Examination of AISC LRFD Shear Lag Design Provisions

WILLAM J. KIRKHAM and THOMAS H. MILLER

INTRODUCTION

Steel structures are often assembled from standard steel
shapes connected by welds or other fasteners.
Sometimes, a number of bolts or welds are used to connect
all the elements (flanges, web, etc.) of a member to the
elements of another member. In most structures, however,
not all of the elements of a given cross-section are
connected, for numerous reasons. When some elements of a
member are not connected, shear lag may result.

Typically, in cross-bracing of trusses and frames (see
Figure 1), an engineer determines the geometry, strength
and economical design of the connections between major
load-carrying members, joined by one or more gusset
plates. When the braces enter the joint at an angle, often
little clearance is available to effectively attach the web of
the brace. The sizing of this bracing member is determined
in part by the efficiency of directly connecting only the
flanges to the gusset plates.

The transfer of forces and shear lag can be easily
visualized in the case of a channel (Figure 2). Concentrated
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Fig. 1. Gusset plates attaching truss members.
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forces, simulating fillet weld connections, transfer tension
into the channel. The channel is symmetric about its
midspan, with only one end shown. A transfer of stresses
occurs with distance from the point of application that
results in a net tensile force at the midspan.

The term shear lag describes the process of transferring
stresses from the concentrated forces to the cross-section of
the channel. “Shear” refers to the combination of opposing
stresses that transmit the edge forces from the welds to the
interior elements. “Lag” indicates that there is a delay in
effect, in this case, in approaching fully-developed normal
stresses until reaching a sufficient distance from the
application of the concentrated forces. When members are
not fully connected (through all of their elements), stresses
are especially concentrated in the area of the connection. In
Figure 2, contours of equal longitudinal normal stress show
the change in stresses along the length of the member, as
well as areas of stress concentration near the points of appli-
cation. As Saint Venant’s Principle (Timoshenko, 1953)
indicates, stresses become relatively uniform across the web
at sufficiently large distances from the point of application
of the forces. This is usually about two to five times the
overall width of the section.

The channel flanges also show the effects of the stress
redistribution. Stresses are concentrated at the points of
load application. The flanges differ from the web, though,
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Fig. 2. Distribution of longitudinal normal stresses in a channel.
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because the stresses never fully equalize across the width of
the flanges, due to the eccentric loading applied to the
channel by the connection. Shear lag also involves a non-
linear (inelastic) redistribution of stresses. If welded and
bolted connections are properly and economically designed,
this places a bound on the ratio between localized average
stress and the yield stress. These effects of non-linear mate-
rial behavior, different types of connections (bolts, rivets
and welds) and eccentric application of longitudinally
applied forces further complicate analysis of these situa-
tions. Closed-form solutions for real applications are not
available, and finite element models for a single connection
cannot generally be justified. Research on particular aspects
of this problem led to development of empirical equations
and “rules of thumb” for design. These are the basis
of portions of the American Institute of Steel Construction
(AISC) LRFD Specification and Commentary (AISC,
1993a,b) provisions for shear lag and tension member
strength.

SPECIFICATION REQUIREMENTS

The 1993 LRFD Specification uses the concept of “effective
net area” to account for the inefficiencies in shear lag-
affected connections. Depending on the type of connection,
various empirical formulae and “rules of thumb” are pro-
vided.

For riveted, bolted or welded shapes, other than plates, an
efficiency, U, is calculated from the connection eccentricity
x and the connection length /:

% (B3-2)
U=1-—<09
l
The effective net area is then calculated as:
A, =AU (B3-1)

For bolted or riveted shapes, A is the net area, A , and for
welded shapes it is the gross cross-sectional area of the
member, Ag.

Chesson and Munse (1963) proposed Equation B3-2 as a
means of estimating the shear lag effect on tension member
strength. Figure 3 shows the definition of [ for calculating
shear lag effects. Unfortunately, the definition of X is not
quite as clear in the 1993 LRFD Commentary as illustrated
by Figures 3 and 4. The value of x was the location of the
centroid measured from the gusset plate or the plane of con-
nection. The 1993 LRFD Commentary shows diagrams
that the lead to calculations of x as the distance between
one of the bolts and the centroid of the unconnected portion
of the member. Refer to Figure 3 and Figures 4b and 4c.
The distance to this non-centroidal x is measured parallel to
the plane of the connection. The 1993 LRFD Commentary
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also states that the maximum x be used where two values
are examined for a section.

The Commentary to the 1999 AISC LRFD Specification
(AISC, forthcoming) deletes the non-centroidal x portions
of the figures (see Figures 3 and 4) because the test data did
not support this usage.

For longitudinally welded flat plates, U is either 0.75,
0.87 or 1.00, depending on the connection length.

In addition, other methods for evaluating shear lag effects
are found in the 1993 LRFD Specification, but are not the
subject of this paper.

COMMENTARY PROVISIONS

The 1993 LRFD Commentary indicates that “Previous
issues of this Specification have presented values for U for
bolted or riveted connections of W, M, and S
shapes...These values are acceptable for use in lieu of cal-
culated values from Equation B3-2 and are retained here for
the convenience of designers.”*

The alternative provisions for bolted or riveted connec-
tions presented on pp. 6-172 through 6-174 of the 1993
LRFD Commentary provide a method for determining U
values (0.90, 0.85 or 0.75) based on classification of a con-
nection by section type, section geometry, and the number
of fasteners in a line. This historic approach was maintained
in the 1993 LRFD Commentary for use in specific appro-
priate instances. It does not require a calculation for U, and
it is not affected by the positions of the holes in the mem-
bers. A designer using the 1993 LRFD Commentary would
thus not need to employ a trial-and-error process to design
a connection, as is often needed using Equatoin B3-2.

OBJECTIVES

The 1993 AISC LRFD Specification and Commentary pro-
vide two different methods for evaluating the shear lag
effects on connections in a tension member. Depending on
the particular design, differing strengths can be predicted by
the two methods. In some cases, calculation of an extreme-
ly low strength is possible using Equation B3-2. Some sec-
tions of the 1993 LRFD Specification and Commentary
appear to be logical extensions of existing research and
practice that have not been verified by experimental results.

This paper will examine the state of knowledge in this
area and discuss sections of the 1993 AISC LRFD
Specification and Commentary to aid in refining them and
to recommend areas where future research is needed. It will
also demonstrate areas of concern and define areas in need
of further clarification.

*Note that a typographical error in an early printing of the Commentary
incorrectly referenced Equation B3-3.



PREVIOUS RESEARCH

During the 1930s and 1940s, design of high performance
military aircraft motivated research efforts on shear lag.
Hildebrand (1943) derived closed-form solutions for a
number of basic loading conditions in thin-skinned panels
by applying a stress analysis approach to stringer sheet
theory. Levy, Singer and Baruch (1975) applied energy
methods to stringer sheet theory to develop a different
closed-form solution, and correlated it to experimental
research. Chesson and Munse (1963, 1959, 1958) and
Munse and Chesson (1963) performed numerous studies of
riveted and bolted connections, usually to determine
connection strengths. They developed a design approach
which is included in the 1993 LRFD Specification as
Equations B3-1 and B3-2. Fuller, Leahey and Munse (1955)
tested a large S shape connected with rivets and bolts using
flat and beveled washers. Foreman and Rumpf (1961) test-
ed compact bolted joints in large plates. Compact joints
were made using ASTM A325 bolts, with gage-to-hole
diameter and pitch-to-hole diameter ratios of approximate-
ly four, and connection lengths not more than five times the
pitch. Davis, Woodruff and Davis (1940) performed tension
tests of 40 large riveted plate joints. The tests were designed
to determine the effects of net width, end pitch, plate thick-
ness, joint length, combinations of rivet and plate steel
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Fig. 3. Definition of [ for bolted and welded
angle connections. (AISC, 1993b)

types, and pitch in various lap, butt and shingle splices.
Gibson and Wake (1942) performed tension tests of 54
welded angles, all 2.5%2.5x5/16, showing shear lag effects.
Butler and Kulak (1971) studied fillet weld strength as a
function of load direction, and Butler, Pal and Kulak (1972)
researched eccentrically loaded welded connections, where
the load is applied and acts in the plane of the weld. Davis
and Boomslitter (1934) researched balanced and unbal-
anced welds in numerous configurations, all with 3x3x5/16
angles.

Easterling and Giroux (1993) and Gonzalez and
Easterling (1989) applied modern methods to the problem
of welded plates, tees, channels and angles. Each specimen
was designed according to the 1986 edition of the LRFD
Specification (AISC, 1986), so that the weld strength would
be 10 to 15 percent greater than the gross section tensile
strength of the member, to ensure a shear lag-affected ten-
sile failure. Their study is outstanding in the clarity of pres-
entation, methods of analysis and in the detail of recorded
data. Strain gauges were applied to record stress distribu-
tions in the members. Longitudinal displacement was
measured and recorded. Out of plane bending was meas-
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Fig. 4. Definition of x. (AISC, 1993b)
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ured at the midpoint of the member. Loading was applied
incrementally, and data were recorded for each increment.
A linear-elastic finite element model, using ANSYS, was
developed and compared to the results of the experiments.

Overall, their studies demonstrated that the shear lag
provisions for bolted connections were also appropriate for
the welded plate and angle configurations considered. Of 11
plate configurations, nine failed due to shear lag as
expected and two exceeded the hydraulic test machine
capacity. Nine angle configurations were tested with two
weld failures and seven shear lag failures. However, of 11
channel configurations tested, five failed in the welds and
five suffered gross cross-section failure away from the
connection. Of 10 tee configurations, seven failed in the
welds.

Kulak and Wu (1997) tested 24 bolted single and double
angle specimens. Gusset plates of varying stiffness were
used in the single angle tests. Stress-strain behavior of the
angles was observed under incremental loading. The
formation of gaps between the angle and gusset plate, as
well as the process of crack formation and spreading are
clearly explained. A non-linear finite element model was
developed using ANSYS, to compare with experimental
behavior. Design recommendations are provided.

Finally, Cheng, Kulak and Khoo (1998) tested nine round
hollow structural section (HSS) specimens, slotted and
welded to a gusset plate. Tubes were instrumented with lin-
early variable displacement transducers (LVDT) and strain
gages. A finite element model was developed using
ABAQUS, with an isotropic hardening plasticity model,
and its behavior compared to the experimental data.

LIMITATIONS OF PREVIOUS STUDIES

Table 1 shows the shapes tested in the major studies.
Multiple samples are frequently cut from one long standard
piece, so the total number of shapes tested in a study is often
limited. The researchers often performed many tests for
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each shape, varying the connection geometry (lines and
rows of bolts, balanced and unbalanced welds), method of
connection (rivets, bolts, welds), and method of fabrication
(drilled, punched, welded). In some studies, members were
tested singly (allowing gusset plates to flex), where in other
studies the members are connected symmetrically to
opposite sides of the gusset plate, effectively producing
fixed end conditions.

A total of 11 L shapes were tested, varying in leg size
from 2 in. to 5 in. Thicknesses varied from 3/16 in. to 7/16
in. Two C shapes were tested. Two WT shapes were tested.
One built-up H shape was tested, and one S shape was
tested. Three HSS shapes were tested. Almost 100 plate
tests were examined for this study, though other less rele-
vant reports are available. The exact total may exceed 200
when riveted plate tests are included.

To categorize the geometry of tested members from these
previous studies, the authors of this paper define the “aspect
ratio” as the ratio of the height of the unconnected element
to the width of the connected element (see Figure 5):

H
Aspectraﬁo:E

For vertically symmetric shapes, the height is measured
to the line of symmetry.

Table 2 shows a summary of the shapes, tested aspect
ratios and the range from minimum to maximum aspect
ratio for the standard structural shapes (AISC, 1993c) (see
Figure 6 for descriptions of connection geometry).
Although there is some distribution of tested aspect ratios,
most are near the mid-points of the available standard
section ranges. It is also interesting to note that no wide
flange W shapes have been tested.

Lengths of members were often much shorter than those
used in most structures (Table 3). The longest tested
specimen was only 4.75 ft in length. These are probably due
to testing machine capacity and size limitations. Some test-
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Fig. 5. Definition of aspect ratio.
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ed members may in fact be so short that the stress distribu-
tions are affected, and errors introduced in the experimental
results.

Because Saint Venant’s Principle (Timoshenko, 1953)
applies to the connection, rather than the member length,
Table 3 compares the unattached member length from the
connection to mid-span, /2, with the width, w. Saint
Venant’s Principle (Timoshenko, 1953) would suggest that
the length be several times the width, to provide fully devel-
oped stresses.
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More than 50 percent of the tested shapes fall below a
ratio of 2, and almost 90 percent are less than 3. Only 10
percent of the tested specimens are long enough to fully
develop stresses at the midpoint of the member.

Several observations can be made concerning the previ-
ous research efforts:

1. Most of the 1993 AISC LRFD Specification and

Commentary provisions for determining shear lag
effects are derived from tests on only a few basic sec-
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Fig. 6. Configuration types adapted from Chesson and Munse (1963), Table 5.
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Table 1.

Tested Shapes in Previous Research

I
Purpose of Study Anges Plales Shapes Channels Tees HSS
Butler &
Kulak {1971); Rllet weld strength as .
Butier, Pal & afunction of load Various
Kulak (1973
Cheng, Kulak Shear lag inround HSS ;X;{%
& Khoo {1998) HSS members HSS 8 55516
Test “...full—si_zed Built-up 1
angle, and built-up . section with
Chessons. | usStypemenbers.’. | 35.35.7/16 (4) L53¥8
Munse (1958; | © - o ovide ag;e‘"”g L5<5xHS for flanges
1959) mE'CuCiLng' Ettheir L5x 3305 *7 and a
PL1f2:16
strengths, based on 2
geametries.” web
“...detammine the
. strength of tension
Davis &
- members composad of
Bo?“gl:,ﬂ:er angles with both L3x3<S16
welded and riveted
jaints.”
. “ . tegtsonlage
Davis, riveted joints. . [to Plates
Woodrnuff & ; . FEHG"
) desaibe] the behandor .
Davis (1840) ofthe varous parts..” 1520
Fuller, Leahey | Test large I-Sections
& Munse with trusstype S518:54.7
{1955) connections.
Test balanced and
Gibson & urbaanced weld L25+25<516
Wake (1942) corfigurations.
G"'E Bt'z:'";‘ Verify “...application of
(1989); the shear lag L2 2% 316 PL3/5+4 C3x4.1 WWIo«6
e requirements to L4314 PL1/4=3 C4«5.4 WI3x4.5
Easterling & welded members...”
Giroux (1993) B
L4« 4 1/4
Kulak & Wu Sudy shear lag in L33 316
{1997) angles L3 2< 38
L3x2« 316

a

Long legs atachedto gussat plae
I:]

Bdits attach anges badktobads
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Table 2.

Aspect Ratios of Tested Shapes

Aspect ralio Aspedt raio
H B Tested | Range® H B | Tested [ Range®
Andes Longleg atached 0.51.0 Short leg atached 1.020
L2x 2% 316 2.00 200 1.00 2.00 200 1.00
L2.6x25x5/16 2.50 230 1.00 2.50 2.30 1.00
L3x2x3/8 & 316 2.00 3.00 067 — - —
L3xX3x5/16 & 3116 3.00 3.00 1.00 3.00 3.00 1.00
L3.5x3.5%x7M16 3.80 380 1.00 3.80 3.80 1.00
LAX3xX 144 3.00 400 0.7 4.00 3.00 1.33
Lax 4x 144 4.00 4.00 1.00 4,00 4.00 1.00
LEx3x 38 3.00 3.00 0.680 5.00 3.00 1.67
L5x5x3/8 5.00 5.00 1.00 5.00 5.00 1.00
Plales arxi Bars b
PL 3/8x4 35 4 0.09
PL Vax3 1/4 3 0.08
I-Bearms 0.47-1.95
S18x54.7 18 6.001 1.50
Built-up I section
with (4) L5x3x /8
for flanges and a
PL12X 16 web 16 105 0.76
Channels Web comeded 0.13058 Hange-connected 0.77-5.79
C3x4.1 1.41 3 0.47
CAx5.4 1.584 4 0.40
Tees Hange-comnedcted 0.47-1.96
WISX 6 494 356 1.25
WT3x45 295 3.94 0.75
HSS 0.50°
HSS 4x 1/4, 316 200 4.00 0.50
HSS 8 5/8<5/16 431 ae2 0.80

# Range of possible values for standard shapes
b Plates and bars vary greatly in dimensions, no range of valuesis provided

¢ Installing a gusset plate synmetrically through a nonrectangular tube always results in an asped ratio of 0.5

Sources:. Deta fram Butler and Kulak (1971), Butler, Pal and Kulak (1972, Chang, Kulak and Khoo (1998), Chesson and
Munse (1958, 1959), Davis and Boardlitter (1934), Easterling and Giroux (1993), Fuller, Leahey and Munse (1955),
Gihson and Wke (1942), Gonrzder and Easterling (1989, and Kulak and VU (1997).
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Table 3.

Tested Specimen Dimensions
Altached Width Unattached

Shudy Specimen Type fin.) Lenglh fin) 2w
SA Starred Ls 70 10.0 071

5B Stared Ls 100 10.0 050

Chesson & ) SaredLs 100 10.0 050
Munse (1963) SE Starred Ls 100 10.0 050
A&AM Fah. | 160 280 088

C&CM Fab. | 100 280 140

A, AR Fah. | 70 305 218

Chesson & B1-2, BP1-2 Laced | 100 28.0 140
Munse (1958, CD1, CO2 Fah. | 100 28.0 140
1959) DD1-2, DP1-2 Laced | 100 280 140
ED1-2, BP1-2 Laced | 100 280 140

R 1L 3.0 16.0 267

R2 2Ls (Teed) 6.0 16.0 133

R3 2 L5 (Pack) 3.0 11.5 192

R4 2 Ls (Chan) 30 115 192

Davisz & Boomslitter R5 4ls 30 115 192
{1934) Wi 1L 30 195 325
W2 2Ls (Teed) 6.0 18.0 1.50

W3 2 L5 (Back) 3.0 145 242

WV 2 Ls (Chan) 3.0 145 242

Wb 4ls 3.0 145 242

Fuller, et al. {1955) | sS18x54.7 5 6.0 24.0 200
B1 Hates 180 36.0 1.00

B2 Rates 180 43.0 1.19

B3 Rates 180 50.0 1.39

Fo s B4 Rates 180 43.0 1.19
reran B5 Pates 180 43.0 1.19
Rumpf (1961) B6 Pates 180 57.0 158
BR2 Hates 180 430 119

A3 Hates 180 450 125

1 Rates 180 53.0 147

Gibson & Wake

(1842) 1L 25 300 6.00

PL 4x¥8 Rate 40 13.0 163

PL 3x1/4 Rate 3.0 19.5 258

PL 3x1/4 Rate 30 14.0 233

PL 3x1/4 Rate 3.0 18.0 3.00

Lo 2x W16 2 L5 (Pack) 20 15.0 375

LaAx3x 14 2 Ls (Back) 4.0 17.0 213

L2X2X W16 2 Ls{Back) 20 18.0 450

Gonzalez &

Easterling (1989); L4x3x 14 2 Ls (Back) 40 24.0 3.00
Easterling & C3x4.1 2 Cs (Pack) 30 11.0 183
Giroux [1993) C3x4.1 2 Cs (Back) 3.0 14.0 233
{same data) CAXEA 2 Cs (Back) 40 24.0 300
C3x4. 1 2 Cs (Pack) 30 24.0 4.00

W56 2 Ts (Bacl) 50 13.0 1.30

WT3x45 2 Ts (Back) 3.0 11.0 1.83

Wi5x 6 2 Ts (Back) 50 17.0 1.70

ViT3x4.5 2 Ts (Badk) 30 15.0 250

W56 2 Ts (Back) 50 24.0 240

WWT3x45 2 Ts (Back) 30 240 400

Average 57 2329 203

Maodmum 18.00 57.00 6.00

Minimum 200 1000 050

Std. Deviation 575 1252 1.09
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tion geometries, generally near aspect ratios (height-
to-width ratios) of 1.

2. Most tests involve the smaller sizes of each structural
section type.

3. In each study, the researchers varied the method of
attachment, but tested only a few different structural
shapes. They were primarily interested in studying the
strengths of different connection types (i.e. bolts, riv-
ets or welds), rather than the effect of the member
geometry on the eccentricity of the connection. No
rolled W, M, HP, MC, MT or ST sections were
tested.

4. Tests of longer members would be desirable to verify
the general applicability of the previous research.
Ideally, full length members should be tested to simu-
late the actual field situations. Shorter lengths may
cause increased stresses that would result in overcon-
servative design methods. These observations, howev-
er, are not surprising, considering the goals of the var-
ious research projects—usually to study connection
behavior rather than the effects of various member
geometries. In many cases, the equipment to conduct
full scale tests was unavailable, and handling
large-scale specimens was difficult or infeasible.
However, studies of at least some full-scale members
should now be performed to verify that the existing
research database on small, short members is truly
applicable to the design of full-scale structures.

COMPARISON OF SPECIFICATION AND
COMMENTARY PROVISIONS

The 1993 LRFD Specification and Commentary provisions
are based on the best available research and sound engi-
neering judgment, and therefore, provisions from different
sections should be comparable and provide consistent
results.

In Figure 7, an angle and a plate are shown. The width
and thickness of the plate are identical to those of the
attached leg of the angle. How do the efficiencies of the
angle and plate compare using the 1993 LRFD
Specification provisions?

N e ell N IO Planeof _____ . T

Connection

W W

Fig. 7. Angle versus a plate with similar dimensions.

As the height, H, of the unattached leg is reduced, the
angle should behave more like a plate. In fact, U values for
longitudinally welded plates are larger than those for the
angle when the longitudinal welds are long. For example, a
plate with longitudinal welds twice as long as the width of
the plate has a value of U = 1.00, while an angle can never
have U > 0.9. Thus, the 1993 LRFD Specification provi-
sions can predict in some cases that the additional area of a
small unattached leg actually reduces the effective area (A))
of the entire angle below that of a plate with similar dimen-
sions. Although the small unattached leg introduces a minor
eccentricity, this does not seem consistent. In fact, the 1993
LRFD Commentary indicates that “...it is probably conser-
vative to use A, equal to the net area of the connected ele-
ment...” for connections with only one bolt per line, sug-
gesting a lower limit for reasonable U values.

Flange-connected channels also result in some cases
where entire members have less effective area (A ) than the
flanges alone treated as plates. See Figure 8 and Example 1
in the Appendix. The “no web participation” line divides
these cases. The effective area (A,) of the channel is
calculated using Equation B3-2 and compared to the effec-
tive area (A)) of two plates identical in dimensions to the
flanges alone. In this study, welds were designed to provide
the same tensile resistance as that of the member, through
an iterative process. In each iteration, the weld length is
reduced to provide a weld strength (0R ) equal to the tensile
strength (¢7)) of the member, reduced for the shear lag
effect. Then, the member tensile strength (¢7)) is
recomputed based on the previously reduced weld length.
Because the weld is matched to the member strength, the
yield strength of the steel (Fy) can affect the length of the
weld. Figure 8 shows the comparison of the effective areas.
Points above the diagonal line indicate shapes where the
effective area (A)) of the entire channel is greater than the
effective area (A)) of the flanges alone, treated as plates.
This is what one would expect. Certain shapes however, fall
below the diagonal, indicating that the flanges alone would
have a greater effective area (A,) according to the 1993
Specification. This does not seem reasonable, assuming
concentric loading, and is reason for concern. Thus, accord-
ing to the 1993 LRFD Specification, the additional area of
the web reduces the overall effective area (A,) of some
channels, compared to the flanges alone, treated as plates.

Low and Negative U Values

For the net effective area of the channel to be less than that
of the flanges treated as plates alone, the U value for the
channel must be very low. Figure 9 demonstrates that nega-
tive U values in flange-connected channels (C shapes) can
occur with aspect ratios above 2.8. These are standard avail-
able steel shapes with fully designed connections equal to
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U Values for Flange-Connected C Shapes with Minimum
Length Welds (E70XX) by Yield Strength
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Fig. 9. Range of U values for flange-connected channels.
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the design tensile strength of the member, the smaller of
q)FVAg or ¢F A . Furthermore, calculated U values drop
below 0.60 at aspect ratios of 2.0, even though researchers
(Chesson and Munse, 1963; Kulak and Wu, 1997,
Easterling and Giroux, 1993; Gonzalez and Easterling,
1989) have not observed U values below about 0.7 for
members with shear lag failures. More than 50 percent of
the shapes examined had calculated U values below 0.7.
This effect is due to the value of x being large in relation to
the weld length. The U value can lose its physical meaning
when this happens (see Example 2 in the Appendix).

Negative U values may be an indication that connections
are unreasonably short. It is the concern of the authors that
there is no quantitative limit that defines the shortest rea-
sonable connection for shear lag effects. Several shapes in
Figure 9 can be designed with calculated U values of 0.2 to
0.4, well outside the range of observed values from previ-
ous research.

Commentary Provisions

The 1993 LRFD Commentary Section B3 contains the fol-
lowing concluding line: “When a tension load is transmitted
by fillet welds to some but not all elements of a cross sec-
tion, the weld strength will control.”

The authors do not understand the reason for this conclu-
sion nor how it should be applied to design. A weld can be
made which will not fail until the tension member fractures.
Gonzalez and Easterling (1989) tested 41 welded
specimens designed to fail due to shear lag. Of these, three

would not fail, 14 experienced weld failures and, in the
remaining 24, the section fractured. If the 1993 LRFD
Commentary statement were literally correct, their research
would have shown only weld failures, though numerous
fractures of the net section occurred. Clearly, the strength of
the fillet weld is not always the controlling factor in the
strength of tension members.

The conclusion could also be interpreted as advising the
designer to consider the weld strength as the controlling
limit state in the design process. Fillet welds are designed
with a ¢ of 0.75, while tension member design strength is
determined with a ¢ of 0.75 or 0.90, depending on the con-
trolling limit state. Nevertheless, the strength of all ele-
ments in the connection must be considered during design.
This provision may have been adapted, out of context, from
the conclusions of Gonzalez and Easterling (1989) on trans-
verse welds.

Comparison of Specification and Commentary Sections

Designers are permitted to use the historic values in the
1993 LRFD Commentary, rather than 1993 Specification
Equation B3-2. In fact, the LRFD Manual of Steel
Construction (AISC, 1993c¢) states that, “In lieu of calculat-
ing U, the Commentary on the LRFD Specification (Section
B3) permits the use of more conservative values of U listed
therein.” By analyzing all of the WT and MT sections with
bolted connections designed using both the 1993 LRFD
Specification and Commentary methods, the two approach-
es can be compared (see Figure 10). For each section, 1993
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Fig. 10. Comparison of specification and commentary
provisions for WT and MT sections.
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LRFD Specification Sections B2, B3, J3 and J4 were used
to design connections with the shortest possible length, /,
for one line of at least two A325 bolts through the flange on
each side of the stem. The maximum bolt diameter was lim-
ited to 1.5 in. Use of more lines of bolts, larger diameters of
bolts or higher strength bolts would shorten the connection
length, /, and further reduce the 1993 LRFD Specification
U. As the figure shows, the 1993 LRFD Commentary pro-
visions produce U values equal to or higher than the 1993
LRFD Specification provisions in most (but not all) cases
and, thus, are not generally a conservative simplification.
However, the historic U values in the 1993 LRFD
Commentary have been used for many years without evi-
dence of problems.

CONCLUSIONS

1. Existing research data are plentiful for angles
(L) with aspect ratios (height-to-width of cross-sec-
tion, as in Figure 5) between 0.60 and 1.67, as well as
for plates and bars.

2. Data for web-connected channels (C shapes), flange-
connected tees (WT sections), flange-connected I
beams (S shapes) are limited to two shapes each, with
aspect ratio ranges of 0.40-0.47, 0.75-1.25 and 0.76-
1.50, respectively. Actual members can vary well out-
side of these ranges. The cited studies probably do not
provide an adequate basis for demonstrating the appli-
cability of existing provisions outside of these tested
ranges.

3. Experimental research on HSS sections has been per-
formed on a limited number of round shapes by a small
group of researchers. The cited studies probably do not
yet provide an adequate basis for demonstrating the
applicability of existing provisions to hollow structur-
al sections in general.

4. Because studies on flange-connected channels
(C shapes), stem-connected tees (WT and MT sec-
tions), web-connected I beams (S shapes), and all
wide flange beams, are nonexistent, there is currently
no way to verify the applicability of the 1993
Specification or Commentary provisions to these sec-
tions.

5. The 1993 LRFD Specification provisions for shear lag
in Section B3 using Equation B3-2 may underestimate
the strength of T-section tension members with aspect
ratios greater than 1, and flange-connected channels
with aspect ratios greater than 1.5, since calculated U
values can be substantially below 0.75. No researcher
has observed U values less than 0.75 for the limited
range of shapes tested. Very low and negative U values
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can also occur in calculations for these sections (see
Figures 9 and 10).

6. The 1993 LRFD Specification and Commentary shear
lag provisions are not in agreement concerning calcu-
lated values of net effective area, and neither is consis-
tently more conservative. The methods of the 1993
LRFD Specification, which attempt to relate connec-
tion geometry factors, appear to have better justifica-
tion, and a