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ABSTRACT

In the 2010 AISC Specification, the shear lag factor for longitudinally welded tension members was applicable only to plate-type members
having equal length welds on each side with a minimum length equal to the distance between the welds (AISC, 2010). Fortney and Thornton
(2012) used experimental data from three previous research programs consisting of 175 various tension members to develop a generalized
shear lag model that addresses the aforementioned limitations. The members comprising this dataset consisted of 158 flat plates with equal
weld lengths, 4 single angles with unequal but balanced weld lengths, and 13 other members having equal weld lengths. The shear lag fac-
tor presented in the 2016 AISC Specification Table D3.1, Case 4 (AISC, 2016b) is a product of Fortney and Thornton’s work and applies to
longitudinally welded plates, angles, channels, tees, and W-shapes having equal or unequal lengths and no length-to-width limitation. This
paper presents an experimental study on the shear lag effects in longitudinally welded tension members under both in-plane and out-of-plane
eccentricity through the testing of eight 3xJ2 plate sections and twelve 3x3x/ single-angle sections having both equal and unequal longitu-
dinal weld lengths. Experimental shear lag factors were determined for each of the 20 tested specimens and compared to three theoretical
values: (1) the shear lag factor in the 2010 AISC Specification (AISC, 2010), (2) the shear lag factor based on a bi-planar model (Fortney and
Thornton, 2012), and (3) the shear lag factor from Case 4 in the 2016 AISC Specification. The findings of this experimental study confirm that
shear lag factor given by Case 4 in the 2016 AISC Specification provides the best prediction of shear lag factors in welded connections subject
to both in-plane and out-of-plane eccentricity.
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INTRODUCTION al., 2009). Gross section yielding is considered a limit state
because it could lead to excessive elongation of the member
while net section fracture and block shear fracture are con-
sidered limit states because the member would no longer be
able to carry load. Net section fracture of a welded connec-
tion depends on the cross-sectional element being used as
the tension member and on the connection details.

The design provisions for longitudinally welded tension
members are located in Chapter D of the 2016 Specifica-
tion for Structural Steel Buildings (AISC, 2016b), hereafter
referred to as the AISC Specification. The design tensile
strength, P, and the allowable tensile strength, P, /Q, of a
tension member is the lower value obtained when consider-
ing the limit states of tensile yielding in the gross section
and tensile rupture in the net section. The nominal tensile
strength of a tension member is as follows:

For tensile yielding in the gross section, the nominal ten-
sile strength is:

ension members are an efficient way to transfer stress

from one point to another in a structure and are com-
monly found in bridge and roof trusses, wind bracing sys-
tems in buildings, cables in bridges, and rods in suspended
roof systems. In order to successfully transfer stress from
one member to another, tension members must be ade-
quately connected using bolts or welds. Should the bolts or
welds have sufficient strength, there are three limit states
that may control the strength of a tension member: yielding
of the gross section, fracture of the net section at the connec-
tion, and block shear fracture at the connection (Salmon et
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where
A, = gross area of the member, in.?
A, = net area of the member, in.”
U = shear lag reduction coefficient

AISC Specification Table D3.1 provides shear lag factors
for various cases. Because this experimental study focused
on the effect that eccentricity has on shear lag factors, Case 4
as listed in the table is of prime interest, as shown in Figure 1.

BACKGROUND

The Shear Lag Effect

The shear lag effect is the nonuniform stress distribution
that occurs in a tension member adjacent to a connection.
The total shear lag effect is a combination of both in-plane
effects and out-of-plane effects. The in-plane shear lag
effect is a function of the connection length and width of

the connected element, while the out-of-plane effect occurs
when not all of the elements of a cross section are directly
connected, such as when an angle is used as a tension mem-
ber and only one leg of the angle is connected, as shown in
Figure 2. Eccentrically loaded members will experience a
nonuniform stress distribution across the width of the mem-
ber. Shear stresses acting in the plane of the member trans-
mit stress from the location of the applied load to locations
distant from the load (Salmon et al., 2009). The shear trans-
fer “lags” behind at locations farther away from the applied
load (Salmon et al., 2009). As a result of the shear lag effect,
the design strength of the member must be reduced (Easter-
ling and Giroux-Gonzalez, 1993). The shear lag factor, U,
is a reduction coefficient that is multiplied by the net area
to determine the effective net area for the limit state of net
section fracture.

Shear lag provisions for welded members were first intro-
duced in the Load and Resistance Factor Design Specifi-
cation for Structural Steel Buildings (AISC, 1986) and

Case Description of Element Shear Lag Factor, U Example
4] | Plates, angles, channels with welds at 1
heels, tees, and W-shapes with connected ‘
elements, where the tension load is 3/2 X T | Pateor T
transmitted by longitudinal welds only. S| | —— w| ——¢ connecled s
37 +w / aament
)

[a] ]:M
2

, where /; and /, shall not be less than 4 times the weld size.

Fig. 1. AISC shear lag factor provision for Case 4 (AISC, 2016b).

Fig. 2. Stress distribution in an angle section in tension (Mannem, 2002).
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Specification for Structural Steel Buildings—Allowable
Stress Design and Plastic Design (AISC, 1989). These
provisions addressed only plate-type members having no
eccentricity.

Shear Lag Provisions

As previously mentioned, shear lag provisions for tension
members connected by longitudinal welds first appeared
in the AISC Load and Resistance Factor Design Specifi-
cation for Structural Steel Buildings (AISC, 1986). Deter-
mination of the shear lag factor for a variety of cases was
tabulated in 2005 AISC Specification Table D3.1 (AISC,
2005), with Case 2 addressing out-of-plane eccentricity and
Case 4 addressing the shear lag factor for flat plates where
the tension load is transmitted by longitudinal welds only.
The shear lag provisions for Case 2 and Case 4 in the sub-
sequent 2010 AISC Specification (AISC, 2010), as shown in
Figure 3, were virtually identical to the 2005 Specification.

A task group was assigned by the AISC Committee on
Specifications to evaluate Table D3.1 of the AISC Specifica-
tion (Fortney and Thornton, 2012). Fortney and Thornton
described four limitations in Case 4:

1. Only plates are considered.
2. Both edges of the plate must be welded.
3. The welds must be of equal length.

4. The length of the welds, or the average thereof, must be
equal to or greater than the distance between them.

During their review of Case 4, Fortney and Thornton (2012)
evaluated a generalized procedure for calculating the shear
lag factor in connections using longitudinal welds that
included not only plate-type tension members, but also those
consisting of angles, channels, and WT sections.

Fortney and Thornton (2012) reviewed past experimental

research in order to investigate shear lag effects. Three
experimental research programs, consisting of 175 longi-
tudinally welded tension members, were evaluated in their
study. The dataset used consisted of 158 flat plates with
equal weld lengths; 4 single angles with unequal but bal-
anced weld lengths; and 13 other members, including double
angles, tees, and channels having equal weld lengths. One
of the major findings was that a larger strength reduction
existed in experimental data compared to the calculated
value using the 2010 AISC Specification. They concluded
that this might be a result of the in-plane shear lag effect due
to the connection length not being considered in members
with eccentricity. As a result, two recommendations were
proposed that take into account both in-plane and out-of-
plane effects to accurately predict the shear lag factor. The
first recommendation, the bi-planar model, uses the product
of the out-of-plane effect and the in-plane effect of Table D3.1
for the calculation of the shear lag factor (Figure 4).

In Fortney and Thornton’s second recommendation, the
out-of-plane effect is accounted for by using Case 2 of AISC
Specification Table D3.1 (AISC, 2010), while the in-plane
effect is accounted for by a fixed-fixed beam model. The
moment-axial interaction equation of AISC Specification
Section H1.1 (AISC, 2010) was used along with the assump-
tion of a fixed-fixed beam with a uniformly distributed load
along its length and plastic hinges forming at locations of
maximum positive and negative moments. Using the con-
servative approximation of F,/F, = 1.5, the in-plane shear
lag effect for the connected element in the second recom-
mendation is shown in Equation 4. Figure 5 details this rec-
ommendation for Case 4 proposed by Fortney and Thornton
(2012), which was incorporated in equivalent form into the
2016 Specification.

)

Ucg =

Case Description of Element

Shear Lag Factor, U Example

2 All tension members, except plates and
HSS, where the tension load is transmitted
to some but not all of the cross sectional
elements by fasteners or longitudinal

ﬁ XL
1

welds or by longitudinal welds in ]
combination with transverse welds. ‘T'%'
4 Plates where the tension load is U W rincsnss U=1.0 —y
transmitted by longitudinal welds only. 2w>1>1.5w....... =087
LW |2 W U=0.75 y ™

Fig. 3. 2010 AISC shear lag factor provision for welded tension members (AISC, 2010).
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where
Ucg = shear lag factor of the connected element

[ =length of the weld, in.
w = width of the plate/element, in.

The fixed-fixed beam model developed by Fortney and
Thornton (2012) is now used in 2016 AISC Specifica-
tion Table D3.1, Case 4. The current Case 4 shear lag fac-
tor removes previous limitations by accommodating weld
lengths shorter than the width of the member, conditions
using unequal weld lengths, and members besides flat plates.

EXPERIMENTAL PROGRAM

Research was conducted at the University of Cincinnati to
study the influence of both in-plane and out-of-plane eccen-
tricity on shear lag. The project consisted of the experimen-
tal testing of 20 longitudinally welded tension specimens
consisting of eight 3x5 plates and twelve 3x3x!% angles.
The specimens were ordered as ASTM A36 material and
were designed assuming a yielding strength of 50 ksi and an
ultimate strength of 70 ksi. The main parameters that were
varied included the length of the connection and the weld
configuration. Material testing was also performed to deter-
mine the actual yield and ultimate stresses of the material.
Shear lag factors resulting from these tests were evaluated

for their conformance to theoretical values given by 2016
AISC Specification Table D3.1, Case 4. The experimental
shear lag factors resulting from these 20 tests were also
compared to the AISC bi-planar model from Fortney and
Thornton (2012), as well as the theoretical shear lag values
from Case 4 in the 2010 AISC Specification (AISC, 2010).

Description of the Tensile Specimens

Eight 3x'% plate specimens and twelve 3x3x'% angle speci-
mens were tested using a Tinius Olsen testing machine with
a capacity of 400 kips. The configuration details of the plate
specimens (Group A) and the angle specimens (Group C)
are shown in Figures 6 and 7 as well as Tables 1 and 2,
respectively. The clear length of all specimens was 36 in.
The joint at gusset plate #1 was designed to fail, while the
joint at gusset plate 2 was intended to be stronger than the
connected members. Specimen C-11 was originally detailed
with a transverse weld at gusset #1 (Lg = 3 in.) but the speci-
men was fabricated without the transverse weld. As a result,
Specimen C-11 was identical to Specimen C-6.

The universal testing machine used a displacement-
controlled loading at a rate of 0.125 in./min. until the yield
plateau was observed. After a couple tenths of an in. of
displacement in the yield plateau, the rate of loading was
increased to 0.25 in./min. Each specimen was tested until
failure. The experimental setup is shown in Figure 8. Each

Case Description of Element

Shear Lag Factor, U Example

401 | Plates, angles, channels, tees, and
W-shapes with connected elements where
the tension load is trans-mitted by

X h
U:UCE(1—7J —"

langitodinal welds only:. T2 DWiscrveovmmtsidon: Uce=1.0 w| - E:’é:‘l::cr‘e" s
V> L% 1.5 oover U =087 re—
15w lSa .. Uce=0.75 A
W2 Lovossmsvsonnoons Uce =0.75(l/w)
L+,
[l /= o where /; and /> shall not be less than 4 times the weld size.
Fig. 4. Fortney and Thornton’s (2012) bi-planar model—first recommendation.
Case Description of Element Shear Lag Factor, U Example
4 | Plates, angles, channels, tees, and

W-shapes with connected elements where
the tension load is trans-mitted by
longitudinal welds only.

7 i
U=UCE(1—%) =

¥ Plate or T
w| —— ¢ connected —
— element
UCE i 2

R

l,+1

/= %, where /; and /> shall not be less than 4 times the weld size.

Fig. 5. Fortney and Thornton’s (2012) fixed-fixed beam model—second recommendation.
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Table 1. Group A Plate Specimen Details

Specimen w1 LA LB Lc Wo LD LE LF

PL3x%2 (in.) (in.) (in.) (in.) (in) (in.) (in.) (in.)

A-1 Y 8 0 8 Y6 10 0 10

A-2a %6 6 0 6 %6 8 0 8

A-2b %6 6 0 6 %6 8 0 8

A-3 % 4 0 4 Y6 6 0 6

A-4 %6 2 0 2 % 4 0 4

A-5 Y 4 0 8 %6 10 0 10

A-6 % 3 0 6 Y6 8 0 8

A-7 %6 2 0 4 %6 6 0 6
specimen was installed into the universal testing machine between the clamps and the specimen to ensure the clamps
with the end expected to fail (i.e., gusset 1) at the bottom. would stay snug despite the specimen becoming thinner
Both gusset plates were gripped at their ends using mechani- due to Poisson effects. Load and displacement data was col-
cal grips, and shims were used in order to align the centroid lected by a National Instruments data acquisition system and
of the member with the applied load. Two linear variable exported to Excel. Displacement data was also collected by
differential transformers (LVDTs) were attached to a plate the LVDTs in order to determine the elongation of the bot-
and clamped to the specimen above and below the bottom tom welded connection. The average displacement of the top
welded connection. Also, an aluminum angle was clamped two LVDTs was subtracted from the average displacement
to the specimen below the top gusset plate. Monofilament of the bottom two LVDTs in order to determine the connec-
was used to suspend the rods of the LVDTs from hooks tion elongation. The maximum load for each specimen was

attached to the aluminum angle. Rubber pads were used found and used for the shear lag analysis.
E70 E70
w¥ L, w¥ Lp
Gusset #1 Gusset #2
e 0] e - : i, " i Rl 511
—_— e e - e el — L — — o — s — o - — e e | m— — — — — — — Py P — — - S
NG ( \ I I / L
\ <E70 <E70 E70 > E70 > /
H']V LB H’]V LC “.:V LF \l'_?VLE
Fig. 6. Group A plate specimen.
E70 E70
w¥ Ly w2’ Lp
Gusset #1 / 1 [ \ Gusset #2
\ e X ¢ N Lomats /
E70 E70 E70 E70
\l‘]V LB\ M']V Lc\ r “’_*VLF 4 \I';VLE

Fig. 7. Group C angle specimen.
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Table 2. Group C Angle Specimen Details

Specimen wy La Lg Le wo Lp Le Lr

L3x3xY¥2 (in.) (in.) (in.) (in.) (in) (in.) (in.) (in.)
C-1 % 8 0 8 %6 10 0 10
C-2 76 6 0 6 Y% 10 0 10
C-3 %6 4 0 4 % 10 0 10
C-4 %6 2 0 2 %6 6 0 6
C-5 76 4 0 8 %6 10 0 10
C-6 %6 3 0 6 Y6 8 3 8
C-7a %6 1.5 0 3 Y% 5 3 5
C-7b 76 1.5 0 3 %6 5 3 5
C-8 %6 3 0 1.5 Y6 5 3 5
C-9 %6 6 0 3 %6 8 3 8
C-10 %6 8 0 4 %6 10 0 10
C-11 %6 3 0 6 %6 8 3 8

Material Testing EXPERIMENTAL RESULTS

Two steel coupons were machined and tested for both the
plate and angle material provided by the fabricator. The
plate and angle material coupons are designated with the
letters A and C, respectively. The actual measured yield and
ultimate stresses for both the plate and angle material are
shown in Table 3. Note that the measured ultimate strength
reached values well above 70 ksi.

The 20 longitudinally welded tension specimens experi-
enced one of three different failure modes—a gross section
failure (GSF), a net section failure (NSF), or a weld fail-
ure (WF), as shown in Table 4. Pictures of a typical fail-
ure for each mode are shown in Figures 9, 10, and 11. The
specimens were originally detailed such that the welds
would be stronger than the members. Despite the fact that

Fig. 8. Experimental setup of tension specimen.
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Table 3. Results of Material Testing

Yield Ultimate Yield Ultimate
Coupon Load Stress Load Stress Coupon Load Stress Load Stress
(kips) (ksi) (kips) (ksi) (kips) (ksi) (kips) (ksi)
A-1 10.38 53.47 15.03 77.43 C-1 10.14 51.80 14.58 74.52
A-2 10.35 53.35 15.02 77.44 C-2 10.08 51.92 14.49 74.67
Avg. 10.37 53.41 15.03 77.44 Avg. 10.11 51.86 14.54 74.60

Fig. 11. Typical weld failures.
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Table 4. Experimental Results
Experimental
Shear Lag
Specimen Failure Mode Ay Fy F, Max Load Factor, U,
(in.2) (ksi) (ksi) (kips)

A-1 GSF 1.50 53.4 77.4 111 0.96
A-2a GSF 1.50 53.4 77.4 107 0.92
A-2b GSF 1.50 53.4 77.4 107 0.92

A-3 GSF 1.50 53.4 77.4 107 0.92

A-4 WF 1.50 53.4 77.4 72.4 > 0.62

A-5 GSF 1.50 53.4 77.4 111 0.96

A-6 NSF 1.50 53.4 77.4 111 0.95

A-7 WF 1.50 53.4 774 102 >0.87

C-1 NSF 2.76 51.9 74.6 196 0.95

C-2 WF 2.76 51.9 74.6 181 >0.88

C-3 WF 2.76 51.9 74.6 115 > 0.56

C-4 WF 2.76 51.9 74.6 73.6 > 0.36

C-5 NSF 2.76 51.9 74.6 187 0.91

C-6 WF 2.76 51.9 74.6 156 >0.76
C-7a WF 2.76 51.9 74.6 86.5 >0.42
C-7b WF 2.76 51.9 74.6 90.3 >0.44

C-8 WF 2.76 51.9 74.6 83.6 > 0.41

C-9 WF 2.76 51.9 74.6 127 > 0.62
C-10 WF 2.76 51.9 74.6 179 >0.87
C-11 WF 2.76 51.9 74.6 157 >0.76

expected material strengths, R F, = (1.5)(36) = 54 ksi and
R,F, = (1.2)(58) = 70 ksi, consistent with the AISC Seismic
Provisions (2016a), were used for the members in the design
calculations, two of the plate specimens and all but two of
the angle specimens exhibited failures in the welds instead of
in the member because of, at least in part, unexpectedly high
strengths of the member materials. This is a consequence of
the constraints dictated by the specimens’ configurations,
which were chosen purposely to have relatively short welds,
for which the maximum weld size was limited to 76 in. and
for which selecting an electrode stronger than E70 would
have led to the strength of the adjacent base metal to gov-
ern, even when expected material strengths were consid-
ered. Thus, the weld strength and base metal strength were
in many instances very close to each other, such that even a
moderate overstrength of the base metal would force a limit
state in the weld. As shown in Table 3, the measured F, is on
average 77 ksi for the plates and 75 ksi for the angles.

The maximum load for each specimen was recorded, and
the experimental shear lag factors, U,, were calculated as

186 / ENGINEERING JOURNAL / THIRD QUARTER / 2020

the ratio of the maximum load to the rupture strength (gross
area X ultimate tensile stress, F,). The ultimate tensile stress
was taken as the value determined from the material coupon
testing. The experimental shear lag factor for each specimen
is shown in Table 4. For the specimens that did not experi-
ence net section fracture, the experimental shear lag factor
can be taken to be at least equal to those shown in Table 4.

Plate Specimens

All of the experimental shear lag factors for the plate speci-
mens, except Specimens A-4 and A-7, were greater than
0.90. This agrees with what previous researchers have
found (Easterling and Giroux-Gonzalez, 1993). Specimens
A-4 and A-7 both experienced weld failures; therefore, the
experimental shear lag factor would have been greater than
the recorded value if the welded connection had sufficient
strength. To validate the consistency of the experiment, two
identical specimens were tested. The results from Speci-
mens A-2a and A-2b show the testing was very consistent



because both specimens failed by gross section fracture with
virtually no difference in the maximum load. To investigate
the degree to which the connection length affects the experi-
mental shear lag factor, the results from Specimens A-1 and
A-3 can be compared. Specimen A-1 had two 8-in. welds
with U, = 0.96, while Specimen A-3 had two 4-in. welds
with U, =0.92. From these results, the connection length for
plates with a balanced weld configuration appears to have a
minimal effect on the experimental shear lag factor, which
was previously noted in a thesis by Dhungana (2014). A
comparison of Specimens A-1 and A-5 reveals the effect of
the weld configuration. Specimen A-1 had a balanced weld
configuration with two 8-in. longitudinal welds, and Speci-
men A-5 had an unbalanced weld configuration with L, =
4 in. and L¢ = 8 in. Both of these specimens experienced
gross section fracture and had an experimental shear lag fac-
tor of 0.96. An unbalanced weld configuration leading to
in-plane eccentricity appears to have had no effect on the
efficiency of longitudinally welded plates. Further review of
all plate-type tension members that failed by either gross or
net section failure (A-1, A-2a, A-2b, A-3, A-5, and A-6) also
supports the premise that in-plane eccentricity appeared to
have little effect on the experimental shear lag factor, U,.
The four plate specimens with balanced weld configurations
(A-1, A-2a, A-2b, and A-3) had shear lag factors that ranged
between 0.92 and 0.96, while the two plate specimens with
unbalanced weld configurations (A-5 and A-6) had shear lag
factors of 0.96 and 0.95, respectively.

Angle Specimens

The experimental shear lag factors, U,, for two angle speci-
mens (C-1 and C-5) that failed by net section fracture were
0.95 and 0.91, respectively. For the angles experiencing weld
failures, the experimental shear lag factors ranged from
0.36 to 0.88. Larger values for these experimental shear
lag factors would have been achieved if the welded connec-
tion had sufficient strength to reach the net section capac-
ity of these members. To confirm consistency in testing of
the angles, two identical specimens were tested. The results
from Specimens C-7a and C-7b show the testing was again
very consistent from specimen to specimen. Both members
failed through the weld with a slight difference in the maxi-
mum load. Specimens C-1 (unbalanced weld configuration)
and C-5 (balanced weld configuration) did experience net
section failure while the remaining angle specimens expe-
rienced weld failure. Although only two specimens experi-
enced net section failure, the experimental shear lag factor,
U,, of both Specimens C-1 and C-5 exceeded the theoretical
shear lag factor, U,, of the 2016 Specification.

The angles that experienced net section fracture (C-1 and
C-5) were compared with plate specimens (A-1 and A-5)
that had similar weld configurations at each end. The plates
experienced gross section fracture and failed as designed at

the bottom, with Specimen A-1 having a balanced connec-
tion and Specimen A-5 having an unbalanced connection.
Both angles, however, failed at the top connection under a
combination of in-plane and out-of-plane eccentricity. The
experimental shear lag factor, U,, was 0.95 for angle Speci-
men C-1 and 0.91 for angle Specimen C-5 as compared to
0.96 for the plates.

DISCUSSION

Theoretical Shear Lag Factors

Theoretical shear lag factors, U,, were calculated using the
2010 AISC Specification (AISC, 2010), the bi-planar model
from Fortney and Thornton (2012), and the 2016 AISC Spec-
ification (AISC, 2016b). The theoretical shear lag factors for
the AISC bi-planar model and those using the 2010 AISC
Specification were calculated based on the requirements
developed by Fortney and Thornton and the 2010 AISC
Specification, respectively. The theoretical shear lag factors
based on the 2016 AISC Specification were calculated using
Table D3.1, Case 4, for the angle and plate specimens. These
values are shown in Table 5 along with the ratio of experi-
mental to theoretical shear lag factors, U,/U,.

Using the 2010 AISC Specification, the values of U,/U;
for the plate specimens ranged from 0.92 to 1.23, with two
values greater than or equal to 1.00. For the angle speci-
mens, U,/U; ranged from 0.67 to 1.08, with eight values
being lower than 1.00. All of the U,/U; values less than 1.00
for the angle specimens experienced weld failure.

Using the bi-planar model (Fortney and Thornton, 2012),
the values of U,/U; for the plate specimens ranged from 0.92
to 1.24 with three of the eight members having values equal
to or greater than 1.00. These values were the same as those
for the aforementioned 2010 AISC Specification values with
the exception of the value of U,/U; for Specimen A-4, which
was not calculated because the 2010 AISC Specification did
not allow I/w to be less than 1.0. For the 12 angle specimens,
U,/U, ranged from 0.90 to 1.33, with only two values less
than 1.00. These two values were from specimens that expe-
rienced weld failure.

Using the 2016 AISC Specification, the values of U,/U;
for the plate specimens ranged from 0.99 to 1.16, with seven
of the eight members having values equal to or greater than
1.0. The one plate member (A-6) failing at the net section
had a theoretical shear lag virtually equal to the experimen-
tal value. For the angle specimens, the values ranged from
0.87 to 1.19, with only two values being less than 1.00. The
two values that were less than 1.00 were for members (C-3
and C-9) that failed through the weld, indicating that the
experimental shear lag value for these members would have
been higher had they been able to reach net section capacity
before the welds failed.
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Table 5. Experimental and Theoretical Shear Lag Factors
Specimen Experimental Shear Lag 1 Theoretical Shear Lag Ue
Factor, U, w Coefficient, U; U;

2010 | Bi-Planar| 2016 2010 |Bi-Planar| 2016

A-1 0.96 2.67 1.00 1.00 0.96 0.96 0.96 1.00
A-2a 0.92 2.00 1.00 1.00 0.92 0.92 0.92 1.00
A-2b 0.92 2.00 1.00 1.00 0.92 0.92 0.92 1.00
A-3 0.92 1.33 0.75 0.75 0.84 1.23 1.23 1.10
A-4 > 0.62 0.67 * 0.50 0.57 * >1.24 >1.09
A-5 0.96 2.00 1.00 1.00 0.92 0.96 0.96 1.04
AG Top connection 0.95 2.67 1.00 1.00 0.96 0.95 0.95 0.99
Bottom connection >0.95 1.50 0.87 0.87 0.87 >1.09 >1.09 >1.09

A-7 >0.87 1.00 0.75 0.75 0.75 >1.16 >1.16 >1.16
oA Top connection 0.95 3.33 0.91 0.91 0.88 1.04 1.04 1.08
Bottom connection >0.95 2.67 0.88 0.88 0.84 >1.08 >1.08 >1.13

C-2 >0.88 2.00 0.85 0.85 0.78 >1.04 >1.04 >1.13
C-3 > 0.56 1.33 0.77 0.58 0.65 >0.73 >0.97 >0.87
C-4 > 0.36 0.67 0.54 0.27 0.31 >0.67 >1.33 >1.18
Top connection 0.91 3.33 0.91 0.91 0.88 1.00 1.00 1.03

-5 Bottom connection >0.91 2.00 0.85 0.85 0.78 >1.08 >1.07 >1.17
C-6 >0.76 1.50 0.79 0.69 0.69 >0.96 >1.10 >1.10
C-7a >0.42 0.75 0.59 0.33 0.37 >0.72 >1.27 >1.14
C-7b >0.44 0.75 0.59 0.33 0.37 >0.75 >1.33 >1.19
C-8 > 0.41 0.75 0.59 0.33 0.37 >0.70 >1.24 >1.11
C-9 > 0.62 1.50 0.79 0.69 0.69 >0.78 >0.90 >0.90
C-10 >0.87 2.00 0.85 0.85 0.78 >1.03 >1.02 >1.12
C-11 >0.76 1.50 0.79 0.69 0.69 >0.96 >1.10 >1.10

* 2010 AISC Specification did not allow I/w < 1.

A comparative analysis of the U,/U; ratios based on the
three methods was performed. In order for the theoretical
shear lag factor to be conservative, the ratio U, /U, needs to
be greater than or equal to 1.00. Figure 12 shows a com-
parison of the U, /U, ratio for the 20 specimens tested using
the three aforementioned methods of determining theoreti-
cal shear lag factors. The 2016 AISC Specification based
on the fixed-fixed beam model performed best, with 85%
of the members tested (17 of the 20) having a U, /U, ratio
exceeding 1.00. In addition to the high percentage of tests
having a U,/U, ratio exceeding 1.00, the 2016 AISC Speci-
fication for shear lag also shows much less variability than
either of the other two methods used in this comparison.
The bi-planar model had 65% of the members tested (13 of
the 20) with a U, /U, ratio exceeding 1.00, while the 2010
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AISC Specification was the least conservative because only
32% of the members tested (6 of the 19) had a U, /U, ratio
exceeding 1.00. In addition, the comparison showed that
U, /U, values for both the bi-planar model and the 2010 AISC
Specification were more variable than those using the 2016
AISC Specification.

Another comparison was performed based on the average
length of the welds versus the distance between the welds,
I/w. Graphs of shear lag factor versus [/w are presented in
Figures 13, 14, and 15. After comparing the experimental
shear lag factors of the 20 welded specimens to the theo-
retical values from the three methods, it can be seen that
the experimental shear lag factors for members experienc-
ing non-weld failure conform closely to provisions given in
2016 Specification Table D3.1, Case 4. For the five plates
that experienced either gross or net section failure the U, /U,
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ratio ranged from 0.99 to 1.10, with I/w ratios that varied
between 1.33 and 2.67. Although only two angles experi-
enced net section failure, those two members had a U,/U,
ratio ranging from 1.03 to 1.08, and each angle had an I/w
ratio of 3.33. This indicates that Case 4 from the 2016 AISC
Specification seems to adequately predict shear lag factor
over a wide range of I/w ratios.

Another item of note is the behavior of the experimen-
tal specimens with a length-to-width ratio under 1.0 (i.e.,
I/w < 1.0). The 2016 AISC Specification removed the previ-
ous limitation that the length of the longitudinal welds must
be greater than or equal to the distance between them. The
experimental results discussed herein contained four angles
and one plate with [/w ratios of less than 1.0. Although,
perhaps not surprisingly, all five of these tension members
experienced weld failures, the U,/U, ratio for these speci-
mens ranged from 1.09 to 1.19 when compared to the 2016
Specification. When the U,/U, ratio for these five mem-
bers was calculated using the bi-planar model (Fortney and
Thornton, 2012) the range is 1.24 to 1.33. This suggests that
the experimental specimens with //w < 1.0 appear to con-
form most closely with the 2016 AISC Specification.

SUMMARY AND CONCLUSIONS

The main objective of this paper was to experimentally test
20 longitudinally welded tension specimens and compare
the experimental shear lag factor to theoretical values from
three methods. Eight 3x!% plate sections and twelve 3x3x!%
angle sections were tested. The parameters that were varied
include the length of the connection and the weld config-
uration. Also, four coupons—two from the plate material
and two from the angle material—were tested in tension to
determine the yield stress and the ultimate stress of the plate
and angle material.

The experimental shear lag factor, U,, for each specimen
was calculated as the ratio of the maximum load measured
to the rupture strength. Experimental shear lag factors were
determined for each of the 20 tested specimens and com-
pared to three theoretical values: (1) the shear lag factor
from Case 4 in the 2016 AISC Specification, (2) the shear
lag factor based on a bi-planar model (Fortney and Thorn-
ton, 2012), and (3) the shear lag factor from the 2010 AISC
Specification. The ratio of the experimental shear lag fac-
tor to the theoretical, Ue/U,, was used to identify which of
the three methods provided the best prediction of shear lag
behavior. Trends of the experimental shear lag factor were
also studied with respect to the influence of connection
length versus width, I/w.

Based on the results from the experimental program and a
comparison of shear lag factors to the aforementioned provi-
sions, it has been found that:

2016 AISC Specification Table D3.1, Case 4, provides the

best prediction of shear lag factor in longitudinally welded
tension members under the influence of eccentricity. The 20
tension members tested in this experiment, with a mixture
of balanced and unbalanced longitudinal welds, showed that
shear lag factors using the 2016 AISC Specification had the
highest percentage of U,/U; ratios at or above 1.0 with the
least variation as compared to the 2010 AISC Specification
as well as to the bi-planar model studied by Fortney and
Thornton.

2016 AISC Specification Table D3.1, Case 4, provides the
best prediction of shear lag factor in longitudinally welded
tension members with connection length-to-width ratios of
less than 1.0 (I/w < 1.0). The experimental tension members
with //w < 1.0 conformed more closely to the 2016 AISC
Specification than to the bi-planar model. For members with
I/w < 1.0 using the AISC bi-planar model, the U, /U, ratio
ranged from 1.24 to 1.33 while the same value ranged from
1.09 to 1.19 using the 2016 AISC Specification.

For the flat plate specimens, all of the experimental shear
lag factors were greater than 0.90, except for the two speci-
mens that failed via weld fracture. The connection length for
plates with a balanced weld configuration appears to have
had a small effect on the experimental shear lag factor. The
testing of a specimen having two 8-in. welds resulted in an
experimental shear lag factor of 0.96, while a similar tension
member having two 4-in. welds resulted in an experimental
shear lag factor of 0.92. This difference is less than that pre-
dicted by the 2016 AISC Specification.

For the flat plate specimens, the presence of in-plane
eccentricity appeared to have had little effect on the experi-
mental shear lag factor, U,. Among plates that experienced
gross or net section failure, the four plate specimens with
balanced weld configurations had shear lag factors that
ranged between 0.92 and 0.96, while the two plate speci-
mens with unbalanced weld configurations had shear lag
factors of 0.96 and 0.95, respectively. A comparison of the
experimental shear lag factor for these six specimens con-
formed very closely with the theoretical shear lag factor
based on the 2016 AISC Specification.
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