenigsberger (1951) 0.73 Experimental
Eb (1952) 0.807 Experimental
Vreedenburgh (1954) 0.75 Experimental
Wastlund and Ostlund (1956) 0.692 Experimental
Swannell (1968) 0.885 Experimental
Ligtenburg (1968), Strating (1971) 0.83 Experimental
Kulak (1972) 0.769 Experimental Vimz = 0.126
Brockenbrough and Johnston (1974) 0.67-0.75 Experimental
Fisher et al. (1978) 0.84 Experimental Vmz = 0.10
Lesik and Kennedy (1988, 1990) 0.749 Experimental Vimz = 0.121
Miazga and Kennedy (1989) 0.764 Experimental
Li et al. (2007) 0.774 Experimental Vimz = 0.130
Gallow (2019) 0.948 Experimental
Gallow (2019) 0.837 Experimental Torsion Tests
Dowswell et al. (2021) 0.820 Experimental Fexx =70 ksi
Dowswell et al. (2021) 0.843 Experimental Fexx = 80 Ksi
Dowswell et al. (2021) 0.752 Experimental Fexx = 100 ksi
Chen et al. (2023) 0.807 Experimental
T, = measured weld metal shear rupture stress
o = measured weld metal uniaxial tensile stress
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Krumpen and Jordan (1984) developed equations to estimate the shear strength of weld metal as a
function of the tensile strength by curve fitting experimental results from the literature with filler
metal classification strengths between 60 and 140 ksi. Equations 4.3 and 4.5 were developed for
SMAW and GWAM electrodes, respectively. These equations were divided by the tensile strength,
ouw, resulting in the shear-to-tensile strength ratios according to Equations 4.4 and 4.6. These
equations were used to calculate the shear-to-tensile strength ratios in Table 4.9.

T, =180 (4.3)
T, 18
o o020 (4.4)

uw GMW

1, =256 (4.5)
T, 25
o

Table 4.9. Shear-to-tensile strength ratios calculated
with the Krumpen and Jordan (1984) Equations.

Fexx ‘Cu/O'uw

ksi SMAW GMAW

60 0.794 0.898

70 0.770 0.864

80 0.749 0.836

90 0.732 0.812

100 0.717 0.791

110 0.703 0.772

Discussion

The experimental shear-to-tensile strength ratios in Table 4.8 and the values in Table 4.9 show the
conservatism of the 0.60 ratio in the AISC Specification. Although the Eurocode 3 values are also
conservative, the general trend in Table 4.9 is captured with the Eurocode equations, where the
strength ratio reduces with increasing tensile strength.

Except for the torsion tests by Gallow (2019), the experimental shear-to-tensile strength ratios in
Table 4.8 were based on longitudinal PJP and fillet weld tests. Although the tests by Gallow (2019)
and Dowswell (2021) had specimens with multi-pass welds, most of the tested welds were single-
pass fillet welds. As discussed in the previous section of this report, differences in the cooling rates
for the single-pass test welds and the associated all-weld-metal coupons would likely cause higher
tensile strengths for the weld metal in the test welds. This effect could be the source for a portion
of the disparity. However, with (ti/ouww)m = 0.774 from Li et al. (2007), pm2 = 1.29, which is
significantly greater than the 7 to 18% increase that was documented by Gresnigt (1992) and
Grismo et al. (2017).
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DIRECTIONAL STRENGTH INCREASE FOR FILLET WELDS

An increase in the load angle, 6, for fillet welds results in a nonlinear strength increase and a
decrease in ductility. Based on 18 experimental tests with loading angles of 0°, 30°, 60° and 90°,
Clark (1971) showed that the transversely loaded welds were approximately 70% stronger than the
longitudinally loaded welds. Gaines (1987) noted that a transverse-to-longitudinal strength ratio
of 1.44 has been approved for the design of fillet welds in steel Naval ships. Although the
information in this section is not used in the reliability analysis, it can be used to determine the

accuracy of equation for kss and to refine the design method if necessary.

Table 4.10 summarizes the transverse-to-longitudinal strength ratios found in the literature. The
experimental values are between 1.12 and 1.70. The theoretical ratios range from 1.30 to 1.48,
with a ratio of 1.50 for the semi-empirical equation developed by Miazga and Kennedy (1989).

For the various specifications reviewed, the ratios are between 1.13 and 1.50.

Table 4.10. Fillet weld transverse-to-longitudinal strength ratios, kds, for 6 = 90°.

Reference kads Source Comments
AISC Specification (AISC, 2016) 1.50 Specification

AWS D1.1 (2015) 1.50 Specification

Canadian Standard CSA (2014) 1.50 Specification

Eurocode 3 (CEN, 2005) 1.22 Specification Directional Method
AlJ (2012) 1.40 Specification

Naval Ships 1.44 Specification Gaines (1987)
ISO 1.13 Specification Ligtenburg (1968)
International Institute of Welding (1IW) 1.13 Specification Van der Eb (1952)
Freeman (1931) 1.60 Design

Vreedenburgh (1954) 1.12 Experimental

Archer et al. (1959) 1.56 Experimental

Preece (1968) 1.57 Experimental Fexx =70 Ksi
Preece (1968) 1.44 Experimental Fexx = 110 ksi
Ligtenburg (1968), Strating (1971) 1.60 Experimental

Butler and Kulak (1971) 1.45 Experimental

Clark (1971) 1.70 Experimental

Kato and Morita (1974) 1.46 Theoretical

Kamtekar (1982), Kamtekar (1987) 1.41 Theoretical

Kennedy and Kriviak (1985) 1.42 Experimental

Neis (1985) 1.41 Theoretical

McClellan (1989) 1.51 Experimental Fexx =70 Ksi
McClellan (1989) 1.39 Experimental Fexx = 100 ksi
Miazga and Kennedy (1989) 1.50 Semi-empirical Lap joints in tension
Miazga and Kennedy (1989) 1.34 Semi-empirical Lap joints in compression
Bowman and Quinn (1994) 1.20-1.70 Experimental

Iwankiw (1997) 1.41 Theoretical

Yasui et al. (2004) 1.26 Theoretical

Collin and Johansson (2005) 1.41 Semi-empirical

Lu et al. (2015) 1.48 Theoretical

Lu and Dong (2020) 1.30 Theoretical

Luo et al. (2020a) 1.41 Theoretical

Luo et al. (2020b) 1.34 Experimental

Dowswell et al. (2021) 1.30 Experimental
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GEOMETRIC PROPERTIES

The bias coefficient and coefficient of variation for the geometric properties, pc and Ve are
discussed in this section of the report. pg and Vg address the difference between the nominal throat
area based on the specified weld size and the actual throat area. An equal-leg fillet weld with y =
90° is shown in Figure 4.1. w is the leg size, which is commonly known as the weld size, E is the
effective throat and p is the penetration depth.

Fig. 4.1. Fillet weld.

A single-bevel PJP weld is shown in Figure 4.2. S is the preparation (bevel) size, E is the effective
throat and Z is the Z loss dimension.

BTC-P4 W

Fig. 4.2. Single-bevel PJP weld.

Tolerances

Profile tolerances for fillet and PJP welds are specified in AWS DI1.1 (AWS, 2020) Section 7.23.
Fillet weld profile tolerances are specified in Section 7.23.1. The faces of fillet welds may be
slightly convex, flat or slightly concave. Convex and concave profiles are shown in Figures 4.3a
and b, respectively. The maximum allowable convexity, Cmax, 1s specified in D1.1 Table 7.9, where
the allowable convexity is dependent on the width of the weld face, W, as listed in Table 4.11.
There is no limit on concavity if the minimum weld size, considering both leg and throat
dimensions, is achieved.
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Fig. 4.3. Fillet weld profiles.

Table 4.11. Fillet weld profile tolerances (from AWS Table 7.9)

w Ww Cmax

(in.) (in.) (in.)
W< %e ww < 0.221 Ve
516 <W<1 0.221 <ww<0.707 ¥
W=>1 ww > 0.707 %6

Cmax = maximum allowable convexity
W = width of weld face

ww = equivalent weld size corresponding to W for a perfectly triangular weld = W /N2

PJP profile tolerances are specified in AWS D1.1 Section 7.23.3. In all cases, reinforcement
must be equal to or greater than 0 in. The maximum allowable reinforcement, Rmax, for butt and
outside corner joints is specified in AWS DI1.1 Table 7.9, where the allowable reinforcement is
dependent on the effective throat, £, as listed in Table 4.12.

Table 4.12. PJP weld profile tolerances for butt and outside corner joints
(from AWS D1.1 Table 7.9)

E Rmax
(in.) (in.)
E<1 %

1<E<2 Yo
E>2 1

E = effective throat
Rmax = maximum allowable reinforcement

The maximum allowable convexity, Cmax, for T-joints and inside corner joints is specified in AWS

D1.1 Table 7.9, where the allowable convexity is dependent on the effective throat, E, as listed in
Table 4.13.

Table 4.13. PJP weld profile tolerances for T and inside corner joints
(from AWS D1.1 Table 7.9)

E Cmax
(in.) (in.)
E<1 s
E>1 %6

E = effective throat

Cmax = maximum allowable convexity
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Acceptance criteria for visual inspection are specified in AWS D1.1 Section 8.9. The size and
length acceptance criteria for fillet welds is specified in AWS D1.1 Table 8.1 Item 6, where the
allowable decrease in weld size is dependent on the specified weld size as shown in Table 4.14.
AWS D1.1 Table 8.1 Item 6 also requires that the undersize portion of the weld shall not exceed
10% of the weld length. The third column in Table 4.14 lists the strength reduction at the tolerance
limit, 7.

Table 4.14. Fillet weld visual acceptance criteria
(from AWS D1.1 Table 8.1)

w u r
(in.) (in.)
w < %6 Vie 0.933 (at w = %)
w=% Y52 0.938
w > %e V8 0.940 (at w = %)

U = allowable decrease in the weld size
r = strength reduction factor = 1 — 0.10(w — U)/(w)

Existing Literature

Some of the available specimens had welds that were machined to size after welding; however,
most of the specimens were tested in the as-welded condition. Prior to testing, weld dimensions
were measured using one of three different methods. The calculated weld strengths were based
on the measured effective throats, Ex, which were defined differently for each case. For some
research projects, the throat dimension was measured at a 45° angle from the legs, and this value
was reported as E». When both leg dimensions, w1 and w2, were reported, the effective throat
was calculated with Equation 4.7.

g - Mtm
m- T, 5 4.7
o +3 7

When both legs were measured, but only the average size was reported, the effective throat was
calculated with Equation 4.8.

E =2

Because the weld strength calculations were based on the pre-test measurements, root penetration
was not considered in the calculations. Reinforcement was considered only when the measured
throat dimension was reported. Because penetration and reinforcement can significantly affect the
weld strength, the geometry of the weld was measured for some of the specimens by sectioning
the specimens. These measurements are used to quantify the effects of penetration and
reinforcement. The post-test rupture surface widths that were reported by some researchers were
also used in this effort.

Statistical data on the geometric properties of welds is available in several documents. Background
documentation to Eurocode 3 (CEN, 2005) indicates that the provisions in Section 4 were based
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on pg = 1.0 and Ve = 0.10. For butt welds between equal-width rectangular hollow sections, Teh
and Rasmussen (2002) used pe=1.0 and V¢ =0.05. Li et al. (2007) analyzed 1,706 measurements
on weld leg or throat dimensions from 12 research projects and determined that the average
measured-to-specified ratio, pg, is 1.08 with a coefficient of variation, Vg, of 0.142.

Based on dimensional measurements and electrode consumption for %4, 3, 1%, ¥ and % in. SMAW
fillet welds by Freeman (1931), the weld legs were approximately 30% and 20% larger than the
specified size for the 4 and ¥ in. welds, respectively. The Y4, % and ¥% in. welds were 10 to 13%
larger than specified.

Preece (1968) and Higgins and Preece (1969) documented 168 tests on fillet welded specimens
with either Y4, ¥ or Y4-in. weld sizes. For the Y-in. fillet welds, the average measured weld size
was 20% greater than the specified size. For the ¥ and '%-in. fillet welds, the average measured
weld sizes were 13 and 5% greater than the specified sizes, respectively.

Several specimens were sectioned by Strating (1971) for penetration measurements. The results
are listed in Table 3.1. As expected, the SAW welds had the largest mean penetration depth at
0.130 in. For the combined group of FCAW and GMAW welds, the mean penetration depth is
0.0520 in.

Adequate data was not available in 1978 to obtain the bias coefficient and coefficient of variation
for the geometric properties quantitatively. To account for the variability on the weld effective
area, Fisher et al. (1978) based their analysis on pg = 1.00 and V¢ = 0.15. This assumption, which
implies a 50% probability that the actual shear area will be within £ 10% of the nominal area, was
believed to be conservative.

Pham (1983) documented a series of 36 tests on transversely-loaded T-joints connected with fillet
welds using the FCAW and SAW welding processes. Macro-etches showed that the theoretical
throat increased by 30% for FCAW welds and 50% for SAW welds with a coefficient of variation
of 0.20 for both processes. Many of the welds ruptured along the fusion zone; however, the
experimental loads exceeded the expected strengths due to oversized welds and overstrength weld
metals.

Miazga and Kennedy (1986) measured the weld leg sizes using a digital micrometer with a
minimum of 44 readings per specimen. For the 5 mm welds, the average measured-to-specified
leg ratio, wm/w, was 1.04 with a coefficient of variation of 0.026. For the 9 mm welds, the average
measured-to-specified leg ratio, wm/w, was 1.03 with a coefficient of variation of 0.027.

To study the effect of penetration, Wilcox (1995) tested 10 transversely loaded fillet weld
specimens in cruciform T-joints. The specimens were welded with the FCAW process with 100%
CO2 gas shielding. The penetration was increased by varying the arc voltage, current, wire feed
speed and travel speed. As expected, the experimental rupture loads increased significantly with
increased penetration.

For the 33 fillet weld specimens tested by Dowswell et al. (2021), the measured-to-specified leg
ratio, wm/w, averaged 1.16 with a coefficient of variation (COV) of 0.101. However, as with the
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previous research by Li et al. (2007), pc decreases with increasing weld size according to Table
4.15. pc was also calculated with the effective throat ratio, based on the measured unequal leg
dimensions, with almost identical results. Average penetration depths for each specimen varied
from — 0.0332 in. to + 0.0621 in., with most of the negative values for the 100 ksi specimens and
the larger positive values for the 70 ksi specimens.

Table 4.15. Fillet weld measured-to-specified leg ratios.
w pe cov
A 1.23 0.0802
Y8 1.19 0.0581
72 1.02 0.0542
All Specimens 1.16 0.101

For the PJP welds tested by Dowswell et al. (2021), which had 45° groove angles, the etched
sections typically indicated an unfused distance at the root as shown in Figure 4.4. These distances,
measured digitally, were typically between /16 and %6 in.

Fig. 4.4. Specimen PL4 Weld 4 (Dowswell, 2021).

Three of the longitudinal PJP Specimens were fabricated with T-joints and the remaining
specimens were fabricated with corner joints. For the T-joints, the average measured rupture
surface width, E», was 1.32 times the depth of preparation, S. This was much larger than for the
corner joints, where Er averaged 0.970S. However, the results indicated that the normalized rupture
stress calculated with the measured rupture surface area, f/Guw, was similar for all specimens.
Therefore, the T-joints were significantly stronger than the corner joints due to the larger effective
throat dimensions. The larger effective throats were caused by the differences in reinforcement
geometries for each joint type. The average reinforcement was 0.675S and 0.121S for the T-joints
and corner joints, respectively. The reinforcement geometries for corner and T-joints are shown in
Figures 4.5a and 4.5b, respectively.
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a. Specimen PL2.

b. Specimen PL15.

Fig. 4.5. PJP sections (Dowswell, 2021).

The rupture surface widths for the transverse PJP specimens with Fexxy = 70 ksi were as expected,
with an average value of 1.01 times the depth of preparation, S. However, for the specimens with
Fexx = 80 and 100 ksi, the rupture surface widths averaged only 0.733S. This difference was
primarily caused by differences in the reinforcement dimensions, which averaged 0.217S for the
70 ksi specimens and only 0.0599S for the 80 and 100 ksi specimens.

Influence of Welding Parameters

Miller and Funderburk (2001) showed that the fillet weld leg size can be predicted to an accuracy
equal to one fillet weld size with Equations 4.9a and b for US customary units and metric units,
respectively.

US customary

J
- | 4.9a
" =\500 (4.92)
Metric
w=5.5VJ (4.9b)

71



where
w = fillet weld leg size, in. (mm)
J = heat input, kJ/in. (kJ/mm)

The heat input is

601 10
1,0008 (4.10)

where
I = welding current, amperes
S = arc travel speed, in./min. (mm/min.)
V' = arc voltage, volts

Rearranging Equations 4.9, the heat input can be predicted using the fillet weld size with Equations
4.11.

US customary

J =500w’ (4.11a)
Metric
2
w
J = 4.11b
30.3 ( )

Hajro and Tasic (2020) measured macro-etched sections of joints that were fillet welded in either
the Flat or Overhead position. Both GMAW (100% CO3) and Pulsed GMAW (82% Ar + 18%
CO2) were used in specimen fabrication. Compared to the Overhead position, the Flat position
resulted in lower penetration and reinforcement. For GMAW (100% CO3), the weld size and
effective throat can be predicted with Equations 4.12 and 4.13, respectively.

US customary

JJ

=— 4.12a
199 (4.122)
Metric
w=6.43JJ (4.12b)
US customary
E= _‘/7 (4.13a)
28.1

Metric
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E=455/J (4.13b)

Rearranging Equations 4.12, the heat input can be predicted using the fillet weld size with
Equations 4.14.

US customary

J =396w> (4.14a)
Metric
2
J=22 (4.14b)
41.3

Rearranging Equations 4.13, the heat input can be predicted using the effective throat with
Equations 4.15.

US Customary

J =790E" (4.15a)
Metric
E2
= 4.15b
20.7 ( )

For the flat position, the penetration depth can be estimated with Equations 4.16.

US customary

7
== 4.16a
P~ 340 (3162
Metric
p=038/J (4.16b)
For the flat position, the reinforcement can be estimated with Equations 4.17.
US customary
C= ﬂ (4.17a)
65.0
Metric
C=197J (4.17b)



Substituting Equations 4.13 into Equations 4.16 shows that the penetration depth of single-pass
welds can be expressed as a portion of the effective throat according to Equation 4.18.

p=0.0826E (4.18)

Similarly, by substituting Equations 4.15 into Equations 4.17, the reinforcement of single-pass
welds can be expressed as a portion of the effective throat according to Equation 4.19.

C=0.432E (4.19)

Several researchers measured the penetration depth from etched cross sections to determine the
effect of various welding parameters including current, voltage and travel speed. The data from
these projects were combined into a database to determine the expected penetration depth. All
specimens were fabricated with mild steel plates using either the SMAW, FCAW-G or SAW
process. The welding parameters were typical of those used in the structural steel industry,
resulting in a mean heat input of 35 kJ/in. with values between 13 and 88 kJ/in. Some projects also
studied the effect of other variables: welding position, electrode angle, arc length, electrode feed
rate and base metal thickness. The results of Arya et al. (2015) and Pradhan et al. (2022) showed
only a minor reduction in penetration with increased base metal thickness due to the conduction
heat loss. Pathak et al. (2021) showed that the electrode angle has only a negligible effect on the
penetration. The analysis included data from the following projects:
1. Pathak et al. (2021) measured 18 specimens with butt joints and single-V preparations
welded using the SMAW process with E6013 electrodes.
2. Thakur et al. (2020) measured 16 specimens with 10 mm plates welded using the SAW
process with EH14 electrodes.
3. Aryaetal. (2015) measured 32 specimens with 8 to 16 mm plates welded using the SAW
process with F7A2-EH14 electrodes.
4. Pradhan et al. (2022) measured 53 fillet welded T-joint specimens with 3 to 10 mm plates
welded using the FCAW-G process with 100% CO: shielding gas.

The penetration measurements and the corresponding heat input values from the database are

plotted using US customary units in Figure 4.6. Linear curve fit trendlines with a 0,0 intercept are
plotted for each welding process.
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Fig. 4.6. Penetration depth as a function of heat input.

The curve fit equation for the 18 SMAW specimens is defined by Equation 4.20. The minimum
penetration depth from this group is 0.0362 in. The mean ratio for the effective throat of a single-
pass fillet weld, Ep/E, is 1.16 with a coefficient of variation of 0.0204.

7 (4.20)
204

p
Substituting Equation 4.15a into Equation 4.20 results in Equation 4.21.
p=0.138E (4.21)
The curve fit equation for the 53 FCAW specimens is defined by Equation 4.22. The minimum

penetration depth from this group is 0.0394 in. The mean ratio for the effective throat of a single-
pass fillet weld, E,/E, is 1.41 with a coefficient of variation of 0.0300.

_ I (4.22)
75.8

p
Substituting Equation 4.15a into Equation 4.22 results in Equation 4.23.
p=0371F (4.23)
The curve fit equation for the 48 SAW specimens is defined by Equation 4.24. The minimum

penetration depth from this group is 0.0598 in. The mean ratio for the effective throat of a single-
pass fillet weld, Ey/E, is 1.76 with a coefficient of variation of 0.149.
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JJ
=— 4.24
P=437 (4.24)
Substituting Equation 4.15a into Equation 4.24 results in Equation 4.25.
p =0.643F (4.25)

Using all 119 specimens, the mean ratio for the effective throat of a single-pass fillet weld, E,/E,
is 1.52 with a coefficient of variation of 0.183. Using only the 71 SMAW and GMAW specimens,
the mean increase in the effective throat of a single-pass fillet weld, E,/E, is 1.35 with a coefficient
of variation of 0.0855.

Fillet Welds

Fillet weld geometric measurements were reported in the following research projects, which
include specimens fabricated with the SMAW, GMAW, FCAW-G and FCAW-S processes. The
filler metal classification strengths were primarily 70 ksi; however, 56, 60, 80, 90, 100, 110 and
140 ksi filler metals were also included. A total of 2,976 data points were reported. Each data point
is for a single weld segment, which was typically reported as the average of several measurements
along the length of the segment.

ABW (1931)

Preece (1968)

Butler and Kulak (1969)

Miazga and Kennedy (1986)

McClellan (1989)

Bowman and Quinn (1994)

Ng et al. (2002)

Deng et al. (2003)

9. Callele et al. (2005)

10. Li et al. (2007)

11. Kanvinde et al. (2009a)

12. Sugitani and Mochizuli (2013)

13. Shi and Chen (2018)

14. Reynolds (2020)

15. Luo et al. (2020)

16. Ran et al. (2021)

17. Dowswell et al. (2021)

e Ao e

Generally, the measured fillet weld leg dimensions, wm, were larger than the specified weld sizes,
w. For the 2,976 data points, the measured-to-specified leg ratio, wm/w, averaged 1.08 with a
coefficient of variation (COV) of 0.143. Because pc decreases slightly with increasing weld size,
the values for three different weld size ranges are listed in Table 4.16.
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Table 4.16. Fillet weld measured-to-specified leg ratios.
w n pG Ve
Y6 to Y6 1,048 1.11 0.130
¥ to Y46 1,850 1.07 0.149
% to % 78 1.09 0.115
All Specimens 2,976 1.08 0.143
n = sample size

Based on a linear curve fit to all 2,976 measurements, the expected-to-specified leg size ratio can
be predicted with Equation 4.26.

we/w=1.2—-02w (4.26)

where
w = specified leg size, in.
we = expected leg size, in.

Fillet weld root penetration measurements were reported in the following research projects, which
include specimens fabricated with the SMAW, GMAW, FCAW-G, FCAW-S and SAW processes.
A total of 300 data points were reported. The effect of penetration depth is included in ppr and Vp;
therefore, the penetration ratios are not included in the reliability analysis. However, this data can
be used to improve the accuracy of the design equations.

1. Strating (1971)
Wilcox (1995)
Chen et al. (2001)
Deng et al. (2003)
Sugitani and Mochizuli (2013)
Luo et al. (2020)
Pathak et al. (2021)
Dowswell et al. (2021)
Pradhan et al. (2022)

A e A A

Because the penetration depth is dependent on the welding process, the values for the four
processes are listed in Table 4.17. For the 208 measurements including only the SMAW, GMAW
and FCAW processes, the penetration averaged 0.0485 with a standard deviation of 0.0342. Using
the weight assignments in Table 4.4, the weighted average is 0.0533 with a standard deviation of
0.0333.

Table 4.17. Fillet weld penetration depths.

Process n Pa SD
SMAW 24 0.0331 0.0106
GMAW 45 0.0535 0.0244
FCAW 139 0.0495 0.0387
SAW 92 0.118 0.0463
SMAW, GMAW, FCAW 208 0.0485 0.0343

SD = standard deviation (in.)
n = sample size
pa = mean penetration depth (in.)
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Using the penetration measurements with the actual weld sizes for each specimen resulted in a
mean measured-to-specified throat ratio, Ex/E, of 1.23 with a coefficient of variation of 0.137
based solely on the increase caused by the penetration depth. However, En/E decreases with
increasing weld size. Because the specimens had smaller weld sizes than is typical in practice, a
weighted average value may be more appropriate. The ratios for seven different weld sizes are
listed in Table 4.18. These values were calculated with the weighted average penetration depth of
0.0533.

Table 4.18. Fillet weld measured-to-specified throat ratios.
w Weight
(in.) Assigngment En/E
Y6 0.0 1.40
Ya 0.1 1.30
Y6 0.5 1.24
% 0.1 1.20
Yo 0.1 1.15
% 0.1 1.12
Y% 0.1 1.10

Using the weight assignments in Table 4.18, the weighted average En/E is 1.21 with a coefficient
of variation of 0.125. For transverse fillet welds assumed to rupture at a 22.5° from the loading
direction, the weighted average penetration depth along the rupture surface is reduced to
(0.765)(0.0533 in.) = 0.0408 in. This results in a mean measured-to-specified throat ratio of 1.16.
The expected-to-specified throat ratio can be predicted with Equation 4.27, which provides a
reasonable, slightly conservative, estimate based on the weighted penetration measurements.

EJE=13-0.4w (4.27)

where
E = throat based on the specified leg size
Ee= expected throat

PJP Welds
PJP root penetration measurements were reported in the following research projects, which include
specimens fabricated with the SMAW, GMAW and FCAW processes. All specimens had single-
or double-bevel preparations with 45° groove angles. A total of 121 data points were reported. The
effect of penetration depth is included in pr and Vp; therefore, the penetration ratios are not
included in the reliability analysis. However, this data can be used to improve the accuracy of the
design equations.

1. Popov and Stephen (1977)
Gagnon and Kennedy (1989)
Rasmussen et al. (1999)
Luo et al. (2020)
Reynolds et al. (2020)
Dowswell et al. (2021)

RNl e
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The effective throat is £ = § — Z, where the relevant values for Z are in AISC Specification Table
J2.1 based on the welding process, the welding position and the groove type. For FCAW in the flat
(F) or horizontal (H) position with a 45° bevel groove, Z= 0. For SMAW with a 45° bevel groove,
Z =Y 1n. for all positions.

Because the penetration is dependent on the welding process, the values for the three processes are
listed in Table 4.19. The mean Z loss dimension, Zs, for all 121 data points is 0.0358 with a
standard deviation of 0.0725.

Table 4.19. PJP weld Z loss dimensions.

Process n Z, SD
SMAW 67 + 0.0711 0.0416
GMAW 19 + 0.0622 0.0156
FCAW 35 —0.0460 0.0726

All Specimens 121 + 0.0358 0.0725

SD = standard deviation (in.)
n = sample size
Za = mean measured Z loss dimension (in.)

Using the Z loss measurements with the actual groove depths for each specimen resulted in a mean
measured-to-specified throat ratio, Ex/E, of 1.12 with a coefficient of variation of 0.256. However,
Ew/E decreases with increasing weld size. Because the specimens had smaller weld sizes than is
typical in practice, a weighted average value may be more appropriate. The ratios for eight
different weld sizes are listed in Table 4.20. Using the weight assignments in Table 4.20, the
weighted average value is 1.06 with a COV of 0.103.

Table 4.20. PJP weld measured-to-specified throat ratios.
S Weight
(in.) Assignment En/E cov

A 0.05 1.25 0.304
Y6 0.05 1.17 0.230
% 0.10 1.13 0.186
| 0.10 1.09 0.136
% 0.20 1.05 0.0890
1 0.20 1.04 0.0662
2 0.20 1.02 0.0328
3 0.10 1.01 0.0218

TEST-TO-PREDICTED STRENGTH RATIOS

The bias coefficient and coefficient of variation for the test-to-predicted strength ratios, pr and Vp
are discussed in this section of the report. Predicted strengths were calculated using the AISC
Specification equations with the measured weld sizes and the measured (or expected) weld metal
tensile strengths. Unless otherwise stated, the parameters were calculated using data from normal
strength specimens. For this report, normal strength specimens are those with Fexx < 110 ksi and
Fu, <110 ksi. Parameters for the following joint types are included:
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1. Longitudinal fillet welds

2. Transverse fillet welds

3. Fillet welds with skewed load angles (0° <6 < 90°)
4. Multi-orientation fillet weld groups

5. Longitudinal PJP welds

6. Transverse PJP welds

7. Welds with skewed dihedral angles (0° <Y < 90°)
8. Single-sided fillet welds

9. High-strength welds

10. Eccentrically loaded fillet weld joints

The strength ratios can vary significantly with the welding processes. This variation is caused
primarily by the differences in the root penetration depths. Also, it has been observed that the
welding process can affect the shear-to-tensile strength ratio (Krumpen and Jordan, 1984).

Longitudinal Fillet Welds
Longitudinally loaded fillet weld tests were reported in the following research projects, which
include specimens fabricated with the SMAW, GMAW, FCAW and SAW processes. A total of
727 experimental tests were reported.
1. ABW (1931)
2. Rosenthal and Levray (1939)
3. Wilson et al. (1949)
4. Wastlund and Ostlund (1956)
5. Bornscheuer and Feder (1966)
6. Higgins and Preece (1968, 1969)
7. Ligtenburg (1968)
8. Strating (1971)
9. Clark (1971)
10. Swannell (1974)
11. Miazga and Kennedy (1986, 1989)
12. McClellan (1989)
13. Bowman and Quin (1994)
14. Deng et al. (2003)
15. Yasui et al. (2004)
16. Callele et al. (2005, 2009)
17. Dowswell et al. (2021)
18. Waite et al. (2022)
19. Gallow (2019)
20. Luo et al. (2020b)

The statistical parameters for all specimens as well as for each welding process are listed in Table
4.21. Using the weight assignments in Table 4.4, pp=1.41 and Vr=0.161.
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Table 4.21. Statistical parameters for longitudinal fillet welds.
Process n pp Ve
SMAW 581 1.29 0.151
GMAW 28 1.43 0.132
FCAW 106 1.35 0.186
SAW 12 2.07 0.0970
All Specimens 727 1.32 0.173
n = sample size

Transverse Fillet Welds
Transversely loaded fillet weld tests were reported in the following research projects, which
include specimens fabricated with the SMAW, GMAW, FCAW and SAW processes. A total of
449 experimental tests were reported. The ABW (1931) specimens were excluded from this data
set due to inconsistent results that were likely caused by limited ductility and toughness.
1. Wilson et al. (1949)
Bornscheuer and Feder (1966)
Higgins and Preece (1968, 1969)
Ligtenburg (1968)
Strating (1971)
Clark (1971)
Swannell (1974)
Kato and Morita (1974)
9. Miazga and Kennedy (1986, 1989)
10. McClellan (1989)
11. Bowman and Quin (1994)
12. Wilcox (1995)
13. Ng et al. (2002, 2004) SER 245
14. Deng et al. (2003) SER 251
15. Yasui et al. (2004)
16. Callele et al. (2005, 2009)
17. Li et al. (2007)
18. Kanvinde et al. (2009a)
19. Sugitani and Mochizuki (2013)
20. Shi and Chen (2018)
21. Dowswell et al. (2021)
22. Gallow (2019)
23. Luo et al. (2020b)

S A

The statistical parameters for all specimens as well as for each welding process are listed in Table
4.22. Using the weight assignments in Table 4.4, pr =1.39 and Vp = 0.204.
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The pr values are comparable to those of longitudinal fillet welds; however, Vr is higher than for
longitudinal welds, at least partially because the strength of transverse welds is dependent on the
joint type. Also, the research shows that the strength of transverse welds increases with ductility
and toughness. By separating the data by joint type, Table 4.23 clearly shows that lap joints are
15% stronger than T-joints. This strength increase could be caused by a frictional force that
develops on the faying surfaces due to the transverse force, a, that was discussed by Miazga and
Kennedy (1989) and Gallow (2019). Weighting T-joints at 75% and lap joints at 25% and using

Table 4.22. Statistical parameters for transverse fillet welds.
Process n pp Ve
SMAW 219 1.40 0.180
GMAW 30 1.38 0.209
FCAW 194 1.34 0.221
SAW 6 2.09 0.0698
All Specimens 449 1.38 0.208
n = sample size

the process-based weight assignments in Table 3.4, pr = 1.29 and Vr = 0.193.

Fillet Welds with Skewed Load Angles, 0

Fillet weld tests with skewed load angles were reported in the following research projects, which
include specimens fabricated with the SMAW, GMAW and FCAW processes. The specimens
included load angles, 0, of 15°, 30°, 45°, 60° or 75°. A total of 53 experimental tests with normal

strength specimens were reported.
1.

AN

The statistical parameters for all specimens as well as for each welding process are listed in Table
4.24. Using weight assignments of 10% for SMAW, 30% for GMAW and 60% for FCAW, pp =

Table 4.23. Statistical parameters for transverse fillet welds.

Joint Type n pp Vp
Lap 376 1.41 0.204
T-joint 73 1.23 0.186

n = sample size

Butler and Kulak (1969, 1971)

Clark (1971)

Miazga and Kennedy (1986, 1989)

Deng et al. (2003)
Yasui et al. (2004)
Luo et al. (2020b)

1.39 and VP = 0.204.

Table 4.24. Statistical parameters for fillet welds with skewed load angles.

Process n pp Vp
SMAW 36 1.34 0.132
GMAW 9 1.12 0.0540
FCAW 8 1.47 0.221

All Specimens 53 1.33 0.0947

n = sample size
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The data for the GMAW process in Table 4.24 can be misleading because all nine of the specimens
had T-joints, which were shown in the section on transverse fillet welds to have lower strength
than double-lap joints. Of the 53 specimens in the data set, only nine have T-joints. All nine of
these specimens were welded with the GMAW process and tested by Yasui et al. (2004) and Luo
et al. (2020b). The remaining 44 specimens had double-lap joints. By separating the data by joint
type, Table 3.25 clearly shows that lap joints are 22% stronger than T-joints. Weighting T-joints
at 75% and lap joints at 25% and using the process-based weight assignments in Table 4.4, pr =
1.21 and VP = 0.0549.

Table 4.25. Statistical parameters for fillet welds with skewed load angles.

Joint Type n pp Ve
Lap 44 1.37 0.130
T-joint 9 1.12 0.0540

n = sample size

The 36 high strength specimens tested by Ran et al. (2021) had double-lap joints that were
fabricated using the GMAW process. The mean measured uniaxial weld metal tensile strength was
1,052 MPa (153 ksi). For these specimens, pr = 1.80 and V» = 0.0806.

Multi-Orientation Fillet Weld Groups

Tests with multi-orientation fillet weld groups were reported in the following research projects,
which include specimens fabricated with the SMAW, GMAW and FCAW processes. Eight
specimens tested by Callele et al. (2005, 2009) combined skewed (6 = 45°) and transverse (6 =
90°) welds. The remaining 311 specimens had both longitudinal (6 = 0°) and transverse welds. A

total of 319 experimental tests with normal strength specimens were reported.
1. ABW (1931)

2. Wilson et al. (1949)

3. Ligtenburg (1968)

4. Strating (1971)

5. Swannell (1974)

6. Gresnigt (1992)

7. Callele et al. (2005, 2009)

The weld strengths were calculated by combining the welds using three methods: 1) sum with kus
> 1.0, 2) sum with kas = 1.0, 3) AISC Specification Equation J2-6. The statistical parameters for
all specimens as well as for each welding process are listed in Table 4.26. The weighted values,
which were calculated with weight assignments of 10% for SMAW, 30% for GMAW and 60% for
FCAW, are also listed.
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Table 4.26. Statistical parameters for multi-orientation fillet weld groups.
Sum with kas > 1.0 Sum with kgs = 1.0 Equation J2-6
Process n
pp Ve pp Ve pp Ve
SMAW 270 1.23 0.132 1.44 0.132 1.34 0.135
GMAW 16 1.36 0.0906 1.63 0.0794 1.48 0.0963
FCAW 33 1.34 0.133 1.65 0.176 1.43 0.121
All Specimens 319 1.24 0.134 1.47 0.145 1.35 0.135
Weighted 319 1.34 0.118 1.63 0.140 1.44 0.113
n = sample size

The six high strength specimens tested by Bjork et al. (2012) had both longitudinal and transverse
welds that were fabricated using the GMAW process. The measured base metal tensile strength is
1,076 MPa (156 ksi) and the measured uniaxial weld metal tensile strengths are 690 MPa (100 ksi)
and 1,245 MPa (181 ksi). For these specimens, pr=1.01, 1.19 and 1.10 when the calculations are
based on sum with kds > 1.0, sum with k4s = 1.0 and Equation J2-6, respectively.

Single-Sided Fillet Welds
Single-sided transverse fillet weld tests were reported in the following research projects. A total
of 184 experimental tests were reported. The total includes several different specimen types: round
HSS, rectangular HSS, single-lap double-weld and cruciform T-joint.
1. ABW (1931)
Zhao and Hancock (1995)
Chen et al. (2001)
Packer et al. (2016)
Tuominen et al. (2018)
Torabian et al. (2018)
Thomas (2021)

Nownbkwbd

The weld strengths were calculated using Specification Equation J2-4 with kas = 1.0. The statistical
parameters for all specimens as well as for each specimen type are listed in Table 4.27.

Table 4.27. Statistical parameters for single-sided fillet welds.

Specimen Type n pp Ve
Round HSS 6 1.73 0.121
Rectangular HSS 25 1.19 0.161
Single-lap double-weld 115 1.40 0.150
Cruciform T-joint 38 1.29 0.159
All Specimens 184 1.36 0.170

n = sample size

Longitudinal PJP Welds

Longitudinally loaded PJP weld tests were reported by Luo et al. (2020b), Reynolds et al. (2020)
and Dowswell et al. (2021), which include specimens fabricated with the GMAW and FCAW
processes. All specimens had single- or double-bevel preparations with 45° groove angles. A total
of 19 data points were reported. Because only two specimens were fabricated using the GMAW

process, the statistical parameters were not separated based on process. For all 19 specimens, pr =
1.20 and Vp = 0.202.
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Transverse PJP Welds
Transversely loaded PJP weld tests were reported in the following research projects, which include
specimens fabricated with the SMAW, GMAW and FCAW processes. A total of 92 experimental
tests were reported.
1. Satoh et al. (1974)
Popov and Stephen (1977)
Gagnon and Kennedy (1987, 1989)
Rasmussen et al. (1999)
Luo et al. (2020b)
Reynolds et al. (2020)
Dowswell et al. (2021)

Nowkwd

The statistical parameters for all specimens as well as for each welding process are listed in Table
4.28. The strengths of the SMAW specimens were calculated with Z = 4 in., which is conservative
compared to the measured values in Table 4.19. This is the primary cause of the high value of pr
for the SMAW specimens relative to the GMAW and FCAW specimens. Using weight
assignments of 10% for SMAW, 30% for GMAW and 60% for FCAW, pp=1.72 and Vp = 0.202.

Table 4.28. Statistical parameters for transverse PJP welds.
Process n pP Vp
SMAW 66 217 0.337
GMAW 3 1.40 0.0979
FCAW 23 1.80 0.216
All Specimens 92 2.05 0.332
n = sample size

Longitudinal Welds with Skewed Dihedral Angles, ¥

Longitudinally loaded welds with skewed dihedral angles were tested by Gallow (2019) and Barry
et al. (2023) as part of the same research project. The FCAW-G process was used for all specimens.
The dihedral angle, v, varied from 30° to 150° in 15° increments. A total of 15 data points were
reported.

The weld strengths were calculated using the effective throat dimensions defined in AWS D1.1
Annex A. The Z loss dimensions for the FCAW-G process with welding in either the Horizontal
(H) or Flat (F) position are Z = %4 in. when 30° <y <45° and Z = 0 in. when 45° <y < 60°. For
all 15 specimens, pp=1.73 and Vr = 0.310.

Transverse Welds with Skewed Dihedral Angles, ¥

Transversely loaded welds with skewed dihedral angles were tested by Gallow (2019). The
FCAW-G process was used for all specimens. The dihedral angle, y, varied from 30° to 150° in
15° increments. A total of 16 data points were reported.

The weld strengths were calculated using Specification Equation J2-4 with kss = 1.0 and the

effective throat dimensions defined in AWS D1.1 Annex A. The Z loss dimensions for the FCAW-
G process with welding in either the Horizontal (H) or Flat (F) position are Z = % in. when 30° <
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v <45°and Z = 0 in. when 45° <y < 60°. The statistical parameters for all specimens are listed
in Table 4.29. Also, the specimens were separated into groups with either acute (y < 90°) or obtuse
(v > 90°) dihedral angles, with the statistical parameters for each group listed in Table 4.29.

Table 4.29. Statistical parameters for single-sided fillet welds.
Specimen Type n pP Vp
v < 90° 8 1.45 0.286
v > 90° 8 2.74 0.0893
All Specimens 16 2.10 0.347
n = sample size

High-Strength Longitudinal Fillet Welds

High-strength longitudinally loaded fillet weld tests were reported by Collin and Johansson (2005),
Bjork et al. (2012) and Ran et al. (2021). A total of 33 data points were reported. All specimens
were fabricated using high strength base metals with measured weld metal tensile strengths, Guw,
between 79.5 and 181 ksi. The specimens with cuw = 181 ksi had overmatching electrodes, with a
measured base metal tensile strength, ., of 156 ksi. The specimens with Guw < 133 ksi had
undermatched electrodes.

The test-to-calculated ratios for all specimens are plotted against the electrode tensile strength in
Figure 4.7. The high variability of P./P. is partially caused by the intermixing of weld and base
metal, indicating that the base metal strength is an important variable for mismatched electrodes.
For the specimens in the strength range in prEN 1993-1-8 (CEN, 2021), 72.5 < Fexx < 136 ksi, the
correlation factors in Table 2.3 capture the downward trend of P./Pc with increasing Guw.
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Fig. 4.7. Test-to-calculated ratio vs. electrode tensile strength for high-strength longitudinal
fillet welds.
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For the 19 specimens with cuw < 133 ksi, pp = 1.33 and Vp = 0.192. These values are lower than
those for the normal-strength specimens that were welded with the GMAW process. Additionally,
intermixing of the weld metal with higher strength base metals likely caused pr to be higher than
for the matching condition.

High-Strength Transverse Fillet Welds

High-strength transversely loaded fillet weld tests were reported by Collin and Johansson (2005),
Bjork et al. (2012), Sun et al. (2019), Ran et al. (2021) and Ghimire and Wald (2023). A total of
68 data points were reported. All specimens were fabricated using high strength base metals with
measured weld metal tensile strengths, Guw, between 79.5 and 181 ksi. The specimens with Gexx =
181 ksi had overmatching electrodes, with a measured base metal tensile strength, cu, of 156 ksi.
The specimens with cexx < 133 ksi had undermatched electrodes.

The test-to-calculated ratios for all specimens are plotted against the electrode tensile strength in
Figure 4.8. The high variability of P./P. is partially caused by the intermixing of weld and base
metal, indicating that the base metal strength is an important variable for mismatched electrodes.
For the specimens in the strength range in prEN 1993-1-8 (CEN, 2021), 72.5 < Fexx < 136 ksi, the
correlation factors in Table 2.3 capture the downward trend of P./P. with increasing Gumw.
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Fig. 4.8. Test-to-calculated ratio vs. electrode tensile strength for high-strength transverse fillet
welds.

Unlike the high-strength longitudinal welds P./Pc is greater than 1.00 for all specimens, including
those with cuw = 181 ksi. For all 68 specimens, pr = 1.39 and Vp = 0.170. For the 53 specimens
with ouw < 133 ksi, pp = 1.39 and Vp = 0.169. These values are similar to those of the normal-
strength specimens that were welded with the GMAW process. However, intermixing of the weld
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metal with higher strength base metals likely caused pr to be higher than for the matching
condition.

As with normal-strength transverse welds, the strength of high-strength transverse welds is
dependent on the joint type. By separating the data by joint type, Table 4.30 clearly shows that lap
joints are 11% stronger than T-joints. Weighting T-joints at 75% and lap joints at 25%, pp = 1.33
and Vp=0.137.

Table 4.30. Statistical parameters for high-strength transverse fillet welds.

Joint Type n pP Ve
Lap 50 1.43 0.175
T-joint 18 1.29 0.124

n = sample size

Eccentrically Loaded Fillet Welds
Eccentrically loaded lap joint tests were reported in the following research projects. Specimens
with various weld group shapes were used, including rectangular box-shaped, C-shaped and
groups with two parallel welds. A total of 78 experimental tests were reported.
1. Schreiner (1935)
Koenigsberger (1951)
Butler et al. (1972)
Swannell and Skewes (1979), Swanell (1981)
Kulak and Timler (1984)
Sanaei and Kametkar (1988)
Soliman et al. (2021)

Nownkwd

Of the 24 specimens tested by Schreiner (1935), 17 were fabricated with lightly coated electrodes,
which led to brittle weld metal. Because ductility is required for the weld groups to reach their full
strength, these specimens ruptured at lower loads compared to the 7 tests with heavily coated
electrodes.

Several of the specimen welds were unrestrained against rotation about the longitudinal axis of the
weld. This condition can result in a reduced strength compared to the calculations when using a
directional strength increase factor, kas, greater than 1. Because both the ICR method and the
optimum plastic method use ks > 1.0, the unrestrained specimens ruptured at lower loads
compared to the tests with the welds that are restrained against rotation about the longitudinal axis.
This included seven of the nine specimens tested by Sanaei and Kametkar (1988), which were
double-lap specimens subjected to compression. The 24 single-lap specimens tested by
Koenigsberger (1951), Swannell and Skewes (1979) and Swanell (1981) were also unrestrained.

For the out-of-plane specimens, which had the eccentricity perpendicular to the plane of the weld
group, the strengths were calculated with three methods: 1) the ICR method, 2) the elastic method,
3) the optimum plastic method. For the in-plane specimens, which had the eccentricity in the plane
of the weld group, the strengths were calculated with two methods: 1) the ICR method, 2) the
elastic method. The statistical parameters for all specimens are listed in Table 4.31.
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Table 4.31. Statistical parameters for eccentrically loaded fillet welds.

. ICR Elastic Plastic
Specimen Group n or Ve or Ve or Ve
Out-of-plane specimens

Proper specimens’ 22 1.40 0.209 2.84 0.225 1.36 0.203

All specimens 47 1.27 0.219 2.59 0.232 1.23 0.214
In-plane specimens

Proper specimens’ 8 1.58 0.156 2.67 0177 — —

All specimens 31 1.19 0.262 2.00 0.288 - -
All specimens

Proper specimens' 30 1.45 0.202 2.80 0.216 - -

All specimens 78 1.24 0.238 2.35 0.279 — -

n = sample size

" This group includes all specimens with normal ductility and restraint against rotation about the
longitudinal axis of the weld
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CHAPTER S
RELIABILITY ANALYSIS

A reliability analysis was used to determine the required resistance factor, ¢, for use with the weld
strength provisions in the AISC Specification. The statistical parameters were based on the
measured material and geometric properties of the experimental specimens. The resistance factor
required to obtain a specific reliability level is (Galambos and Ravinda, 1978)

¢ = CRpRe_BaRVR (51)

where
Cr = load ratio correction factor
Vr = coefficient of variation
or = separation factor
B =reliability index
pr = bias coefficient

Galambos and Ravinda (1973) recommended a separation factor, oz, of 0.55. For L/D = 3.0, Li
et al. (2007) developed Equation 5.2 for calculating the load ratio correction factor.

Cr=1.40 — 0.156p + 0.0078p> (5.2)

The bias coefficient and the coefficient of variation are calculated using the statistical parameters
for the specific weld type using Equations 4.1 and 4.2, respectively. Equations 4.1, 4.2, 5.1 and
5.2 are accurate only for large sample sizes; however, many of the data sets consist of only a
limited number of tests. To consider the effect of small sample sizes, AISI (2016) uses a correction
factor applied to V), resulting in a coefficient of variation of

V= Ve +V2+C,V} (5.3)

The sample size correction factor for n > 4 is

(5.4)

where
m = degrees of freedom
=n-—1
n = number of tests
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Equation 5.4 was originally developed by Hall and Pekoz (1988) and revised by Tsai (1992).

For the 1986 AISC LRFD Specification with L/D = 1.0, reliability indices for concentrically and
eccentrically loaded fillet welds were 4.4 and 3.9, respectively (Galambos, 1992). The 2022 AISC
Specification is calibrated at L/D = 3.0, which will result in lower reliability indices. For the 1986
AISC LRFD Specification with L/D = 3.0, reliability indices for concentrically and eccentrically
loaded fillet welds were 4.0 and 3.7, respectively (Galambos, 1985). Based on the Commentary to
AISC Specification Section B3.1, the reliability indices for members and connections are 2.6 and
4.0, respectively. Therefore, a target reliability index, Br, of 4.0 is used in this report.

RESULTS

Using the data from Chapter 4, the results of the reliability analysis are presented for each weld
type in this section of the report. The bias coefficient, pr, and the coefficient of variation, Vz, are
calculated with Equations 4.1 and 5.3, respectively.

Longitudinal Fillet Welds

The calculations for longitudinal fillet welds were based on the statistical parameters in Table 5.1.
The values for pr and Vp are process weighted. With ¢ = 0.75, the resulting reliability index is
5.02, which is significantly greater than the target reliability index of 4.0. With a reliability index,
B, 0f 4.0, ¢ = 0.941.

Table 5.1. Statistical parameters for longitudinal fillet welds.
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vm = 0.0543
Test-to-Predicted Strength pp =141 Ve =0.161
pr=1.70 Vr = 0.222

Transverse Fillet Welds

The calculations for transverse fillet welds were based on the statistical parameters in Table 5.2.
The values for pr and Vp are weighted by both process and joint type. With ¢ = 0.75, the resulting
reliability index is 4.35, which is greater than the target reliability index of 4.0. With B =4.0, ¢ =
0.816. Analyzing the data with 3 = 4.0 by separating the joint types results in ¢ = 0.873 and 0.783
for lap joints and T-joints, respectively.

Table 5.2. Statistical parameters for transverse fillet welds.
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=112 Vi = 0.0543
Test-to-Predicted Strength pp=1.29 Ve =0.193
pr=1.56 Vr =0.247
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Fillet Welds with Skewed Load Angles

The calculations for fillet welds with skewed load angles were based on the statistical parameters
in Table 5.3. The values for pr and Vr are weighted by both process and joint type. With ¢ = 0.75,
the resulting reliability index is 5.07, which is significantly greater than the target reliability index
of 4.0. With a reliability index, 3, of 4.0, ¢ = 0.920.

Table 5.3. Statistical parameters for fillet welds with skewed load angles.
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vm = 0.0543
Test-to-Predicted Strength pp=1.21 Ve = 0.0549
| pr = 1.46 Vr = 0.163

Multi-Orientation Fillet Weld Groups

The weld strengths for multi-orientation fillet weld groups were calculated by combining the welds
using three methods: 1) sum with ks = 1.0, 2) AISC Specification Equation J2-6, 3) sum with kas
> 1.0.

The calculations for multi-orientation fillet weld groups using the sum with kss = 1.0 were based
on the statistical parameters in Table 5.4. The values for pr and Vp are process weighted. With ¢
= 0.75, the resulting reliability index is 5.92, which is significantly greater than the target reliability
index of 4.0. With a reliability index, 3, of 4.0, ¢ = 1.12.

Table 5.4. Statistical parameters for multi-orientation fillet weld groups
(Sum with kqs = 1.0)
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pmM=1.12 Vm = 0.0543
Test-to-Predicted Strength pp=1.63 Ve =0.140
| pr=1.97 | Vr = 0.208

The calculations for multi-orientation fillet weld groups using Equation J2-6 were based on the
statistical parameters in Table 5.5. The values for pr and Vp are process weighted. With ¢ = 0.75,
the resulting reliability index is 5.57, which is significantly greater than the target reliability index
of 4.0. With a reliability index, 3, of 4.0, ¢ = 1.03.

Table 5.5. Statistical parameters for multi-orientation fillet weld groups
(AISC Specification Equation J2-6)
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vi = 0.0543
Test-to-Predicted Strength pp=1.44 Ve =0.113
| pr=1.74 | Vr = 0.190

The calculations for multi-orientation fillet weld groups using the sum with kqs > 1.0 were based
on the statistical parameters in Table 5.6. The values for ppr and Vr are process weighted. With ¢
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= (.75, the resulting reliability index is 5.16, which is significantly greater than the target reliability
index of 4.0. With a reliability index, 3, of 4.0, ¢ = 0.953.

Table 5.6. Statistical parameters for multi-orientation fillet weld groups
(Sum with kds > 1.0)
Variable Bias Coefficient Coefficient of Variation
Geometric pc = 1.08 Ve =0.143
Material pm=1.12 Vi = 0.0543
Test-to-Predicted Strength ppr=1.34 Vp=0.118
| PR =1.62 | Vr=0.193

High Strength Multi-Orientation Fillet Weld Groups
The weld strengths for high strength multi-orientation fillet weld groups were calculated by

combining the welds using two methods: 1) sum with kas = 1.0, 2) AISC Specification Equation
J2-6.

The calculations for high strength multi-orientation fillet weld groups using the sum with &4s = 1.0
were based on the statistical parameters in Table 5.7. This data was based on only six specimens,
and Equation J2-6a is valid only for normal strength welds. With ¢ = 0.75, the resulting reliability
index is 2.65, which is significantly less than the target reliability index of 4.0. With a reliability
index, 3, 0of 4.0, ¢ = 0.480.

Table 5.7. Statistical parameters for high strength multi-orientation fillet weld groups
(Sum with kas = 1.0)
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.00 Vv = 0.05
Test-to-Predicted Strength pr=1.19 Ve = 0.265
| pr=1.28 | Vr = 0.400

The calculations for high strength multi-orientation fillet weld groups using Equation J2-6 were
based on the statistical parameters in Table 5.8. This data was based on only six specimens, and
Equation J2-6 is valid only for normal strength welds. With ¢ = 0.75, the resulting reliability index
is 2.62, which is significantly less than the target reliability index of 4.0. With a reliability index,
B, 0of 4.0, ¢ = 0.494.

Table 5.8. Statistical parameters for high strength multi-orientation fillet weld groups
(AISC Specification Equation J2-6)
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.00 Vv = 0.05
Test-to-Predicted Strength pp=1.10 Ve =0.227
| pr=1.19 Vg = 0.351
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Single-Sided Fillet Welds
Single-sided fillet welds were analyzed using the complete data set of 184 specimens. Also, each
specimen type in Table 4.27 was analyzed separately.

The calculations for the complete data set were based on the statistical parameters in Table 5.9.
With ¢ = 0.75, the resulting reliability index is 4.76, which is greater than the target reliability
index of 4.0. With a reliability index, 3, of 4.0, ¢ = 0.893.

Table 5.9. Statistical parameters for single-sided fillet welds.
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vv = 0.0543
Test-to-Predicted Strength pp=1.36 Ve =0.170
| pr=1.64 | Vk = 0.230

The calculations for round HSS specimens were based on the statistical parameters in Table 5.10.
This data was based on only six specimens. With ¢ = 0.75, the resulting reliability index is 5.89,
which is significantly greater than the target reliability index of 4.0. With a reliability index, f3, of
4.0,0=1.14.

Table 5.10. Statistical parameters for round HSS specimens
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vm = 0.0543
Test-to-Predicted Strength pp=1.73 Ve =0.121
| pr=2.09 | Vr = 0.228

The calculations for rectangular HSS specimens were based on the statistical parameters in Table
5.11. With ¢ = 0.75, the resulting reliability index is 4.18, which is slightly greater than the target
reliability index of 4.0. With a reliability index, 3, of 4.0, ¢ = 0.781.

Table 5.11. Statistical parameters for rectangular HSS specimens
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vi = 0.0543
Test-to-Predicted Strength pp=1.19 Ve =0.161
| PR = 1.44 | Vk =0.230

The calculations for single-lap double-weld specimens were based on the statistical parameters in
Table 5.12. With ¢ = 0.75, the resulting reliability index is 5.07, which is significantly greater than
the target reliability index of 4.0. With a reliability index, 3, of 4.0, ¢ = 0.948.
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Table 5.12. Statistical parameters for single-lap double-weld specimens

Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=112 Vim = 0.0543
Test-to-Predicted Strength pr=1.40 Ve =0.150
| pr = 1.69 | Vr=0.216

The calculations for cruciform T-joint specimens were based on the statistical parameters in Table
5.13. With ¢ = 0.75, the resulting reliability index is 4.58, which is greater than the target reliability
index of 4.0. With a reliability index, 3, of 4.0, ¢ = 0.855.

Table 5.13. Statistical parameters for cruciform T-joint specimens
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vm = 0.0543
Test-to-Predicted Strength pr=1.29 Ve =0.159
| pr = 1.56 Vr = 0.225

Longitudinal PJP Welds

The calculations for longitudinal PJP welds were based on the statistical parameters in Table 5.14.
This data was based on only 19 specimens (17 FCAW, 2 GMAW). With ¢ = 0.75, the resulting
reliability index is 3.95, which is slightly less than the target reliability index of 4.0. With a
reliability index, B, of 4.0, ¢ = 0.742.

Table 5.14. Statistical parameters for longitudinal PJP welds.
Variable Bias Coefficient Coefficient of Variation
Geometric pc = 1.06 Ve =0.103
Material pm=1.12 Vi = 0.0543
Test-to-Predicted Strength ppr=1.20 Ve =0.202
pr=1.42 Vr =0.249

Transverse PJP Welds

The calculations for transverse PJP welds were based on the statistical parameters in Table 5.15.
The values for pr and Vp are process weighted. With ¢ = 0.75, the resulting reliability index is
5.65, which is significantly greater than the target reliability index of 4.0. With § =4.0, ¢ = 1.09.

Table 5.15. Statistical parameters for transverse PJP welds.
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.06 Ve =0.103
Material pm=112 Vi = 0.0543
Test-to-Predicted Strength pp=1.72 Ve =0.202
pr=1.56 Vr =0.247
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Longitudinal Welds with Skewed Dihedral Angles

The calculations for longitudinal fillet welds with skewed dihedral angles were based on the
statistical parameters in Table 5.16. This data was based on only 15 specimens that were welded
with the FCAW-G process. With ¢ = 0.75, the resulting reliability index is 4.28, which is slightly

greater than the target reliability index of 4.0. With a reliability index, 3, of 4.0, ¢ = 0.820.

Table 5.16. Statistical parameters for longitudinal fillet welds with skewed dihedral angles.

Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Vs =0.143
Material pm=1.12 Vv = 0.0543
Test-to-Predicted Strength pp=1.73 Ve =0.310
| pr = 2.09 Vr =0.378

Transverse Welds with Skewed Dihedral Angles

The calculations for the complete data set of only 16 specimens were based on the statistical
parameters in Table 5.17. All 16 specimens were welded with the FCAW-G process. With ¢ =
0.75, the resulting reliability index is 4.62, which is greater than the target reliability index of 4.0.

With a reliability index, 3, of 4.0, ¢ = 0.920.

Table 5.17. Statistical parameters for transverse fillet welds with skewed dihedral angles.

Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vi = 0.0543
Test-to-Predicted Strength pp=2.10 Ve = 0.347
| PR = 2.54 | Ver=0413

For the eight specimens with y < 90°, the calculations were based on the statistical parameters in
Table 5.18. With ¢ = 0.75, the resulting reliability index is 3.64, which is less than the target
reliability index of 4.0. With a reliability index, f3, of 4.0, ¢ = 0.669.

Table 5.18. Statistical parameters for transverse fillet welds with skewed dihedral angles

(v <90°)
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pmM=1.12 Vi = 0.0543
Test-to-Predicted Strength pp=1.45 Vp = 0.286
| pr=1.75 | Vr = 0.390

For the eight specimens with y > 90°, the calculations were based on the statistical parameters in
Table 5.19. With ¢ = 0.75, the resulting reliability index is 9.69, which is significantly greater than

the target reliability index of 4.0. With a reliability index, 3, of 4.0, ¢ = 1.96.
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Table 5.19. Statistical parameters for transverse fillet welds with skewed dihedral angles
(y >90°)
Variable Bias Coefficient Coefficient of Variation
Geometric pc=1.08 Ve =0.143
Material pm=112 Vv = 0.0543
Test-to-Predicted Strength pp=2.74 Ve = 0.0893
pr = 3.31 Vr =0.190

High-Strength Longitudinal Fillet Welds

The calculations for high-strength longitudinal fillet welds were based on the statistical parameters
in Table 5.20. This data was based on the 19 specimens with cexx < 133 ksi. With ¢ = 0.75, the
resulting reliability index is 3.91, which is slightly less than the target reliability index of 4.0. With
a reliability index, f3, of 4.0, ¢ = 0.733.

Table 5.20. Statistical parameters for high-strength longitudinal fillet welds.
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.00 Vu =0.05
Test-to-Predicted Strength pp=1.33 Ve =0.192
pr=1.44 Vr = 0.258

High-Strength Transverse Fillet Welds

The calculations for high-strength transverse fillet welds were based on the statistical parameters
in Table 5.21. The values for pr and Vr are weighted by both process and joint type. With ¢ =0.75,
the resulting reliability index is 4.42, which is greater than the target reliability index of 4.0. With
B =4.0, ¢ =0.821. Analyzing the data with = 4.0 by separating the joint types results in ¢ =
0.828 and 0.802 for lap joints and T-joints, respectively.

Table 5.21. Statistical parameters for high-strength transverse fillet welds.
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.00 Vv = 0.05
Test-to-Predicted Strength pp=1.33 Ve =0.137
pr=1.44 Vr = 0.206

Fillet Weld Groups with Out-of-Plane Eccentricity

The calculations for fillet welds with out-of-plane eccentricity using the ICR method were based
on the statistical parameters in Table 5.22. This data was calculated using the 22 proper specimens.
With ¢ = 0.75, the resulting reliability index is 4.44, which is greater than the target reliability
index of 4.0. With a reliability index, 3, of 4.0, ¢ = 0.838. When all 47 specimens were included
in the analysis, the resulting reliability index with ¢ = 0.75 is 4.04.
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Table 5.22. Statistical parameters for fillet welds with out-of-plane eccentricity.
(ICR method)
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vm = 0.0543
Test-to-Predicted Strength pr=1.40 Ve =0.209
| pr = 1.69 | Vr = 0.272

The calculations for fillet welds with out-of-plane eccentricity using the elastic method were based
on the statistical parameters in Table 5.23. This data was calculated using the 22 proper specimens.
With ¢ = 0.75, the resulting reliability index is 7.21, which is significantly greater than the target
reliability index of 4.0. With a reliability index, 3, of 4.0, ¢ = 1.65. When all 47 specimens were
included in the analysis, the resulting reliability index with ¢ = 0.75 is 6.83.

Table 5.23. Statistical parameters for fillet welds with out-of-plane eccentricity.
(elastic method)
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vi = 0.0543
Test-to-Predicted Strength pp=2.84 Ve =0.225
| pr = 3.43 | Vr=0.272

The calculations for fillet welds with out-of-plane eccentricity using the plastic method were based
on the statistical parameters in Table 5.24. This data was calculated using the 22 proper specimens.
With ¢ = 0.75, the resulting reliability index is 4.37, which is greater than the target reliability
index of 4.0. With a reliability index, 3, of 4.0, ¢ = 0.824. When all 47 specimens were included
in the analysis, the resulting reliability index with ¢ = 0.75 is 3.95.

Table 5.24. Statistical parameters for fillet welds with out-of-plane eccentricity.
(plastic method)
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vm = 0.0543
Test-to-Predicted Strength pr=1.36 Ve =0.203
| pr=1.65 Vr = 0.266

Fillet Weld Groups with In-Plane Eccentricity

The calculations for fillet welds with in-plane eccentricity using the ICR method were based on
the statistical parameters in Table 5.25. This data was calculated using the eight proper specimens.
With ¢ = 0.75, the resulting reliability index is 5.20, which is significantly greater than the target
reliability index of 4.0. With a reliability index, 3, of 4.0, ¢ = 0.996. When all 31 specimens were
included in the analysis, the resulting reliability index with ¢ = 0.75 is 3.48.
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Table 5.25. Statistical parameters for fillet welds with in-plane eccentricity.
(ICR method)
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vm = 0.0543
Test-to-Predicted Strength pr=1.58 Ve =0.156
| pr = 1.91 | Vr=0.219

The calculations for fillet welds with in-plane eccentricity using the elastic method were based on
the statistical parameters in Table 5.26. This data was calculated using the eight proper specimens.
With ¢ = 0.75, the resulting reliability index is 7.23, which is significantly greater than the target
reliability index of 4.0. With a reliability index, B, of 4.0, = 1.61. When all 31 specimens were
included in the analysis, the resulting reliability index with ¢ = 0.75 is 5.11.

Table 5.26. Statistical parameters for fillet welds with in-plane eccentricity.
(elastic method)
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vi = 0.0543
Test-to-Predicted Strength pp=2.67 Ve =0.177
| pr=3.23 Vk = 0.234

All Eccentrically Loaded Fillet Weld Groups

The calculations for all eccentrically loaded fillet weld groups (both in-plane and out-of-plane
eccentricity) using the ICR method were based on the statistical parameters in Table 5.27. This
data was calculated using the 30 proper specimens. With ¢ = 0.75, the resulting reliability index is
4.68, which is greater than the target reliability index of 4.0. With a reliability index, 3, of 4.0, ¢
=0.887. When all 78 specimens were included in the analysis, the resulting reliability index with
¢ =0.751is 3.83.

Table 5.27. Statistical parameters for all eccentrically loaded fillet welds.
(ICR method)
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vum = 0.0543
Test-to-Predicted Strength pp=1.45 Ve =0.202
| pr=1.75 | Vr = 0.253

The calculations for all eccentrically loaded fillet weld groups (both in-plane and out-of-plane
eccentricity) using the elastic method were based on the statistical parameters in Table 5.28. This
data was calculated using the 30 proper specimens. With ¢ = 0.75, the resulting reliability index is
7.37, which is significantly greater than the target reliability index of 4.0. With a reliability index,
B, of 4.0, = 1.68. When all 78 specimens were included in the analysis, the resulting reliability
index with ¢ = 0.75 is 5.88.
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Table 5.28. Statistical parameters for all eccentrically loaded fillet welds.

(elastic method)

Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vi =0.0543
Test-to-Predicted Strength pr=2.80 Ve =0.216
pr=3.39 Vr = 0.265
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CHAPTER 6
ANALYSIS AND DISCUSSION

This chapter of the report provides an analysis of the results from Chapter 5. Potential revisions
that are intended to improve the reliability of the AISC Specification and Manual provisions will
be discussed.

LONGITUDINAL FILLET WELDS

The reliability index for longitudinal fillet welds is significantly greater than the target reliability
index, with ¢ = 0.941 providing an appropriate reliability level. The shear-to-tensile strength ratio
of 0.67 specified by Canadian Standard S16-14 (CSA, 2014) is more accurate than the 0.60 value
specified for fillet welds in AISC Specification Table J2.5. In lieu of the shear-to-tensile strength
ratio of 0.60, a statistically accurate value can be determined using the calculated-to-specified ¢
ratio for longitudinal welds: (0.60)(0.941/0.75) = 0.753. This value is too high because the effect
of penetration has not been considered. The reliability analysis was based on the weld size but
included the effect of penetration implicitly. From Chapter 5, the mean weld leg size ratio is 1.08
and the mean effective throat ratio is 1.23. Therefore, the adjusted shear-to-tensile strength ratio is
(0.753)(1.08/1.23) = 0.661. Replacing Fnw = 0.60FExx with Fyuw = 0.67FEgxx for longitudinal welds
results in an appropriate reliability level when ¢ = 0.843.

TRANSVERSE FILLET WELDS

The reliability index for transverse fillet welds is greater than the target reliability index, with ¢ =
0.816 providing an appropriate reliability level. At 6 = 90°, kss = 1.50 is appropriate only for lap
joints, which are 15% stronger than T-joints. A statistically accurate value for kas for 6 = 90° can
be determined using the ratio of the calculated values for ¢: kas = (1.5)(0.816/0.941) = 1.30.
Replacing Fuw = 0.60FExx with Fuw = 0.67FEexx and replacing kas = 1.5 with kas = 1.3 for transverse
welds results in an appropriate reliability level when ¢ = 0.843.

FILLET WELDS WITH SKEWED LOAD ANGLES
The reliability index for fillet welds with skewed load angles is significantly greater than the target
reliability index, with ¢ = 0.920 providing an appropriate reliability level. However, AISC
Specification Equation J2-5 is accurate only for lap joints, which are 22% stronger than T-joints.
Equation 6.1 provides an appropriate reliability level for both T-joints and lap joints when Fuw =
0.60FExx 1s replaced by Fuw = 0.67FEexx, with ¢ = 0.80.
kas = 1.0 + 0.30sin'-0 (6.1)

The experimental data, which is plotted in Figure 6.1, shows a linear trend with different slopes
for T- and lap joints. For the specimens with 6 = 15°, the strengths are similar for T- and lap joints.
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For the lap-joint specimens, the strength increases with O at a higher rate than for the T-joint
specimens. This trend is similar to the behavior of longitudinal and transverse fillet welds, which
showed a strength increase for lap joints relative to T-joints for the specimens with transverse
welds.
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05 —AISC Spec. Eq. J2-5
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Fig. 6.1. kas versus 6.

Equations 6.2 and 6.3 are the linear trend lines plotted for lap and T-joints, respectively. The range
of validity for both equations is 0° <6 < 90°.

0
k, =1+— 6.2
ds 180 ( )
0
ky=1+— 6.3
ds 270 ( )

For the 44 lap joint specimens, the reliability of Equation 6.2 is similar to that of AISC
Specification Equation J2-5, with ¢ = 0.976 required for Equation 6.2 and ¢ = 0.951 required for
Equation J2-5.

For the nine T-joint specimens, the reliability of Equation 6.3 is similar to that of Equation 6.1,
with ¢ = 0.922 required for Equation 6.3 and ¢ = 0.925 required for Equation 6.1. For these
specimens, AISC Specification Equation J2-5 requires ¢ = 0.845, which indicates a non-uniform
level of reliability compared to the lap joint specimens.

Although the accuracy increases when different equations are used for T- and lap joints, it is more

practical to use either Equation 6.1 or 6.3 for all joints. Because Equation 6.3 is simpler than
Equation 6.1, it is recommended that AISC Specification Equation J2-5 is replaced by Equation
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6.3. To conform with the recommended value of ks = 1.30 when 0 = 90°, Equation 6.3 can be
modified slightly to kas = 1.0 + 6/300. As with the longitudinal and transverse fillet welds, Fuw =
0.60FExx can be replaced by Fuw = 0.67Fgxx for fillet welds in AISC Specification Table J2.5. This

revision results in an appropriate reliability level when ¢ = 0.905.

MULTI-ORIENTATION FILLET WELD GROUPS

Normal Strength Weld Groups

When multi-orientation fillet weld groups are summed using kqs = 1.0 for all welds, the reliability
index is significantly greater than the target reliability index. In this case, ¢ = 1.12 provides an
appropriate reliability level.

Using Specification Equation J2-6 to combine the welds increases the accuracy, but results in a
conservative solution. In this case, ¢ = 1.03 provides an appropriate reliability level.

When the joint strengths are calculated by summing the individual weld strengths with ks > 1.0,
Vp is similar to that of Specification Equation J2-6. However, pp is reduced to a level that
eliminates much of the conservatism associated with the other two methods. In this case, $ =0.953
provides an appropriate reliability level. This is similar to the ¢ = 0.941 for longitudinal fillet weld
joints that forms the baseline value for all fillet welds.

It is recommended that Specification Equation J2-6 is deleted. The strength of welds can be
combined directly, without special reduction factors. As with the longitudinal and transverse fillet
welds, Fuw = 0.60FEgxx can be replaced by Faw = 0.67FEexx for fillet welds in AISC Specification

Table J2.5. This revision results in an appropriate reliability level when ¢ = 0.853.

High Strength Weld Groups

With only six specimens, which had a base metal strength of 156 ksi, the results for combining
high-strength welds are inconclusive. However, these preliminary results indicated that the
available methods that were discussed in this report are non-conservative, requiring ¢ =~ 0.50 to
obtain an appropriate reliability level.

SINGLE-SIDED FILLET WELDS

For the complete data set with all 184 single-sided fillet welds, the reliability index is greater than
the target reliability index only when the weld strengths were calculated with kss = 1.0. In this case,
¢ = 0.893 provides an appropriate reliability level. As with the longitudinal and transverse fillet
welds, Faw = 0.60FExx can be replaced by Fnw = 0.67FExx for fillet welds in AISC Specification
Table J2.5. This revision results in an appropriate reliability level when ¢ = 0.800.

With ks = 1.0, the reliability index for the round HSS specimens is significantly greater than the
target reliability index. In this case, ¢ = 1.14 provides an appropriate reliability level. With kas =
1.50, ¢ = 0.760 is required. Although this is greater than the ¢ = 0.75 that is specified in AISC
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Specification Table J2.5, the reliability analysis was based on only six specimens. Therefore, using
kas = 1.0 for round HSS may be appropriate until further experimental results are available.

With kas = 1.0, the reliability index for the rectangular HSS specimens is slightly greater than the
target reliability index. In this case, ¢ = 0.781 provides an appropriate reliability level.

As with the transverse double fillet weld specimens, the transverse single-sided specimen strengths
varied with the joint type, with the strength of lap joints exceeding that of T-joints by 11%.
Appropriate reliability levels with kss = 1.0 are provided by ¢ = 0.948 and ¢ = 0.855 for lap and T-
joints, respectively.

Tension Joints with a =0

Double-lap fillet weld joints with @ = 0 that are loaded in transverse tension behave in a similar
manner to single-sided welds. The strength is reduced when the restraining transverse force, a, that
was discussed by Miazga and Kennedy (1989) and Gallow (2019) is not present.

The analysis by Gallow (2019) resulted in a ratio of transverse compression strength to transverse
tension strength equal to 0.921. The analysis by Miazga and Kennedy (1986, 1989), Lesik and
Kennedy (1990) and Kennedy et al. (1990) resulted in a ratio of transverse compression strength
to transverse tension strength equal to 0.893.

A gapped T-joint specimen designed by Kist (1936) to eliminate the transverse force had only 64%
of the strength of a double-lap transverse tension specimen with similar welds. Hankins and Brown
(see Spraragen and Claussen, 1942) tested double-lap specimens with a cutout in the middle plate
to eliminate any contact between the outer plates and the inner plates. Compared to otherwise
identical specimens without the cutouts, the specimens with the cutouts had a 25% reduction in
strength. Tests by Eb (1952) on specimens that were similar to those of Kist (1936) showed a 39%
strength reduction compared to otherwise identical double-lap specimens.

Double-Lap Compression Joints

Double-lap fillet weld joints that are loaded in transverse compression behave in a similar manner
to single-sided welds. Transverse welds are stronger in tension than compression because the
restraining transverse force, a, that was discussed by Miazga and Kennedy (1989) and Gallow
(2019) is not present for compression loading.

Kist (1936) tested a double-lap joint in transverse compression, showing that the compression joint
had only 78% of the strength of a similar double-lap transverse tension specimen. The
experimental results of Swannell and Skewes (1979) resulted in a ratio of transverse compression
strength to transverse tension strength equal to 0.829. Experimental tests by Vandeperre and
Joukoff (see Spraragen and Claussen, 1942) and Sanaei and Kametkar (1988) showed similar
reductions. The experimental results of Chen and Chen (2022) resulted in a mean ratio of
transverse compression strength to longitudinal shear strength equal to 0.940.
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LONGITUDINAL PJP WELDS

The reliability index for longitudinal PJP welds is slightly less than the target reliability index,
with ¢ = 0.742 providing an appropriate reliability level. As with the longitudinal and transverse
fillet welds, Fuw = 0.60FExx can be replaced by Fuw = 0.67FExx for PJP welds subjected to shear in
AISC Specification Table J2.5. This revision results in an appropriate reliability level when ¢ =
0.665.

TRANSVERSE PJP WELDS

The reliability index for transverse PJP welds is significantly greater than the target reliability
index, with ¢ = 1.09 providing an appropriate reliability level. Fuw = 0.60FExx can be replaced by
Fuw = FExx for PJP welds subjected to tension in AISC Specification Table J2.5. This revision
results in an appropriate reliability level when ¢ = 0.654.

WELDS WITH SKEWED DIHEDRAL ANGLES

Longitudinal Welds with Skewed Dihedral Angles

The reliability index for longitudinal fillet welds with skewed dihedral angles is slightly greater
than the target reliability index, with ¢ = 0.820 providing an appropriate reliability level. Replacing
Fnw=0.60FExx with Fnw = 0.67FExx results in an appropriate reliability level when ¢ = 0.734.

The experimental-to-calculated strength ratios, Pe/Pc, for all specimens are plotted against the
dihedral angles in Figure 6.2. For uniform reliability, Pe/Pc should be approximately equal for all
specimens, with a value of approximately 1.35, which is pr for longitudinal welds fabricated with
the FCAW process from Table 4.21. However, the variability of P./P. in Figure 6.2 is indicative
of non-uniform reliability with respect to .
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Fig. 6.2. Test-to-calculated ratio vs. dihedral angle for longitudinal welds.

The stress ratios, T/cExx, are plotted against the dihedral angles in Figure 6.3, where 1 is the shear
stress at the maximum experimental load on the measured rupture surface of the weld and cexx is
the measured uniaxial tensile strength of the weld metal. Compared to the P./P. ratios in Figure
6.2, the 1/cExy ratios are uniform, with a mean value of 0.938 and a coefficient of variation of
0.0732. This indicates that the primary cause of the high variability of P./P. is the difference
between the calculated effective throat dimension and the actual rupture surface width.
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Fig. 6.3. Stress ratio vs. dihedral angle for longitudinal welds.

The high variability of Pe/P. for the specimens with y < 90° is likely caused by inaccuracy in the
specified values for the Z loss dimension. For the specimens with y = 30°, Po/P. =2.07 and 2.22.
Because these values are significantly greater than pp = 1.35, Z = "4 in. may be too conservative
for this condition. For the specimens with y = 45°, P./P. = 1.02 and 1.06. Because these values
are significantly less than pr = 1.35, Z may need to be greater than 0 for this condition. For the
specimens with v = 60° and 75°, P./P. is approximately equal to pp = 1.35. Therefore, Z =0 is
appropriate for these conditions.

For the specimens with y > 90°, the increase in Pe/Pc with y is primarily caused by shear rupture
areas that were larger than the calculated effective throats. Because the effective throats were
calculated using the measured weld leg sizes, both penetration and reinforcement could have
contributed to the overstrength of these welds.

Transverse Welds with Skewed Dihedral Angles

The reliability analysis for transverse fillet welds with skewed dihedral angles was based on weld
strengths that were calculated using Specification Equation J2-4 with k4s = 1.0. Using the data set
with all 16 specimens, the reliability index is greater than the target reliability index, with ¢ =
0.920 providing an appropriate reliability level. Replacing Fuw = 0.60Fgxx with Fnw = 0.67FExx
results in an appropriate reliability level when ¢ = 0.824.

For the eight specimens with y < 90°, the resulting reliability index is 3.64, which is less than the
target reliability index. In this case, ¢ = 0.669 provides an appropriate reliability level.
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For the eight specimens with y > 90°, the resulting reliability index is 9.69, which is significantly
greater than the target reliability index. In this case, ¢ = 1.96 provides an appropriate reliability
level.

The experimental-to-calculated strength ratios, Pe/Pc, for all specimens are plotted against the
dihedral angles in Figure 6.4. For uniform reliability, Pe/Pc should be approximately equal for all
specimens, with a value of approximately 1.34, which is pp for transverse welds fabricated with
the FCAW process from Table 4.22. However, the variability of P./P. in Figure 6.4 is indicative
of non-uniform reliability with respect to .
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Fig. 6.4. Test-to-calculated ratio vs. dihedral angle for transverse welds.

The stress ratios, 1,/cExx, are plotted against the dihedral angles in Figure 6.5, where 1/ is the stress
at the maximum experimental load on the measured rupture surface of the weld and cexx is the
measured uniaxial tensile strength of the weld metal. Compared to the Pe/Pc ratios in Figure 6.4,
the 1T/cEexx ratios are more uniform; however, the data shows an increase in the stress ratio with
the dihedral angle. Therefore, only a portion of the variability of P./P. in Figure 6.4 can be
attributed to the difference between the calculated effective throat dimension and the actual rupture
surface width.
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Fig. 6.5. Stress ratio vs. dihedral angle for transverse welds.

The data in Figure 6.5 indicates that ten of the specimens with y > 60° ruptured at stresses greater
than the measured uniaxial tensile stress of the weld metal. The PJP specimens tested by Gagnon
and Kennedy (1987, 1989) had similar results. Due to the transverse constraint of the weld metal
by the base metal, the weld strength can be significantly greater than the measured uniaxial tensile
stress of the weld metal. The well-known effect of multiaxial stresses on the rupture strength has
been extensively documented by Bridgman (1964), Schafer et al. (2000) and many others.

The linear trendline in Figure 6.5 shows an increase in the stress ratio with the dihedral angle. The
equation for this trendline is t/cexx = 0.65 + y/240. This is expected because, as the dihedral angle
changes from 0° to 180°, the stress state at the effective throat changes from shear to tension.
Similar to joints with skewed load angles, a directional strength increase factor can be developed
for joints with skewed dihedral angles. This factor should be compatible with the current design
provisions for the extreme cases (the impractical geometries y = 0° and y = 180°) and at y = 90°.
To meet this requirement, the following constraints were used to develop linear equations for the
directional strength increase factor at joints with skewed dihedral angles.

1. When y = 0° ky should equal 1.00. Although y = 0° is not a practical condition, this lower
bound value is the condition where the effective throat is in shear.

2. When y = 90° ky should equal kas for © = 90°. This is the condition where the weld is
loaded transversely.

3. When y = 180° ky should result in a nominal stress that is approximately equal to FExx.
This occurs when Ay is equal to the inverse of the shear-to-tensile strength. Although vy =
180° is not a practical condition, this upper bound value is the condition where the effective
throat is in tension.
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Equation 6.4 is a linear equation that meets the requirements for the AISC Specification equations,
where Fnw = 0.60FExx and kas = 1.50 when 0 = 90°.

P T P (6.4)

Equation 6.5 complies with the requirements for the proposed method, where Fnw = 0.67 Fexx and
kas =1.30 when 0 = 90°.

k :1+ig# (6.5)

The range of validity for both equations is 0° < y < 180°; however, the practical range for these
joints is 30° <y < 150°. Until a refined design method is available for acute-angle welds, including
a reevaluation of the Z loss factor, proper reliability for these welds can be obtained by using &y, =
0.669/0.75 = 0.892 for acute welds. In this case, both Equations 6.4 and 6.5 should be limited to
the range 80° <y < 150°.

The calculations for the complete data set of 16 specimens were based on the statistical parameters
in Table 6.1. The weld strengths were calculated using ks according to Equation 6.4 when 80° <
v < 150° and &y = 0.85 when 0° <y < 80°. With ¢ = 0.75, the resulting reliability index is greater
than the target reliability index. With a reliability index, 3, of 4.0, ¢ = 0.989.

Table 6.1. Statistical parameters for transverse fillet welds with skewed dihedral angles.
(ky = 0.85 for 0° <y < 80°. ky calculated according to Equation 6.4 for 80° < y < 150°)
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vi = 0.0543
Test-to-Predicted Strength pp=1.69 Vp=0.214
| pr = 2.04 | Vr =0.282

For the eight specimens with y < 90°, the calculations were based on the statistical parameters in
Table 6.2. With ¢ = 0.75, the resulting reliability index is greater than the target reliability index.
With a reliability index, 3, of 4.0, ¢ = 0.789.

Table 6.2. Statistical parameters for transverse fillet welds with skewed dihedral angles
(y <90°) (ky = 0.85)

Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vv =0.0543
Test-to-Predicted Strength pp=1.71 Ve = 0.286

| pr = 2.07 Vr =0.390
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For the eight specimens with y > 90°, the calculations were based on the statistical parameters in
Table 6.3. With ¢ = 0.75, the resulting reliability index is significantly greater than the target
reliability index. With a reliability index, 3, of 4.0, ¢ = 1.20.

Table 6.3. Statistical parameters for transverse fillet welds with skewed dihedral angles
(v > 90°) (ky calculated according to Equation 6.4)
Variable Bias Coefficient Coefficient of Variation
Geometric pc =1.08 Ve =0.143
Material pm=1.12 Vi = 0.0543
Test-to-Predicted Strength pp=1.67 Ve =0.0871
| pr =2.02 Vr=0.188

HIGH-STRENGTH FILLET WELDS

For the high strength fillet weld specimens, the relationship between the weld rupture strength and
the weld metal tensile strength is nonlinear. The correlation factors in Table 2.3, which were taken
from CEN (2021), properly capture the data trends in this report. It may be appropriate to include
a strength reduction factor to increase the reliability index for these joints. These reduction factors
can be based on ratios of the correlation factors in Table 2.3. Replacing Fuw = 0.60Fgxx with Fuw

= 0.67FExx results in adequate reliability only when a strength reduction factor of approximately
0.85 is used.

High-Strength Longitudinal Fillet Welds

The data for high-strength longitudinal fillet welds was based on the 19 specimens with cexx <
133 ksi. The resulting reliability index is slightly less than the target reliability index. ¢ = 0.733
provides an appropriate reliability level.

High-Strength Transverse Fillet Welds

For high-strength transverse fillet welds, the resulting reliability index is greater than the target
reliability index. ¢ = 0.822 provides an appropriate reliability level. Analyzing the data by
separating the joint types results in ¢ = 0.848 and 0.802 for lap joints and T-joints, respectively.

ECCENTRICALLY LOADED FILLET WELD JOINTS

Fillet Weld Groups with Out-of-Plane Eccentricity

For fillet welds with out-of-plane eccentricity using the ICR method, the resulting reliability index
is greater than the target reliability index. In this case, ¢ = 0.838 provides an appropriate reliability
level. The elastic method is overly conservative, with ¢ = 1.65 providing an appropriate reliability
level. When the plastic method is used, the resulting reliability index is greater than the target
reliability index. In this case, ¢ = 0.824 provides an appropriate reliability level.
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Fillet Weld Groups with In-Plane Eccentricity

For fillet welds with in-plane eccentricity using the ICR method, the resulting reliability index is
significantly greater than the target reliability index. In this case, ¢ = 0.996 provides an appropriate
reliability level. The elastic method is overly conservative, with ¢ = 1.61 providing an appropriate
reliability level.

All Eccentrically Loaded Fillet Weld Groups

For all eccentrically loaded fillet weld groups (both in-plane and out-of-plane eccentricity) using
the ICR method, the resulting reliability index is greater than the target reliability index. In this
case, ¢ = 0.877 provides an appropriate reliability level. The elastic method is overly conservative,
with ¢ = 1.68 providing an appropriate reliability level.
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CHAPTER 7
SUMMARY AND CONCLUSIONS

SUMMARY

This report used data from existing research to calculate appropriate resistance factors for various
welded joints using a first-order reliability analysis.

DESIGN RECOMMENDATIONS

This section provides suggested revisions that are intended to improve the reliability of the AISC
Specification and Manual provisions.

Longitudinal and Transverse Fillet Welds

The Specification provisions for both longitudinal and transverse fillet welds result in appropriate,
but nonuniform, reliability. More uniform reliability can be achieved by replacing Fuw = 0.60Fexx
with Fnw = 0.67FExx, replacing kas = 1.5 with kas = 1.3 and replacing ¢ = 0.75 with ¢ = 0.80.

Fillet Welds with Skewed Load Angles

The Specification provisions for fillet welds with skewed load angles result in appropriate, but
nonuniform, reliability. Equation 7.1 provides an appropriate reliability level when Frw = 0.60FExx
is replaced by Fnw = 0.67FExx, with ¢ = 0.80. The range of validity for Equation 7.1 is 0° < 0 <
90°.

=1+ — (7.1)

Multi-Orientation Fillet Weld Groups

The Specification provisions for multi-orientation fillet weld groups result in appropriate, but
overly conservative, reliability. It is recommended that Specification Equation J2-6 is deleted. The
strength of welds can be combined directly, without special reduction factors. Less conservative
results can be achieved, while maintaining appropriate reliability, by replacing Fuw = 0.60FExx
with Fnw = 0.67FExx, replacing ¢ = 0.75 with ¢ = 0.80 and combining the weld strengths directly.

Single-Sided Fillet Welds
The Specification provisions for single-sided fillet welds result in appropriate reliability when the
weld strengths are calculated with kss = 1.0. Less conservative results can be achieved, while
maintaining appropriate reliability, by replacing Fnw = 0.60FExx with Fuw = 0.67FExx and replacing
¢ = 0.75 with ¢ = 0.80. k4s = 1.0 is applicable to the following transverse fillet welds subjected to
tension:

¢ Round HSS
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e Rectangular HSS
e Single-lap double-weld joints
e Cruciform T-joints

Additionally, k4s = 1.0 is applicable to double-lap fillet weld joints that are loaded in transverse
compression.

Longitudinal and Transverse PJP Welds

The Specification provisions for both longitudinal and transverse PJP welds result in acceptable,
but nonuniform, reliability. The reliability of longitudinal welds is slightly less than the target
reliability, and the reliability of transverse welds is significantly greater than the target reliability.
More uniform reliability can be achieved by replacing Fuw = 0.60FExx with Fuw = 0.67FEexx for
longitudinal welds and replacing Fnw = 0.60FExx with Fnw = Fexx for transverse welds. In both
cases, the specified ¢ (0.75 or 0.80) should be replaced with ¢ = 0.65.

Welds with Skewed Dihedral Angles

It is recommended that a new section on welds with skewed dihedral angles be added to the
Manual. The Specification and AWS DI1.1 provisions result in acceptable, but nonuniform,
reliability because the reliability of acute welds is significantly less than that of obtuse welds. This
is caused primarily by inaccuracies in the throat calculations. Also, for transverse welds, the stress
state at the throat changes with . This effect, which causes the strength to increase with w, is not
considered in the current design provisions.

For transverse welds with skewed dihedral angles, a more uniform reliability is achieved with a
directional strength factor, k&,. When the current Specification provisions are used, the weld
strengths should be calculated using &, according to Equation 6.4 when 80° <y < 150° and Ay =
0.85 when 0° <y < 80°. Equation 6.5 complies with the requirements for the proposed method,
where Fuw = 0.67Fexx and kas = 1.30 when 6 = 90°.

High-Strength Fillet Welds

The Specification provisions for both longitudinal and transverse high-strength fillet welds result
in acceptable, but nonuniform, reliability. For high-strength longitudinal fillet welds, the reliability
index is slightly less than the target reliability index. For high-strength transverse fillet welds, the
resulting reliability index is greater than the target reliability index.

For the high strength fillet weld specimens, the relationship between the weld rupture strength and
the weld metal tensile strength is nonlinear. The correlation factors in Table 2.3, which were taken
from CEN (2021), properly capture the data trends in this report. It may be appropriate to include
a strength reduction factor to increase the reliability index for these joints. These reduction factors
can be based on ratios of the correlation factors in Table 2.3. Replacing Fnw = 0.60Fzxx with Fuw
= 0.67FEexx results in adequate reliability only when a strength reduction factor of approximately
0.85 is used.

Eccentrically Loaded Fillet Weld Joints

For eccentrically loaded fillet welds, the elastic method is conservative by more than 100%. The
ICR method and the plastic method result in similar strengths, with both design methods providing
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reliabilities that are greater than the target reliability. Although the plastic method is simpler and
slightly more accurate than the ICR method, it is currently used only for welds with out-of-plane
eccentricity.

FUTURE RESEARCH

The following research needs were identified:
1. More accurate Z loss factors are needed for both PJP welds and acute fillet welds.
2. A design method is needed for calculating the plastic strength of fillet weld groups with in-
plane eccentricities.
3. For transversely loaded double fillet weld joints with skewed dihedral angles, there is a
ductility differential between the acute and obtuse welds. A design method based on
deformation compatibility is needed for combining the weld strengths.

The following joint types were not evaluated in this report. Although the test data are limited for
many of these joints, a reliability analysis using the existing data may be beneficial.
Fillet welds at elevated temperatures

Fillet welds at low temperatures

Long longitudinal fillet welds

Fillet welds with root openings

Single-sided PJP welds

PJP welds with skewed load angles (0° < 0 < 90°)

Flare-bevel groove welds

PJP welds with reinforcing fillet welds

Weld size requirement to develop the connected element

WX bW =

Although the effect of potential weld defects was not explicitly included in the reliability analysis
of this report, it is believed that an analysis that includes the inspection statistics could result in
inspection factors. These factors could potentially increase the efficiency of welds with
nondestructive testing, helping to offset the testing cost. This analysis would include the
determination of the maximum acceptable defect size and evaluating the probability of detection
(POD) for that size of defect. However, there are several obstacles to this type of analysis,
including the impact of defect directionality on the strength and inaccuracies in the defect rate
estimations.
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SYMBOLS

Awe = effective area of the weld, in.?
Awel = effective area of longitudinally loaded fillet welds, in.?
Awer = effective area of transversely loaded fillet welds, in.?

C  =reinforcement, in. (mm)

Cp = sample size correction factor

Cr =load ratio correction factor

Cmax = maximum allowable convexity, in.

E  =specified effective throat, in. (mm)

E = effective throat, in. (mm)

E. =expected throat dimension, in. (mm)

En = measured throat dimension, in.

E, =actual weld throat defined as the penetration depth plus the effective throat, in.
Fc =nominal tension rupture stress considering constraint, ksi

Fe  =rupture stress that considers the effect of base metal dilution, ksi

Fexx = filler metal classification strength, ksi
Funw =nominal stress of the weld metal, ksi

F. = specified minimum tensile strength of the base metal, ksi
Fyi = allowable stress of the weld metal, ksi

Fy = specified minimum yield strength, ksi

1 = welding current, amperes

J  =heat input, kJ/in. (kJ/mm)

Ka = empirical coefficient for transversely loaded double-lap fillet weld joints
L =weld length, in.

M., = coefficient that accounts for differences in the weld deformation capacity.
P. = experimental rupture load, kips

P»  =nominal strength calculated with the AISC Specification equations, kips

P. = strength calculated with the measured weld size and the measured weld metal tensile
strength, kips

Ri = strength at deformation A;, kips

Rmax = maximum allowable reinforcement, in.

Rn  =root opening, in.

S =PJP weld preparation groove depth, in.

S =arc travel speed, in./min. (mm/min.)

T. = plastic rupture torsion, kip-in.

U = allowable decrease in the weld size, in.

V' =arc voltage, volts

Ve = coefficient of variation for the geometric properties, addressing the difference between the

nominal throat area based on the specified weld size and the actual throat area

Vi = longitudinal load, kips

Vum = coefficient of variation for the material properties, addressing the difference between
specified and actual weld metal tensile strengths

Vuz = coefficient of variation for the material properties, addressing the difference between the
nominal and actual shear-to-tensile strength ratios

Vp = coefficient of variation for the test-to-predicted strength ratios
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Vr = transverse load, kips

Vu = weld strength at 6 = 0°, kips
Vr = coefficient of variation

W = width of the weld face, in.

Z = Zloss dimension, in.
Zs = mean measured Z loss dimension, in.
a  =the portion of P that defines the transverse force on the weld cross section

= diameter, in.

fr = experimental rupture stress calculated with the measured rupture surface area, ksi
k = constraint factor

kas = directional strength increase factor

[ = actual length of end-loaded weld, in.

m = degrees of freedom

n = sample size (number of experimental tests)

n = strain-hardening exponent

p = penetration ratio

p = penetration depth, in. (mm)

pa = mean penetration depth, in. (mm)

r = radius, in.

r = strength reduction factor at the tolerance limit

reie = distance from the instantaneous center of rotation to the weld element with the minimum
Au/7i ratio, in.

ri = distance from the instantaneous center of rotation to element i, in.

w = specified fillet weld leg size, in. (mm)

w = fillet weld leg size, in. (mm)

w1 =size of fillet weld Leg 1, in.

w2 =size of fillet weld Leg 2, in.

we = expected fillet weld leg size, in.

wm = measured fillet weld leg size, in.
ww = equivalent weld size corresponding to W for a perfectly triangular weld, in.

Am = deformation of weld element at maximum stress, in.

Auw = deformation of weld element at ultimate stress (rupture), in.

Ai = deformation of weld element at intermediate stress levels, in.

o = angle between the loading direction and the rupture plane, degrees
oqd = angle between the weld longitudinal axis and the weld displacement direction
or = separation factor

B =reliability index

B =length reduction factor

Br = target reliability index

Bw = correlation factor

Bwn = modified correlation factor

oi  =Ailw

Su  =Auw

e« = uniaxial engineering tensile rupture strain

ym2 = partial safety factor
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0 = angle between the line of action of the required force and the weld longitudinal axis,

degrees
01 = angle between the line of action of the required force and the weld longitudinal axis for
the weld segment under consideration, degrees
02 = angle between the line of action of the required force and the weld longitudinal axis for
the weld segment in the group that is nearest to 90°
0, = groove angle measured from the load direction, degrees

pc = bias coefficient for the geometric properties, addressing the difference between the nominal
throat area based on the specified weld size and the actual throat area. pg is the mean value
of En/E.

pm = bias coefficient for the material properties, addressing the difference between the specified
and actual weld metal tensile strengths. pai is the mean value of Guw/FExx.

pm2 = bias coefficient for the material properties, addressing the difference between the nominal
and actual shear-to-tensile strength ratios. paz2 is the mean value of 1./(0.6Guw).

prp = bias coefficient for the test-to-predicted strength ratios. Mean value of the professional

factor calculated with the measured geometric and material properties
pr = bias coefficient

or =normal stress perpendicular to the plane of the throat, ksi.

ow = true tensile rupture stress, ksi

ouww = uniaxial engineering tensile rupture stress of the weld metal, ksi

T2 = shear stress in the plane of the throat, parallel to the weld axis, ksi.

tr = shear stress in the plane of the throat, perpendicular to the weld axis, ksi
T« = shear rupture stress, ksi

vy = dihedral angle, degrees
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