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ABSTRACT

When AISC Manual Tables 8-4 through 8-11 are used to calculate the strength of eccentrically loaded weld groups with Fgxx # 70 ksi, the
values are multiplied by an electrode strength coefficient, C4. The Cy values are dependent on the filler metal classification strength; how-
ever, they are not proportional to the filler metal classification strength ratio when Fgxx > 80 ksi. To consider the potential effect of reduced
ductility, the Cy values include reduction factors of 0.85 and 0.90 for higher-strength welds.

To investigate the accuracy of the electrode strength coefficients, the ductility of high-strength welds was evaluated using the data from 93
experimental tests from three existing research projects with Fexx > 70 ksi. The data was used to plot the weld metal tensile strength ver-
sus the normalized rupture deformation of both longitudinal and transverse fillet welds. The analysis showed that, when Fgxx < 120 ksi, the
C4 values can be based solely on the filler metal classification strength ratio, Fexx/70 ksi, without the reduction factors of 0.85 and 0.90 for

higher-strength welds.
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INTRODUCTION

AISC Steel Construction Manual (2023) Tables 8-4
through 8-11 are used to calculate the strength of eccentri-
cally loaded weld groups. The tables were developed using
the instantaneous center of rotation (ICR) method with a
filler metal classification strength, Fgxy, of 70 ksi. For other
filler metal strengths, Table 8-3 provides electrode strength
coefficients, Cy, that are used with Tables 8-4 through 8-11.
The C; values are dependent on the filler metal classifica-
tion strength; however, they are not proportional to the filler
metal classification strength ratio when Fgxy = 80 ksi. This
results in a significant strength reduction for higher-strength
welds, which is not required in either the AISC Specifica-
tion (2022) or AWS DI.1 (2020a). Based on experimental
tests, the accuracy of the electrode strength coefficients
will be determined and revised values will be proposed.

AISC MANUAL

Part 8 of the AISC Manual discusses three methods to ana-
lyze eccentrically loaded weld groups: The ICR method,
the elastic method and the plastic method. Both the elastic
and plastic methods were developed theoretically. The ICR
method was developed using a semi-empirical approach,
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with an empirical load-deformation curve for short seg-
ments within the weld group.

Because the ICR method is iterative, considerable design
effort is required to calculate the strength of a weld group
using this method. AISC Manual Tables 8-4 through 8-11
provide a simpler, noniterative design method by listing the
appropriate coefficients for several different weld group
geometries. The tables were developed using the equations
in AWS DI1.1 Subclause 4.6.4.3. These equations are also
shown on AISC Manual pages 8-13 and 8-14. AWS DI.1 is
based solely on ASD. The AISC Manual provides the nom-
inal strength equations, which can be used with ASD and
LRFD. The weld group strength is the sum of the strengths
of each element within the group. The nominal stress in
Element i is calculated with AISC Manual Equation 8-3.

Foi = 0.60 Fixx (1.0+0.50sin"%0,)[ p: (1.9-09p)] ™
(Manual Eq. 8-3)

where 0.60Fgxy is the nominal stress for concentrically
loaded fillet welds from AISC Specification Table J2.5.
The first term in parentheses is the directional strength
increase factor, which is identical to AISC Specification
Equation J2-5 if 6; is replaced with 0. The second bracketed
term is a strain compatibility factor, which is dependent on
the deformation ratio, p;. The ratio of Element i deformation
to its deformation at maximum stress is
_Ai
Pi A

mi

(Manual Eq. 8-4)
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The deformation of Element i at maximum stress is
Ay = 0.209w(6; +2)
(Manual Eq. 8-6)
The deformation of Element i at an intermediate stress

level is

(Manual Eq. 8-5)

where A,., is the deformation of the weld element with the
minimum A,,/r; ratio at ultimate (rupture) stress. The defor-
mation of Element 7 at ultimate (rupture) stress is

Ay =1.087w(0; +6) % <0.17w
(Manual Eq. 8-7)

where

Fexx = filler metal classification strength, ksi

r.. = distance from the instantaneous center of rotation
to the element with the minimum A,;/r; ratio, in.

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

w  =weld leg size, in.

0;  =angle between the longitudinal axis of weld ele-

ment i and the direction of the resultant force act-
ing on the element, degrees

BACKGROUND

This section of the paper will document background infor-
mation related to the electrode strength coefficients. The

1.6' e=900

Strength Ratio

0.0 +

ICR method will be briefly reviewed, followed by the
implementation history of the electrode strength coeffi-
cients in the AISC Manual.

Instantaneous Center of Rotation Method

Butler et al. (1972) developed the ICR method based on the
empirical load-deformation curves from Butler and Kulak
(1971), who tested concentrically loaded fillet welds at
angles of 0°, 30° 60°, and 90° from the loading direction.
The tests by Butler and Kulak as well as the tests on eccen-
trically loaded weld groups by Butler et al. used 60 ksi elec-
trodes and 4 in. fillet welds.

The ICR equations in both AWS DI.1 Subclause 4.6.4.3
and the AISC Manual were primarily developed by Lesik
and Kennedy (1990). Lesik and Kennedy used linear regres-
sion to formulate the load-deformation curves with the data
from Miazga and Kennedy (1989), who tested concentri-
cally loaded 70 ksi fillet welds with varying load angles,
0, from 0 to 90° in 15° increments. These equations were
used to plot the strength ratio, F,,/(0.6Fgxx), versus nor-
malized deformation, A/w, curves for 6 = 0°, 30°, 60°, and
90° in Figure 1. An increase in 0 results in a nonlinear
strength increase based on the directional strength increase
factor and a decrease in ductility based on AISC Manual
Equation 8-7.

Lesik and Kennedy (1990) originally developed the
strain compatibility factor as a polynomial function; how-
ever, their equation was replaced by the simpler empiri-
cal approximation in AISC Manual Equation 8-3. Also, an
upper limit of 0.17w was added to their original equation for
Ay, resulting in AISC Manual Equation 8-7.

0.00 0.05

0.10 0.15 0.20
Alw

Fig. 1. Fillet weld strength ratio versus normalized deformation as a function of load angle, 0.
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Table 1. Electrode Strength Coefficient, C,
Fexx 60 70 80 920 100 110
Cq 0.857 1.00 1.03 1.16 1.21 1.34
Fexx
—70 ksi 0.857 1.00 1.14 1.29 1.43 1.57
_ G
Fexx 1.00 1.00 0.90 0.90 0.85 0.85
70 ksi

Electrode Strength Coefficient

The values in AISC Manual Tables 8-4 through 8-11 were
calculated using Fgxx = 70 ksi. The strength of weld groups
with other weld metal strengths can be calculated by adjust-
ing the tabulated values by the electrode strength coeffi-
cient, C; in Manual Table 8-1.

The 6th Edition AISC Manual (1967) was the first to
provide information on eccentrically loaded weld groups.
The elastic method was used to develop design tables with
Fgxx = 60 ksi. The weld group strengths for other filler
metal classification strengths were calculated with the filler
metal classification strength ratio, Frxy/60 ksi. The 7th Edi-
tion Manual (AISC, 1973) used elastic design with Fgxyx =
70 ksi; therefore, the weld group strength for other filler
metal classification strengths was calculated with the filler
metal classification strength ratio, Fgyx/70 ksi.

The 8th Edition Manual (AISC, 1980) was the first to
publish design tables that were based on the ICR method.
The development of these tables, which were also published
in the 9th Edition Manual (AISC, 1989), was discussed by
Tide (1980). The table coefficients were calculated with
Frgxx =70 ksi, and C; was used to calculate the weld group
strength for other filler metal classification strengths, where
Cl = FEXX/70 ksi.

For the Ist Edition LRFD Manual (AISC, 1986) and the
13th Edition combined ASD/LRFD Manual (AISC, 1992),
as well as all later editions, the tables were based on the
ICR method with Fgxx = 70 ksi. However, the value of C,
included a reduction factor equal to either 0.90 (for 80 and
90 ksi welds) or 0.85 (for 100 and 110 ksi welds). These val-
ues are shown in Table 1.

The background of these reduction factors is ambigu-
ous, and communication with members of past AISC Man-
ual Committees (Thornton, 2020; Tide, 2020) revealed
no further information. According to Butler et al. (1972),
who originally developed the ICR method based on Fgyy =
60 ksi, “Because E60 and E70 electrodes have specified
ultimate elongations nearly the same, it is felt that these
results could be applied to connections made using E70
electrodes by proper consideration of the increase in elec-
trode strength. The method could be used for fillet welds

made from electrodes other than E60 and E70 by ascertain-
ing the load-deformation response for these welds.”

An accurate solution relies on sufficient ductility of the
critical segment for load redistribution without rupture.
The reduction factors were likely implemented in the AISC
Manual because higher-strength welds are less ductile than
E60 and E70 welds. However, in 1986 when these reduc-
tion factors were first published, experimental strength ver-
sus deformation data was unavailable for welds with Fgyy
greater than 70 ksi.

DUCTILITY OF HIGH-STRENGTH WELDS

To investigate the accuracy of the electrode strength coef-
ficients, the ductility of high-strength welds will be evalu-
ated. After the modified coefficients were first published in
1986, a significant amount of experimental strength-versus-
deformation data has become available for welds with Fgyy
greater than 70 ksi.

Because transverse fillet welds have significantly less
deformation capacity than longitudinal fillet welds, the duc-
tility of transverse high-strength welds are the primary con-
cern. In weld groups with both longitudinal and transverse
welds, the longitudinal weld strength will be limited by
the ductility of the transverse weld. According to the AWS
D1.1 equation for rupture deformation (which is identical to
AISC Manual Equation 8-7), the normalized rupture defor-
mations for longitudinal and transverse welds are A,;/w =
0.17 and A,;/w = 0.056, respectively.

Figure 2 shows a plot of the weld metal tensile strength
versus the normalized rupture deformation, A,/w, of fil-
let welds. The data are from the 93 experimental tests on
high-strength longitudinally and transversely loaded fillet
welds by Collin and Johansson (2005), Bjork et al. (2012),
and Sun et al. (2019). The red X data points represent trans-
verse welds, and the blue hollow circles represent longitudi-
nal welds. The red and blue vertical dashed lines represent
the AWS normalized rupture deformations for longitudinal
and transverse welds, respectively. It can be observed that,
for tensile strengths less than 120 ksi, the AWS DI.1 equa-
tion for rupture deformation (which is identical to AISC
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Manual Equation 8-7) generally provides conservative esti-
mates of the normalized rupture deformation.

The average normalized deformations from this data are
listed in Table 2. The data for 60 ksi welds from Butler and
Kulak (1971) are also listed. A comparison of the rupture
deformations shows that, for longitudinal welds, the rupture
deformation of high-strength welds is 68% of that of 60 ksi
welds; however, the rupture deformation of transverse
welds is independent of strength. Because the shape of the
load-deformation curves for high-strength welds is similar
to that of 60 ksi welds, high-strength longitudinal welds in
weld groups will reach a higher proportion of their rupture
load compared to 60 ksi welds. The average transverse-to-
longitudinal normalized deformation ratio for lap joints is
0.103/0.284 = 0.363, which is similar to the value calculated
with AISC Manual Equation 8-7: 0.056/0.17 = 0.33.

Load-Deformation Curves

An evaluation of the load-deformation curves can provide
further information on the behavior of high-strength fillet
welds. The equations developed by Neis (1985) explicitly
compensate for the effect of reduced weld metal ductility on
the behavior. Neis used plasticity theory to derive the ulti-
mate strength and maximum displacement of fillet welds.
Although several simplifying assumptions were required,
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limited comparisons with experimental results showed “an
acceptable fit.” The ultimate (rupture) force and normal-
ized deformation are calculated with Equations 1 and 2,
respectively.

1+15sin’
Ru:GtuWL &zad (1)
6(1+7sin” 0ly)
3
du=¢ty [ 5 @)
2(1+7sin“ 0y)

The load-deformation curve can be plotted with Equa-
tions 3 through 5.
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As a conservative estimate, the authors noted that the true
tensile rupture stress can be calculated with Equation 6.
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—— Longitudinal Rupture (AWS)

x Transverse Tests

—— Transverse Rupture (AWS)
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Fig. 2. Weld metal tensile strength versus normalized rupture deformation.
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Table 2. Average Normalized Deformation

Fexx = 60 ksi (Butler
and Kulak, 1971)

High Strength
(Fexx = 80 to 180 ksi)

Average Number of Average
Joint Type Ay/w Specimens Ayw
Longitudinal 0.420 26 0.284
Transverse (total) - 67 0.0966
Transverse lap joints 0.104 36 0.103
Transverse T-joints — 31 0.0889

Table 3. Minimum Elongation for All-Weld-Metal Tension Tests (%)
Welding Process
Fexx ksi SMAW GMAW FCAW SAW
60 17 to 22 — 22 22
70 17 to 25 19to 24 20to 22 22
80 17 to 24 17 to0 24 19 20
90 17 to 24 16to 18 16to 17 17
100 16 to 20 16 151018 16
110 1510 20 15 15 15
120 11to 18 14t0 15 14 14

Equation 7 provides an approximate value of the angle
between the weld longitudinal axis and the weld displace-
ment direction.

tan©

(7

tanol, =

where
R; = strength at deformation A;, kips

L = weld length, in.
o, = angle between the weld longitudinal axis and the
weld displacement direction

A; =deformation at an intermediate strength level, in.
A, = ultimate (rupture) deformation, in.

& =A/w

S, =AW

€, = uniaxial engineering tensile rupture strain

O, = true tensile rupture stress, ksi

O, = uniaxial engineering tensile rupture stress, ksi

The elongation requirements for carbon and low-alloy
steels for shielded metal arc welding (SMAW), gas metal arc
welding (GMAW), flux cored arc welding (FCAW) and sub-
merged arc welding (SAW) welding processes from AWS
AS5.1 (2012), AS.5 (2014), A5.17 (2019), A5.18 (2017),

A5.20 (2015), A5.23 (2011), A5.28 (2020b) and A5.29
(1998) are summarized in Table 3. Generally, weld metals
exceed these requirements. For example, the average elon-
gation measurements in Dowswell et al. (2021) Table 3.7
are 40 to 50% higher than the required minimum values in
Table 3. These measurements are from all-weld-metal ten-
sile tests with Fryy =70, 80 and 100 ksi.

The values in Table 4 are appropriate lower bounds
for analyses with the Neis (1985) equations. The strength
ratios, G;,/G,, in Table 4 are between 1.11 and 1.17. These
values are similar to the constraint factor by Miazga and
Kennedy (1989), which is 1.14 when 6 = 90°.

The Butler and Kulak (1971) curves were scaled up from
60 ksi to 70 ksi and plotted in Figures 3 and 4 for longitu-
dinal and transverse welds, respectively. These normalized
load versus normalized deformation curves are for 70 ksi
electrodes. The figures also include the AWS D1.1 and Neis
(1985) equations. The figures show that the Neis curves
provide a close approximation of the shape of the empiri-
cal curves of Butler and Kulak, while also resulting in rup-
ture loads that are similar to the AWS DI.1 equations. Also,
the Neis equations explicitly compensate for the effect of
reduced weld metal ductility on the behavior. Therefore, the
Neis curves can be used as a baseline to project the behavior
of higher-strength weld metals.
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Fig. 3. Normalized load versus normalized deformation for 70 ksi longitudinal fillet welds.

Normalized Load, R/(wL), (ksi)
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Table 4. Variables for Neis (1985) Equations
Fexx ksi €y Oty ksi Gtu/cu
70 0.22 81.6 117
80 0.19 91.4 114
90 0.17 101 1.12
100 0.16 112 1.12
110 0.15 122 1.11
120 0.14 133 1.1
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Fig. 4. Normalized load versus normalized deformation for 70 ksi transverse fillet welds.
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For both the AWS DI.1 and Neis (1985) equations, the
normalized load versus normalized deformation curves are
plotted in Figures 5 and 6 for 70 ksi and 120 ksi electrodes,
respectively. Generally, the AWS DI.1 curves are higher
than the curves for transverse welds and lower than the Neis
curves for longitudinal welds. Because the AWS D1.1 equa-
tions predict a similar, but more conservative, proportion of
the longitudinal strength at the transverse rupture load, it
can be concluded that the AWS DI.1 curves are conserva-
tive for both 70 ksi and 120 ksi electrodes.

Normalized Load, R/(wL), (ksi)

SUMMARY AND CONCLUSIONS

When AISC Manual Tables 8-4 through 8-11 are used to
calculate the strength of eccentrically loaded weld groups
with Fgxx # 70 ksi, the values are multiplied by an electrode
strength coefficient, C;. The C; values are dependent on
the filler metal classification strength; however, they are not
proportional to the weld metal tensile strength ratio when

FEXX > 80 ksi.

— Longitudinal (Neis)

—-- Longitudinal (AWS)

— = Longitudinal Rupture (AWS)
—— Transverse (Neis)

—-= Transverse (AWS)

— = Transverse Rupture (AWS)

——
|
|
|
|

0.00 0.0

0.10 0.15 0.20 0.25

Alw

Fig. 5. Normalized load versus normalized deformation for 70 ksi fillet welds.
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Fig. 6. Normalized load versus normalized deformation for 120 ksi fillet welds.
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Table 5. Current and Proposed Values for the Electrode Strength Coefficient
Fexx 60 70 80 90 100 110
Current 0.857 1.00 1.03 1.16 1.21 1.34
Proposed 0.857 1.00 114 1.29 1.43 1.57
Current
= 1.00 1.00 0.90 0.90 0.85 0.85
Proposed

An accurate solution relies on sufficient ductility of the
critical segment for load redistribution without rupture.
In 1986, when these modified electrode strength coeffi-
cients were first published, experimental strength-versus-
deformation data were unavailable for welds with Fgyy >
70 ksi. To consider the potential effect of reduced ductility,
the Cy values included reduction factors of 0.85 and 0.90 for
higher-strength welds.

To investigate the accuracy of the electrode strength
coefficients, the ductility of high-strength welds was evalu-
ated. A significant amount of experimental strength-versus-
deformation data is now available for welds with Fgyy >
70 ksi. The data from the 93 experimental tests from three
existing research projects were analyzed. The data were
used to plot the weld metal tensile strength versus the nor-
malized rupture deformation of both longitudinal and trans-
verse fillet welds. The analysis showed that when Fgyy <
120 ksi, the C; values can be based solely on the filler metal
classification strength ratio, Frxx/70 ksi, without the reduc-
tion factors of 0.85 and 0.90 for higher-strength welds. Both
the current and proposed values for the electrode strength
coefficient are listed in Table 5.
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