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Design of Shear Tab Connections for Gravity and Seismic Loads

By Abolhassan Astaneh-Asl

This document presents information on design of steel shear tab connections. Shear tab
connections consist of a plate welded to the support and bolted to the web of a simply supported beam.
The main role of a shear tab is to transfer shear force from the end of the beam to its support. Chapter 1
provides a summary of behavior of shear connections under gravity and seismic effects based on the
results of actual tests and observations made in the aftermath of earthquakes. Chapter 2 provides an
updated summary of behavior and design procedures for shear tabs subjected only to shear due to
gravity. Chapter 3 provides information on seismic behavior of shear tab connections and their seismic
design. In this report, design equations are given in the “AISC Unified ASD/LRFD” format, which is
the new format being adapted by the American Institute of Steel Construction (AISC) in its 2005
specifications. The unified format provides consistent equations both in Allowable Stress Design (ASD)
and Load and Resistance Factor Design (LRFD), and designers can choose either method (ASD or
LRFD) and base their design on that method. The Appendix to the report provides numerical examples
in unified format (both in ASD and LRFD) to demonstrate the application of both formats of design
equations. The report includes a “Notations” section and a “References” section.

First Printing, June 2005
Drawings and Photos by Abolhassan Astaneh-Asl unless otherwise indicated.

Copyright © 2005 by Abolhassan Astaneh-Asl. All rights reserved.
Abolhassan Astaneh-Asl, Ph.D., P.E., Professor, University of California, Berkeley

Phone: (510) 642-4528, e-mail: astaneh(@ce.berkeley.edu,
Web: www.ce.berkeley.edu/~astaneh

Disclaimer: The information presented in this publication has been prepared in accordance with recognized engineering
principles and is for general information only. While it is believed to be accurate, this information should not be used or
relied upon for any specific application without competent professional examination and verification of its accuracy,
suitability, and applicability by a licensed professional engineer, designer or architect. The publication of the material
contained herein is not intended as a representation or warranty on the part of the Structural Steel Educational Council or
of any other person named herein, that this information is suitable for any general or particular use or of freedom from
infringement of any patent or patents. Anyone making use of this information assumes all liability arising from such use.
Caution must be exercised when relying upon specifications and codes developed by others and incorporated by reference
herein since such material may be modified or amended from time to time subsequent to the printing of this document.
The Structural Steel Educational Council or the authors bears no responsibility for such material other than to refer to it
and incorporate it by reference at the time of the initial publication of this document.

Design of Shear Tab Connections for Gravity and Seismic Loads, Copyright © Abolhassan Astaneh-Asl, June 1 2005



In memory of my beloved brother Ali Astaneh-Asl (1946-2004),
a civil engineer and a dedicated public servant.
A. Astaneh-Asl

ACKNOWLEDGMENTS

The publication of this report was made possible in part by the support of the Structural Steel
Educational Council (SSEC). The author wishes to thank all SSEC members, particularly Fred Boettler, Pat
Hassett, Walterio A. Lopez, Brett Manning, and James Putkey for their technical input and review
comments. Special thanks are due to Rafael Sabelli and Mason Walters for their permission to include their
methods and concepts in design of shear tabs subjected to shear and axial load in this report. Also, special
thanks are due to Chris Hewitt of the American Institute of Steel Construction for his review and
constructive comments.

The research projects reported herein were conducted by the author and his graduate and
undergraduate research students at the University of California at Berkeley. In particular, the excellent work
of former graduate students Kurt McMullin, Steve Call, Keith Porter, Alison Shaw, and Judy Liu on these
projects is acknowledged and appreciated. The research projects were supported, in part, by the University
of California, Berkeley; the American Institute of Steel Construction; W& W Steel Company; Chives Steel
Company; and the California Department of Transportation. Their support is sincerely appreciated. John P.
Hammett was the editor for this volume. His excellent editing work is sincerely appreciated.

The opinions expressed in this report are solely those of the author and do not necessarily reflect the
views of the University of California, Berkeley, where he is a professor of civil and environmental
engineering; the Structural Steel Educational Council; or other agencies and individuals whose names
appear in this report.

Design of Shear Tab Connections for Gravity and Seismic Loads, Copyright © Abolhassan Astaneh-Asl, June 1 2005 2



DESIGN OF SHEAR TAB CONNECTIONS
FOR GRAVITY AND SEISMIC LOADS

By:

By ABOLHASSAN ASTANEH-ASL (Ph.D., P.E))
Professor

Department of Civil and Environmental Engineering
University of California, Berkeley

TABLE OF CONTENTS

ABSTRACT / Page 1
ACKNOWLEDGMENTS / Page 2
TABLE OF CONTENTS / Page 3
NOTATIONS / Page 4

CHAPTER 1. BEHAVIOR OF SHEAR CONNECTIONS UNDER GRAVITY AND SEISMIC
LOADS/ Page 7

CHAPTER 2. DESIGN OF SHEAR TABS FOR GRAVITY LOAD / Page 18
CHAPTER 3. DESIGN OF SHEAR TABS FOR SEISMIC EFFECTS / Page 35
REFERENCES/Page 53

APPENDIX: NUMERICAL EXAMPLES/ Page 56

ABOUT THE AUTHOR / Page 62

LIST OF PUBLISHED “STEEL TIPS” REPORTS / Page 63

BACK COVER.

Design of Shear Tab Connections for Gravity and Seismic Loads, Copyright © Abolhassan Astaneh-Asl, June 1 2005



Notations

In preparing the following notations, whenever possible, the definitions are taken, with permission
of the AISC, from the AISC Manual of Steel Construction (AISC 1989 and 2000) and the Seismic
Provisions for Structural Steel Buildings (AISC 2002). In some cases, following the definition of the
parameter, the location at which this parameter appears is given inside the parenthesis.

Ay = area of bolt

A, = gross area

A, = net area of a plate in tension = [L —n (d, + 1/8 inch)] (t)

A,y = net area of a plate in shear as defined by the author = [L — 0.5n (d, + 1/8 inch)](t)

A = area (as shown in Figure 3.20)

Ayt = area (as shown in Figure 3.20)

A,p= area (as shown in Figure 3.20)

A,r = area (as shown in Figure 3.20)

A,np= area (as shown in Figure 3.20)

A= area (as shown in Figure 3.20)

A,nr= area (as shown in Figure 3.20)

A,ym = area (as shown in Figure 3.20)

Ayt = area (as shown in Figure 3.20)

a = distance from the bolt line to the weld line; depth of the compression zone

b = distance of the point of inflection of the beam from the web of the column (Figure 2.13)

besr = effective width of the floor slab

C= coefficient given in Table 8-5 of the AISC LRFD Manual (AISC, 2000)

C, = electrode strength coefficient from Table 8-4 of the AISC LRFD Manual (AISC, 2000),

C” = compressive force due to moment acting on the connection

C" = tensile Compressive force due to moment acting on the connection

Cq4 = deflection magnification factor (Figure 1.10)

Cp= strain-hardening factor= (Fy+F,)/2F,

D = size of weld in 1/16 of an inch= actual size of weld in inches times 16.

D,, = actual size of weld in inches

d = nominal bolt diameter; beam depth; distance as shown in Figure 3.10

d” = moment arm for positive moment acting on the connection as shown in Figure 3.6

d” = moment arm for negative moment acting on the connection as shown in Figure 3.6

d; = distance (Figure 3.10)

d, = distance (Figure 3.10)

d, = diameter of the bolt

d; = distance from the midheight of the shear tab to the furthest beam flange, or the largest of
d; and d,, (Figure 3.10)

E = modulus of elasticity.

ep = distance of the point of inflection from the bolt line

e, = eccentricity of the point of inflection in connections with long-slotted holes (Figure 2.4(c))

ew = distance of the point of inflection from the weld line

e.w = distance from the shear force to the column web

F = nominal shear force capacity of the bolt (kips)

F, = specified minimum tensile strength of steel

F. = specified shear strength of bolt

Fy, = specified minimum strength of the weld electrode

Fy = specified minimum yield stress of steel
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F,. = expected yield stress of steel =R, F,

f’c = specified compressive strength of concrete

g = gap between the end of a beam and its supporting column (Figure 3.10)

H = horizontal force in extended shear tabs (Figure 2.14)

h = height of shear tab ( Figure 2.13(a))

h, = height of the x" story in a building (in Equation 1.11)

I= moment of inertia

Kconn = rotational stiffness of connection

L= span of a beam; length of shear tab

Lc = clear distance, in the direction of the force, between the edge of a hole and the edge of the Lc; = clear

distance, in the direction of the force, between the edge of a hole and the edge of the
adjacent hole or edge of the material (Appendix)

Lc, = clear distance, in the direction of the force, between the edge of a hole and the edge of the
adjacent hole or edge of the material (Appendix)

M= bending moment

M= expected moment acting on the weld and plate = Ve, .

M ax = maximum positive moment (Figure3.9)

M . = maximum negative moment (Figure3.9)

M+dr0p =bending moment after failure of the slab (Figure3.9)

M gip = positive moment causing slip in the bolts (Figure3.9)

M i, = negative moment causing slip in the bolts (Figure3.9)

Mcom = moment capacity of the connection

Mp = plastic moment

Mpy, = plastic moment capacity of the beam

M,,, = plastic moment capacity of the plate= (ty(L? /4)(Fy)

M, = expected plastic moment capacity of the plate= (Ry)(C,: )(t)(L? /4)(Fy)

M,,, = plastic moment of the weld lines = 2 (0.707 D)(L? /4)(Fy)

M, = bending moment to be considered in combination with shear in LRFD of bolts

M, = yield moment of a beam

m= normalized stiffness term for rotational stiffness of beam-to-column connections (Figure 1.1)

N=applied axial force

N, = nominal axial strength

N, = axial force in the connection due to seismic effects

N, = number of shear bolts in a shear tab being designed for seismic effects

n = total number of bolts

P = vertical load

q = uniformly distributed load per unit of length

R, =nominal strength

Ry, = nominal strength

Rz, = nominal strength

Ry = nominal bearing strength

R, = a factor given in Column 4 or 7 of Table 2.1 above depending on type of bolt hole
R, = nominal strength

R, = required strength

R, = ratio of the expected yield strength Fy, to the minimum specified yield strength F,
r = total thickness of the floor slab

S, = elastic section modulus of cross section (Figure 1.8)

T = height of flat portion of web in wide flanges

T" = tension force in the connection due to applied positive moment (Figure 3.11)

T = tension force in the connection due to applied negative moment (Figure 3.11)

t = thickness of the connected material

tw = thickness of web in wide flanges

V = shear force
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Vi = nominal bearing strength
V.= expected shear acting on the weld and plate
V, = shear force in the connection due to gravity only
Vs = shear force in the connection due to combined gravity and seismic effects
V., = nominal shear strength
V= shear force in the connection due to seismic effects only
V,, = factored shear force acting on the shear tab
V= applied shear
V.w= applied shear acting on the weld line
Vy, = shear force causing failure of the weld=2 (0.707 Dy,) L (0.6 Fy)
V, = shear force causing yielding of a plate section=t L (0.6 Fy)
V,, = shear yield capacity of plate based on Von Mises yield criterion =(t)(L) [(\/3)/3]Fy ~ (t)(L) (0.6Fy)
Vype = expected shear yield capacity of plate = (Ry)(C,,)(t)(L)(0.6F,)
Vyw = shear yield capacity of welds = (2)(0.707w)(L)(1/2)(0.6Fgxx)
W = size of fillet weld
0 = horizontal displacement of a floor (Equation 1.10)
Ox = horizontal displacement of story x (Equation 1.10)
Oxe = horizontal displacement of story x (Equation 1.10) resulting from elastic analysis
¢ = resistance factor for the bolt in the LRFD method = 0.75
, = resistance factor for bolt failure in the LRFD method = 0.75
Oy = resistance factor for the bearing in the LRFD method = 0.75
¢, = resistance factor for fracture in the LRFD method = 0.75
¢y, = resistance factor for weld=0.75
¢, = resistance factor for yielding in the LRFD method= 0.90
Q) = safety factor for the bolt =2.00 (ASD)
Q, = safety factor for shear yielding in the ASD method = 1.50
Q. = safety factor for bearing =2.00 (ASD)
Q,, = safety factor for fracture in the ASD method = 2.00
0 = angle of rotation
0" 4rop= rotation when the moment has dropped to the level of the bare shear tab moment (Figure 3.9)
0" max Totation when the maximum positive moment is reached (Figure 3.9)
0", = rotation when positive moment causing a slip in the bolts is reached (Figure 3.9)
0", = rotational ductility in the positive moment direction (Figure 3.9)
07iip = rotation when negative moment causing a slip in the bolts is reached (Figure 3.9)
0 max = rotation when the maximum negative moment is reached (Figure 3.9)
07y = rotational ductility in the negative moment direction (Figure 3.9)
0, =end rotation of a beam due to gravity load
04 = end rotation due to combined gravity and seismic effects
0y, = angle between horizontal force and the resultant
0y, =end rotation of a beam due to horizontal seismic load
0, =end rotation of a beam when its midspan moment reaches the plastic moment
0, =end rotation of a beam due to seismic load
O10ta1 = maximum end rotation of the beam when the end of the beam bearing against column
0, =end rotation of a beam due to vertical seismic load
0, =end rotation of a beam when its midspan moment reaches the yield moment.
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1. BEHAVIOR OF SHEAR
CONNECTIONS UNDER |l yuvyyors
GRAVITY AND SEISMIC
LOADS Ricai.

1.1. Introduction to Simple Shear Connections

Simple shear connections are used in steel structures to connect a simply supported beam to its support.
These connections are primarily designed to transfer gravity shear force and to be sufficiently flexible to
accommodate end rotation of the beam. During an earthquake, shear connections are subjected to
additional forces and deformations. The goals of this report are two:

1. To provide an updated summary of the information on the behavior and design of shear tab
connections subjected to gravity shear; and,

2. To provide design-oriented information on behavior and design of shear tab connection under
combined gravity and seismic effects.

1.2. Definition of Shear Connections

In steel structures, depending on rotational stiffness and flexural strength of a connection relative to those
of the connected beam, the connection is categorized as FR (fully restrained) or PR (partially restrained)
(AISC 1999). A third category of connections is the shear connections that are designated by the AISC
Specification, Load and Resistance Factor Design (AISC 1999) as “simple framing” connections and by
the AISC Manual of Steel Construction—Load and Resistance Factor Design (AISC 2000) as “simple
shear” connections. In the remainder of this report, we will focus on connections in this third category and
will call them shear connections. Figure 1.1 shows a more formal definition of the three categories of
beam end connections. Shear connections are defined in the literature (Salmon and Johnson 1996 and
Astaneh-Asl 1989) as connections with moment capacity less than 20% of the plastic moment capacity of
the connected beam.

The AISC specifications (AISC 1999) states that for shear connections the following
requirements apply:

Excerpts from the AISC Manual of Steel Construction, 2000 (Page 16.1-2):

(1) The connections and connected members shall be adequate to resist the factored gravity loads as
“simple beams.”
(2) The connections and connected members shall be adequate to resist the factored lateral loads.
(3) The connections shall have sufficient inelastic rotation capacity to avoid overload

of fasteners or welds under combined factored gravity and lateral loading.
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As shown in Figure 1.1, a relatively small bending moment, less than 20% of the plastic moment
capacity of the beam, can develop in a shear connection. This relatively small negative moment acting at
the ends of the beam is usually ignored in the design of the beam itself, and the beam is designed as a
simply supported beam. Doing so satisfies the AISC specification requirement (1) in the preceding box.
However, the relatively small moment at the end of the beam can have detrimental effects on connection
elements such as the plate, welds, and bolts and is, therefore, considered in design of the connection itself
and the supporting member (that is, the column or girder)..

A
End Moment, Rotation
Mconn/MPb gi@
Zone of Fully Restrained Connections T -
Moment
1.0
m=18 \ Zone of Partially Restrained Connections
Note:
m=0.5
AN m = (Keonn)/(EI/L)s

Zone of (Simple) Shear Connections

End Rotation, 0

Figure 1.1. Three Types of Beam-to-Column Connections

Under the combined effects of gravity and lateral load (that is, seismic effects or wind), shear
connections are subjected to shear combined with cyclic rotations and cyclic axial load. The AISC
specification requirements (2) and (3) in the preceding box appear to have been formulated to ensure that
the shear connections can not only resist the combined forces of gravity and lateral loads but also have
adequate rotational ductility to tolerate cyclic rotations imposed on them during lateral load applications.
More information on the combined effects of gravity and seismic load is provided in Chapter 3.

1.3. Types of Shear Connections

Figure 1.2 shows typical shear connections in which the beam is connected to one side of the supporting
element. Quite often, shear connections are double sided, where two shear connections are connected to
each side of the support. Figure 1.3 shows examples of one-sided and double sided shear tab connections.

Shear tabs, double-angle, and tee connections, shown in Figure 1.2, are three of the most
frequently used shear connections in the United States. The AISC Manual of Steel Construction (AISC
2000) provides valuable information for construction and structural design of these shear connections
when subjected to shear alone. Other publications, such as those listed in the “References” section of this
report, also provide information on behavior and design of these three connections subjected to shear.
However, in recent years, it has been recognized that in seismic regions, shear connections, in addition to
shear due to gravity, can be subjected to relatively large cyclic rotations as well as cyclic axial loads. In
this report, first, we consider behavior and design of shear connections subjected only to gravity shear.
Then, behavior and design of shear connections under combined gravity and seismic effects are discussed.
The shear connection considered in this report is a shear tab that consists of a plate welded to the support
and bolted to the web of the supported beam. Behavior and design of tee and double-angle connections
are discussed in Astaneh-Asl (2005).
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Figure 1.2. Common Types of Shear Connections
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(a) One-Sided Shear Tab Connections
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/-— Beam
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(b) Double-Sided Shear Tab Connections

Figure 1.3. Examples of one-sided and Double-Sided Shear Tab Connections
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1.4. Design of Shear Connections for Gravity Effects

Design of shear connections should be done such that the following requirements are satisfied:

1.

The connection should have sufficient shear strength to resist applied forces. Under gravity load
alone, the main force acting on a shear connection is shear force. Under the combined effects of
gravity load and earthquakes, shear connections are expected to transfer seismic axial load in
addition to shear.

Shear connections should be sufficiently flexible in rotation such that the fixed end moments in
the beam are small and less than 20% of the plastic moment capacity of the connected beam. If
end moments are larger than 20% of the plastic moment capacity of the beam, the connection
would behave as a semi-rigid connection.

Shear connections should have sufficient rotational ductility to tolerate rotations due to gravity
load as well as due to combined effects of gravity and seismic loads.

In order to satisfy the above requirements, one needs to answer the following questions:
What is the gravity shear force to be used in the design of a shear connection?

What is the bending moment to be used in the design of a shear connection?

What is the “sufficient” rotational ductility that a shear connection should possess?

To answer the above questions, we need to study the behavior of shear connections. Due to the

material and geometric nonlinearity that are observed in almost all shear connections, such studies need to
be done in laboratories and by testing of large-scale specimens subjected to realistic gravity load effects.
In the next section, general behavior of shear connections, based on test results, is discussed.

1.5. General Behavior of Shear Connections of Simply Supported Beams

Depending on the location of the applied shear, connection elements, such as bolts, welds, angles and
plates, will be subjected to a combination of shear and moment. As a result, the behavior and design of a
shear connection strongly depend on the location of the point of inflection where the bending moment is
zero. If the location of the point of inflection is known, one can calculate the moment acting on any
element of the connection by simply multiplying the shear acting through the point of inflection by the
eccentricity of the element under consideration from the point of inflection.

-
T >
.7 D / A \
Qb L) ‘ \
/ A [ | Shear
. ', © \e— :
i \ Connection
|‘ ,' I * |
End /( ! V 1
Moment S ‘\ ]
Points of /
Inflection \\ [ HHTF”]L ;< Bending
N P / Moment
\ P Diagram

-—-

Figure 1.4. Location of the Point of Inflection and Free Body Diagram of the Connection
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The location of the point of inflection in simply supported beams depends on the rotational
stiffness and bending strength of its end shear connections. Consider a simply supported beam and its
bending moment diagram shown together in Figure 1.5. As the applied load increases, the bending
moment diagram becomes larger and the end moments increase. When the end moment exceeds the yield
moment capacity of the connection, the rotational stiffness of the connection decreases due to yielding.
Decrease of the rotational stiffness of the connection results in redistribution of the end moments to the
midspan of the beam.

Further increase of the bending moment will not result in increasing the end moments, since the
connection has reached its plastic moment capacity due to yielding of connection plates and angles. The
only increase in the end moment will be due to strain hardening or kinematical hardening in the
connection, which are ignored in design and in this discussion. At any time during the loading, one can
find the location of the point of inflection, which is the point of zero moment, from the bending moment
diagram. Notice that as the loading increases, the point of inflection moves towards the supports
decreasing the fixed end moments in the beam. Another way of looking at the movement of the point of
inflection towards the support is that as the load applied to a beam increases, the shear connections
behave initially as fully restrained (FR), then partially restrained (PR), and finally as a flexible shear
connection acting more or less as a pin connection as the connection experiences more and more yielding
and loss of rotational stiffness.

Rotation, 0

LU ey
4

N

Moment, M

/ \’o, ‘.")K\ At Service Load
Points of ‘oo, o ~ At Yield Point
Inflection \ Trumes /\

" At Collapse
~. /

Figure 1.5. Bending Moment Diagrams for a Simply Supported Beam

As the load on the beam increases, the shear force in the connection also increases. The increase
in shear stresses, combined with bending stresses, facilitates yielding in the shear connection resulting in
rotation of the connection and further movement of the point of inflection towards the support. Slippage
of bolts in bolted shear connections has a similar effect in reducing rotational stiffness, which in turn
results in facilitating rotation of the connection. As a result, in simply supported beams, shear connections
follow more or less the end rotation of the beam. As load continues to increase, eventually a plastic hinge
forms at the midspan, and the beam collapses. At the time of the beam collapse, the rotation of the beam
ends and the shear connections rapidly increases. This is the reason shear connections need to have
sufficient ductility to rotate and follow the large end rotations of the beam when the beam reaches its
maximum load capacity. If the shear connection is not sufficiently ductile in rotation, when the plastic
hinge starts forming at midspan of the beam, the end shear connections will fracture in a brittle manner
due to excessive rotations imposed on them by the beam end. Such fractures, due to lack of rotational
ductility, can result in loss of shear capacity of the connections, which in turn can result in failure of the
connections to support the beam.
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1.5.a. Actual Tests of Shear Connections

As mentioned earlier, due to the complex and nonlinear behavior of shear connections, even under service
loads, design procedures for shear connections should be based on data obtained from large-scale tests of
specimens under realistic loading conditions. When studying behavior of shear connections under gravity
loads, the following parameters are important:

1. Shear strength

2. Bending strength

3. Rotational ductility

By establishing the location of the point of inflection in a shear connection and establishing the

shear-rotation behavior of the connection, we can establish all of the above three parameters. Until
the1980s, tests on shear connections were done by subjecting a cantilever beam to a concentrated load at
its end, Figure 1.6(a). Such tests can be considered realistic for moment connections but quite unrealistic
for shear connections. The reason is that, due to the flexibility of the connection in shear connections, the
cantilever beam rotates easily under a relatively small and unrealistic shear force. So, the cantilever tests
provide some information on moment-rotation behavior of shear connections but not on their shear
strength. A few tests in the past have been done using full span beams subjected to a concentrated load as
shown in Figure 1.6(b). These tests were usually carried on until the shear connection failed under the
shear force while the beam was still elastic. Although these tests shed some light on shear strength of the
connection, they did not establish the realistic shear strength or the failure modes. The reason is that in
these tests the connections were not subjected to realistic and relatively large rotations that a shear
connection is expected to be subjected to when a plastic hinge forms at midspan of the beam.

(a) Large Rotations, (b) Large Shear, (¢) Realistic Condition of Shear and Rotation
Small Shear Small Rotation in the Connection

Figure 1.6. (a) Cantilever Test Specimen, (b) Elastic Beam Specimen, and (c) Realistic Specimen

14 Strain-Hardening N
Actuator "S" Beam 12 4 e ”‘———____
i End ] * =
Reaction Block —— |
Actuator "R" Shear, b ’ ~—— Curve for Span/Depth=10
V/Vy 0.8 ]
Y}
n¥p 06 7 Curve for Span/Depth=35
noy!
n I|========= _________ = = 0.4 Z}e
n .:__. """" i -
N ===z === = =l==sa= J 0.2 V2
noy!
w ) Actual Beam —/ TestBeam 00 W/ Note: Vy=4S,FL
INL . . I I I [ [
I-el\- Connection 0.0 0.02 0.04 0.06
Column Beam End Rotation, radians
Figure 1.7. Test Setup for Realistic Testing of Figure 1.8. Shear-Rotation Relationship
Shear Connections for Shear Connections
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In order to establish what is the realistic relationship between shear and rotation, a series of
inelastic analyses of simply supported beams subjected to uniform loading was conducted. Spans of 10,
20, 30, 40, 50, and 60 feet were used in the studies. All rolled shapes tabulated in the AISC Manual were
included. In the analysis, the beams were loaded until they formed a plastic hinge in the midspan and
collapsed. The established shear-rotation relationship for shear connections is shown in Figure 1.8 in
terms of two extreme curves. All other curves were between these two curves. To study the behavior of
shear connections under realistic conditions of shear and rotation, shown in Figure 1.6(c), a special test
setup (see Figure 1.7) was developed (Astaneh-Asl 1988).

The test setup shown in Figure 1.7 was used to subject shear tabs, double angles, and tee shear
connections to the realistic combination of shear and rotations shown in Figure 1.8. The test setup had
two actuators, indicated as “R” and “S” in Figure 1.7, attached to a beam. Using actuator “S,” located
near the support, and actuator “R” at the tip of the other end, any desired combination of shear and
rotation of the beam end could be applied to the connection. Manual control of the actuators “R” and “S”
allowed testing of shear connections to follow the desired shear-rotation loading protocol of Figure 1.8.

1.5.b. What Is the Gravity Shear Force and Bending Moment in a Shear Connection?

The design shear force in a shear connection of a simply supported beam is the reaction of the beam,
which in general is equal to half of the load on the span. The moment in the shear connection depends on
the rotational stiffness of the connection relative to the rotational stiffness of the beam. Due to the highly
nonlinear behavior of the connection, the moment needs to be established by actual tests. Using the test
setup shown in Figure 1.7, realistic tests of shear connections were conducted at the University of
California at Berkeley (Astaneh-Asl, Call, and McMullin 1989; Astaneh-Asl, Malik, and Nader 1989;
Astaneh-Asl and Nader 1989; Astaneh-Asl and McMullin 1993; and Astaneh-Asl, Liu, and McMullin
2002). The connections that were tested were shear tabs, double angles, and tee shear connections. The
most important outcome of the tests was to establish the location of the point of inflection of simply
supported beams using these three types of shear connections. By knowing the location of the point of
inflection, one can calculate the end moments of the beam. In addition to establishing the location of the
point of inflection, the tests also established failure modes and their hierarchy. The test results of these
connections under gravity effects (shear and rotation) are discussed in the next chapter of this report for
shear tabs and in Astaneh-Asl 2005 for double angles and tee connections respectively.

1.5.c. What Should Be the Rotational Ductility of a Shear Connection?

Earlier, in Section 1.4, three requirements for shear connections were listed. Two requirements were
related to the shear force and bending moment developed in shear connections and were discussed in the
previous section. The third requirement is: “Shear connections should have sufficient rotational ductility
to tolerate rotations due to gravity load as well as due to combined effects of gravity and seismic loads.”
In this section, we attempt to answer the question of what is “sufficient” rotational ductility expected of a
shear connection.

Let us consider a simply supported beam subjected to a uniformly distributed load. The end
rotation of the beam, as long as the beam remains elastic, is given by:

g’ g L ML
24EI 8 3EI 3El :
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For definition of terms in the above and all other equations, please see the “Notations” section on
page 4 of this report. When the midspan moment in the beam reaches the yield moment, the Equation 1.1
is still valid and can be written in terms of the yield moment capacity of the beam as:

_M,L (1.2)
Y 3EI

By substituting My with F,S,=F,I/(d/2) in Equation 1.2, one obtains:

6 ZE(EJ (1.3)
Y 3E\d

After the midspan moment reaches the yield moment, increase in the load will result in yielding
of more and more fibers at midspan and more end rotations in the beam. Beyond the yield point, due to
yielding of steel, Equation 1.1 no longer can predict the end rotations accurately. The inelastic analysis,
mentioned earlier, the results of which are plotted in Figure 1.8, indicated that the end rotation of a simply
supported beam when its midspan moment reaches plastic moment can be obtained from the following
approximate but somewhat conservative equation:

_M,L (1.4)
P 2.5EI

Assuming a conservative ratio of Mp,/ My of 1.25 for wide flanges, the above equation can be
written as:

CEL (1.5)
£ Ed

Equation 1.5 is proposed to be used in design as a reasonable estimate of the maximum rotational
ductility demand imposed on shear connections of simply supported beams under gravity load.
Considering a value of F,=50 ksi, E=29,000 ksi, and L/d of 17, a conservative estimate of 0, can be made

as:
0, = 0.03 Radians (1.6)

1.6. Seismic Behavior of Shear Connections of Simply Supported Beams

During an earthquake, shear connections in a building are subjected to additional bending moment, shear
and axial forces and corresponding rotations, and shear and axial deformations. All of these seismic
effects are cyclic in nature. Since shear connections are also responsible for transferring gravity forces
during and after an earthquake, seismic design of shear connections should be done such that the damage
to the connection during an earthquake does not diminish its capacity to resist the gravity forces after the
earthquake.

A rational seismic design philosophy for shear connections should be based not only on providing
sufficient strength in the connection to resist expected moment, shear, and axial forces due to combined
gravity and seismic effects, but also on ensuring that the connection has sufficient ductility in rotational,
shear, and axial deformation to survive earthquakes. An approach to ensure that this happens is to design
the connection such that the yielding of the most ductile element(s) of the connection is the governing
failure mode. This philosophy was proposed and used in developing design procedures for the shear tab
connections subjected to the gravity load (Astaneh-Asl, Call, and McMullin 1989). The proposed
philosophy and design procedures are the basis of the current procedure for the design of shear tabs in the
AISC LRFD and ASD manuals (AISC 2000 and AISC 1989). Typically, in most shear connections, steel
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plates, angles, or tees are the most ductile elements of the connection, and yielding of these elements
should be the governing failure mode to achieve a sufficiently ductile connection. This philosophy is also
followed throughout this document in developing seismic design procedures for shear connections.

1.6.a. Seismic Forces in a Shear Connection

During an earthquake, shear connections can be subjected to additional, and sometimes quite significant,
axial load and rotations. The axial load is the result of inertia forces in the floor collected in the beam and
transmitted to the columns by shear connections. The additional shear force is due to development of two
equal sign bending moments, one at each end of the beam as shown in Figure 1.9. Therefore, the total
shear force in the connection under combined gravity and seismic effects is:

Vo=V, 4V, =3 Bom (17)

1.6.b. Seismic Rotations in Shear Connections

Figure 1.10 shows the rotations that develop in a shear connection under gravity load alone and under
combined gravity and seismic loads. In Figure 1.10, angle 0, shows rotation of the end of the beam
relative to the column due to gravity load alone. If we conservatively ignore the bending moment in the
shear connection and assume it is a pin connection, then angle 6, is the end rotation of a simply supported
beam. In reality, due to the bending capacity of shear connections, however small, the actual angle of
rotation is less than that for a simply supported beam. Angle 0y in Figure 1.10(b) is the rotation of the
beam end due to seismic drift of the floor. Angle 0,5, also a seismic rotation, is due to deflection of the
beam in the vertical direction due to vertical inertia forces of the earthquake.

Maximum values of rotation demand on a shear connection, during earthquakes, can be
established as:

- 1.8
0, =0, +0, (1.8)

In the above equation, 0, is the maximum value of the rotation demand on the shear connection
under the gravity load alone, as shown in Figurel.10, and was established earlier by Equation 1.5.
Rotation angle 0;is the maximum rotation imposed on the connection by seismic forces and is equal to
summation of angles 6;sand 0,5 in Figure 1.10:

es :ehs +evs (19)

Angle 0y in the above equation is equal to the inelastic story drift angle. Current seismic design
codes provide simple equations to estimate inelastic story drift in terms of elastic drift values. For
example, the ASCE-7 Standard (ASCE 2002) provides the following equation for story drift for story x:

8, = Cd—8"e (1.10)
I
Angle 0y is equal to &, divided by the story height, h,  resulting in:
5. (1.11)
hs hXI

In the above equation, Cqis the deflection magnification factor with a value of 4 to 6.5 for steel
structures, Oy is the elastic story drift, hy is the story height, and I is the importance factor for the building.
In the absence of values for d,, or if one wants to use only one value of 0y for all shear connections in the
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building, a value of 0.04 radians seems to be a reasonable maximum drift angle in buildings with moment
frames. For braced frames an average of 0.025 radians is suggested.

Angle 0,5 in Equation 1.9 is the rotation of the connection due to the vertical component of the
seismic forces acting on the beam as shown in Figure 1.10(b). Current codes provide procedures to
calculate the vertical component of seismic force. After establishing the vertical seismic force acting on
the simply supported beam, one can calculate the end rotations 0, due to vertical seismic loads. In the
absence of rigorous analysis to establish 0, or if one wants to use a single value of y for all shear
connections, a value equal to 30% of the end rotation due to dead load only seems to be a reasonable
value. This assumes that in most cases of design, the vertical seismic forces acting on the simply
supported beams are less than 30% of the dead load.

Therefore, an approximate value of the maximum rotation demand on shear connections during
earthquakes can be estimated from Equation 1.8 given earlier.
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(a) Under Gravity Load Only (b) Under Combined Gravity and Seismic Loads

Figure 1.9. Shear and Axial Forces in the Shear Connections

(a) Under Gravity Load Only (b) Under Combined Gravity and Seismic Loads

Figure 1.10. Rotation in the Connections
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In Equation 1.8, 0, is the maximum value of rotation demand on the shear connection under
gravity load alone and was established earlier by Equation 1.5. Angle 6;is the maximum rotation due to
seismic effects given approximately as:

0;=0.04+0.3(0.04)=0.05 Radians (1.12)

The total rotation due to combined gravity and seismic effects is approximately:

0,,=0.05+0.03=0.08 Radians (1.13)
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2. DESIGN OF

SHEAR TABS FOR
GRAVITY LOAD

2.1. Introduction

The behavior of shear tabs subjected to gravity shear has been studied by Astaneh-Asl (1989), Porter and
Astaneh-Asl (1990), and Shaw and Astaneh-Asl (1992) at the University of California, Berkeley. Based
on this and previous on shear tabs (Richard et al. 1980), new and performance-based design procedures
were developed and proposed by Astaneh-Asl, Call, and McMullin (1989), which were then included in
the AISC ASD and LRFD Manuals of Steel Construction (AISC 1989 and AISC 2000). The details of
these studies and their results can be found in the above-mentioned references. Below, a summary of the
behavior of shear tab connections subjected to vertical shear force due to gravity is provided followed by
a summary of design procedures for shear tab connections. Later, in Chapter 3, behavior and design of
shear tabs under seismic effects are discussed.

2.2. Gravity Load Effects on Shear Tabs

Under gravity load, a shear tab is subjected to shear force (that is, reaction of the beam), a relatively small
moment, which is usually less than 20% of the plastic moment capacity of the beam, and relatively large
rotations on the order of 0.03—0.05 radians. As discussed in Chapter 1, to establish the moment acting on
any shear connection, the first step is to establish the location of the point of inflection.

é s * ? ....................... E

; |
1
Paints of Inflaction g
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Moment at Weld .
Bending

Moment at Column Line Moment
Diaaram

Figure 2.1. Point of Inflection and Bending Moments Acting on Connection Elements

The point of inflection is the point along the beam centerline where bending moment is zero.
After establishing the location of the point of inflection, the free body diagram of the connection and a
segment of the beam up to the point of inflection can be used to calculate the shear force and bending
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moment acting on the connection and its components such as the plate, bolts, and welds as shown in
Figure 2.1.

Tests of shear tabs under gravity load effects have established the location of the point of
inflection for single row shear tabs (Astaneh-Asl, Call, and McMullin 1989). The location of the point of
inflection primarily depends on the depth of the shear tab, the amount of slippage in the bolts, and the
rotational stiffness of the supporting member. If the supporting member is relatively rigid, such as a
flange of a column or a plate embedded in a reinforced concrete wall, the distance of the point of
inflection from the centerline of the support and the moments generated in the connection are larger than
the corresponding values for a case in which the support is relatively flexible. Examples of flexible
support cases are shear tabs connected to one side of a column web or a girder web. If equal size shear
tabs are connected to both sides of a column web or girder web, the support will act as a rigid support.
Examples of rigid and flexible supports for shear tabs are shown in Figure 2.2. In a conservative
approach, one can ignore the extra shear capacity of shear tabs with flexible supports and design all shear
tab connections using eccentricities associated with rigid supports. This approach is used in the remainder
of this report.
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Figure 2.2. Rigid and Flexible Supports for Shear Tab Design

2.3. Location of the Point of Inflection in Shear Tab Connections
The research conducted at UC-Berkeley (Astaneh-Asl, Call, and McMullin 1989; Astaneh-Asl, Malik,

and Nader 1989) resulted in establishing the location of the point of inflection for shear tabs having
standard or short-slotted holes connected to rigid or flexible supports.
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2.3.a. Location of the Point of Inflection for Shear Tabs with Standard Holes

When standard holes are used in shear tabs as well as in beams, depending on the condition of support
being rigid or flexible, the location of the points of inflection were established in terms of the distance (or
eccentricity) from the weld line or bolt line of the connection as given below. It should be noted that the
equations for the location of the point of inflection given below are for both the LRFD and ASD methods.
As mentioned above, in a slightly conservative approach, one can use eccentricities given below for rigid
supports for both flexible and rigid supports.

(a) The distance from the point of inflection to the weld line was established as:
ey = n inches (for standard holes) (2.1
(b) The distance from the point of inflection to the bolt line was established as:
epb=(n—1)inches—a >a (for standard holes) (2.2)
Where:
ew = distance from the weld line to the point of inflection
ep = distance from the bolt line to the point of inflection
a = distance from the center of the bolts to the weld line
n = number of bolts
Figure 2.3 shows the eccentricities established by the tests (as dots) plotted against the

eccentricities calculated by the above equations. Note that in these tests shear tabs were connected to
column flanges of wide flange columns making the connection “rigid support,” shown in Figure 2.2(b).
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2 1 :‘\ew=ain. 2| -~ E&p=a
0 2 4 6 8 10 0 2 4 6 8 10

Typical Shear

Eccentricity from Weld, e, in. Eccentricity from Bolts, e, in. Connection

Figure 2.3. Eccentricity of the Point of Inflection from Weld and Bolt Lines

The tests of shear tabs connected to rigid supports also revealed that:
1. Single-plate shear connections (shear tabs) supported gravity load at maximum rotations varying

from 0.026 to 0.103 radians. The maximum rotation achieved increased as the number of bolts in
the connection decreased.
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2. Shear deformation and distortion contributed significantly to the behavior of the connection,
especially when the applied vertical load exceeded the service load level.

3. Moment capacity of connections varied from 35% to 50% of plastic moment capacity of the gross
area of the plate.

2.3.b. Location of the Point of Inflection for Shear Tabs with Short-Slotted Holes

In many applications, to facilitate fitting of the bolts inside the holes, it is desirable to use short- slotted
holes in the shear tab and standard holes in the beam web. Using slotted holes makes the shear tab
connection more flexible than with standard holes since the bolt can slide more inside the slot and permit
beam end rotation more easily. Because of the higher flexibility of shear tab connections with slotted
holes, the point of inflection in these connections is located closer to the weld line than with connections
that use standard round holes as discussed in section 2.3.a.

Porter and Astaneh-Asl (1990) conducted a series of tests of shear tabs with short-slotted bolt
holes in the shear tabs and standard round holes in the beam web. The equations that were suggested by
Porter and Astaneh-Asl (1990) for the eccentricity of the point of inflection were:

(a) The distance from the point of inflection to the weld line was established as:
ew = 2n/3 inches (for short-slotted holes in shear tab) (2.3)
(b) The distance from the point of inflection to the bolt line was established as:
e, = (2n/3-1) inches—a >a (for short-slotted holes in shear tab) 2.4)
2.3.c. Location of the Point of Inflection for Shear Tabs with Long-Slotted Holes

In some applications, such as expansion joints, long-slotted holes are used in shear tabs as shown in
Figure 2.4(a). In these cases, the length of the slot can provide sufficient freedom for bolts to move
horizontally and accommodate end rotation of the beam with almost no restraint. As a result, the point of
inflection moves to the bolt line. Since there are no data and results of tests of shear tabs with long-slotted
holes, to be conservative, it is suggested that the location of the point of inflection be considered as far
away from the weld line as possible. This means that for the purpose of design, the bolts are to be
considered at the far end of the long slot as shown in Figure 2.4(b). In addition, it is also suggested that
long-slotted shear tabs be used only on rigid supports, such as column flanges, and not on flexible
supports such as webs. This is to avoid cyclic deformation of flexible supports as the bolts travel in the
long-slotted holes as the beam expands and contracts due to temperature changes.

Therefore, the distance from the point of inflection to the bolt line and weld line in a shear tab
connection with long-slotted bolt holes is given as:

Cpr— 0.0

e = Distance from the center of the bolts to the weld line when the bolts are at the end of
the slot

For shear tabs with long-slotted holes, in addition to the six failure modes discussed in section

2.4, it may be necessary to check a seventh failure mode, that is, the bending failure of the narrow bands
of plate between the long-slotted holes as shown in Figure 2.4(c). To check this failure mode, the applied
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moment is defined as shear yield capacity of the plate multiplied by the eccentricity e, shown in Figure
2.4(c). The resisting moment is the summation of bending moment capacities of the narrow strips of plate
between the holes shown in Figure 2.4(d).
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Figure 2.4. Shear Tabs with Long-Slotted Holes

2.3.d. Location of the Point of Inflection for Shear Tabs within a Moment Connection

The above discussions regarding the location of the point of inflection apply only to shear tabs in simple
supports. Shear tabs are used in many bolted and welded moment connections to carry shear. For shear
tabs in moment connections, one can conservatively use the above locations of the point of inflection and
design the shear tab elements accordingly or simply select the shear tab from the AISC Manual tables
(AISC 1989 and AISC 2000). The tables are based on using the above eccentricities. However, in reality,
the bulk of the bending moment in the connection will be resisted by the flanges, and the shear tabs will
be subjected only to shear and a relatively small bending moment. This may be the reason some structural
engineers design the moment connection shear tabs and the bolts and welds on the shear tab for pure
shear. It must be added that seismic design of shear tab connections that are part of special moment
resisting frame, should be done in accordance with FEMA-350 (2000).

2.4. Failure Modes of a Shear Tab Connection

When a shear tab connection is subjected to shear and rotation, the following failure modes are possible:
1. Yielding of gross area of plate (very ductile)
2. Bearing yielding of bolt holes in the plate and/or beam web (ductile)
3. Failure of edge distance of bolts (somewhat ductile until fractures)
4. Shear fracture of net area of plate (somewhat ductile until fractures)
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5. Fracture of bolts (limited ductility)
6. Fracture of welds (limited ductility)

In the above list, failure modes are divided into two categories of “ductile” and “brittle” and have
been placed in the order of their desirability with the first one being the most desirable and the last one
being the least desirable. Figure 2.5 graphically shows the same failure modes and their hierarchy. Failure
modes (1) and (2) in the above list are associated with yielding of steel and are considered ductile failure
modes. Ductile failure modes are more desirable than the more brittle failure (that is, failure modes 3
through 6 in the above list). During a ductile failure mode, a relatively large volume of steel yields,
plastically deforms, and yet maintains its yield strength. Brittle failure modes involve yielding of a
relatively small volume of steel, bolts, or welds followed by fracture in a relatively abrupt manner. When
a brittle failure mode occurs, the fractured part loses its strength without much noticeable deformation.
Slippage of bolts is also included in Figure 2.5 in the hierarchy of failure modes. However, slippage of
bolts is not a failure mode as long as the slippage does not occur under service load. With current AISC
requirements on bolt tightening, bolt slippage is expected to occur under a load greater than nominal (un-

factored) design loads.
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Figure 2.5. Limit States (Failure Modes) of Shear Tab Connections

2.4.a. Yielding of the Plate in Shear (Limit State 1)

As discussed earlier, for shear tab connections, it is essential that
this failure mode is the governing failure mode resulting in
inelastic deformation of yielded plate to contribute to the
rotational ductility of the connection. To ensure that yielding of
the shear tab plate governs over other failure modes, design of a L
shear tab starts with this limit state and to ensure that this limit
state governs over other limit states, the factored shear force (in
LRFD) and the applied shear force (in ASD), established by

Yielding

analysis, should be less than or equal to the values of design 7

shear yield strength in LRFD and ASD: t, Fy
Vu<¢,V,  (LRFD) (2.52) Figure 2.6
V<V, /Q, (ASD) (2.5b)

For a shear tab, the design shear yielding strength in LRFD and the allowable shear yielding
strength in ASD are ¢,V and V,/Q, respectively where:
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V,=0.60F, tL (2.6)

¢y =0.90 (LRFD) (2.7a)

Q=15 (ASD) (2.7b)

For definitions of the terms in the above equation, please see the “Notations” section on Page 4.

2.4.b. Bearing Failure of the Shear Tab or Beam Web (Limit State 2)

After designing the shear tab plate following the procedures in
previous section, the remaining failure modes, such as this

failure mode, are checked to ensure that they have a strength tF,

equal or greater than the shear yield strength of the plate. This ’

“capacity design” approach will ensure that the yielding of the dy —

shear tab plate is the governing failure mechanism. Therefore, i

the limit state of bearing failure should be checked against the L

shear yield capacity to ensure that the strength in bearing is A v
greater than the strength in shear yielding: [

—-T

@
dbr Vir > 0y Vy (LRFD) (2.82)

RN
Vi /Que >V, / Q (ASD) (2.8b) L. ,/E é!

For a shear tab, the design bearing failure strength in
LRFD and allowable bearing failure strength in ASD are ¢, Vi Figure 2.7
and Vy,,/Cy, respectively where:

Vi=2(1.2LF, <2.4d,tF,) (2.9)
Oor = 0.75 (LRFD) (2.10a)
Q= 2.00 (ASD) (2.10b)

The term 1.2LtF, in Equation 2.9 is the bearing capacity of one bolt using its corresponding L.
where L. is the distance from the edge of the bolt hole to the edge of the plate or to the edge of the
adjacent bolt hole, whichever is smaller. For definitions of other terms in the above equations, please see
the “Notations” section on Page 4.

2.4.c. Edge Distance Failure in the Plate or in the Beam Web (Limit State 3)

Edge distance for a bolt is defined as the distance from center Bolt !
of the bolt to the edge of a connected part. The required |
minimum edge distances for the shear tab as well as for the

beam web in a shear tab connection should be equal to or l
Edge (©)

greater than those provided by the AISC-LRFD
Specifications (AISC, 1999) or two times diameter of bolt Distan(ﬂ l
whichever is greater. The minimum edge distance of two N j/‘,.
times diameter of bolt resulted from the tests of the shear tabs N ,
conducted at the University of California, Berkeley (Astaneh- :

Asl, Call, and McMullin 1989). The tests has since formed v
the basis of procedures currently in the AISC Manuals (AISC '

1989 and AISC 2000). Figure 2.8
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2.4.d. Net Area Fracture of the Plate (Limit State 4)

For a shear tab, the limit state of the fracture of the net area t, Fy, Fy

should be checked against the shear yield capacity to ensure that | A
the net section fracture strength is greater than the strength in dy
shear yielding.

On Vo > dy Vy (LRFD) (2.11a)
Va/Qy >V, | Q (ASD) (2.11b)

The design net area fracture strength in LRFD and the
allowable net area fracture shear force in ASD are ¢, V, and A
V./Q, respectively where:

Figure 2.9
V.= 0.60F, A,y (2.12)
0, =0.75 (LRFD) (2.13a)
Q,=2.00 (ASD) (2.13b)

For definitions of the terms in the above equation, please see the “Notations” section on Page 4.
The term A,,, in Equation 2.12 is the “net section for shear.” Currently, the AISC specifications (AISC
1989 and AISC 1999) define the net area in shear to be the area along the centerline of the bolts as shown
in Figure 2.10(b). However, considering the shear stress distribution in Figure 2.10(b), it is not possible
for the shear tab to fracture in shear along the centerline of the bolts unless the bolts also fracture in half.
The tests that were done by Astaneh-Asl, Call, and McMullin (1989) and Astaneh-Asl, Malik, and Nader
(1989) indicated that the fracture of the net section in the shear occurs through a section at the edge of the
bolt as shown in Figure 2.10(c) and not through the centerline of the bolts. Observing this failure mode,
Astaneh-Asl, Call, and McMullin (1989) and Astaneh-Asl, Malik, and Nader (1989) recommended that
the net section in the shear be taken as the average of the net section through the center of the bolt and the
gross area. The equation they recommended for the net section in the shear was:

Aw=tL —0.5n(dy + 1/8 inch)(t) (2.14)

For definitions of the terms, see the “Notations” section on page 4 of this report.

{1
Y/
|
(a) Shear Tab (b) AISC Model (c) Observed Net Area (d) Example of Net Section
Subjected to Shear Net Area Fracture Fracture in Tests Fracture in a Tee Shear

Connection
(Nader and Astaneh-Asl, 1990)

Figure 2.10. Bolt Group Subjected to Shear and Fracture of Net Area
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The above equation is similar to the equation used to calculate the net section subjected to tension
but has a factor of 0.5 in front of the hole area term. In early 1980s when the American Institute of Steel
Construction (AISC) was adopting the recommendations made by Astaneh-Asl, Call, and McMullin.
(1989) for design of shear tabs, in a conservative move the AISC chose to use the equation of tension net
area for shear net area. Although the conservative approach of the AISC does not affect the design
outcome for A36 steel in most cases, it can result in preventing the use of steel with a higher yield point,
such as 50 ksi, in shear tab connections. Therefore, the author suggests that this issue be revisited by the
AISC and, after approval, that the net area for shear be established using the above Equation 2.13. Until
then, the equation given in the AISC specification (AISC 1999) for calculation of net area, as given
below, should be used in design.

An = tL — n(dy + 1/8 inch)(t) (2.15)

2.4.e. Fracture of the Bolt Group (Limit State 5)

The bolts in a shear tab connection should be designed for a Bolt Group —\ A
shear force eccentrically applied to the bolt group as shown in — i
Figure 2.12. The shear force to be used in design of bolt group
on the shear tab is shear yield strength of the plate given in ‘
LRFD and ASD formats is: 6 L
V,or V :
Vo=,V (LRFD) (2.16a) : L I
V=V,/Q (ASD) (2.16b) :
1 A
Where; e :a
¢, = 0.90 (LRFD) (2.17a) |
Q,=2.00 (ASD) (2.17b) Figure 2.11

Using the value of ¢,V in Equation 2.16 above as the shear force applied to the bolt group will
ensure that the strength of bolt group is equal or greater than the shear yield strength of the plate making
the ductile and desirable shear yielding failure mode the governing failure mode of the connection

The eccentricity of shear force, ey, is the distance from the location of point of inflection of the
beam to the bolt line, Figure 2.11, and was given earlier by Equations 2.2 and 2.4 for shear tab
connections with standard and short-slotted holes respectively. The equations are repeated here for
convenience:

epb=(n—1)inches—a >a (for standard holes) (2.2)
ep,=(2n/3—1)inches—a >a (for short-slotted holes) 2.4)

To design the bolt groups for combined effects of shear and bending moment, given by Equations
2.16, the tables given in the AISC-ASD and -LRFD Manuals (AISC, 1989 and AISC, 2000) for
“eccentrically loaded bolt groups™. Table 2.1 shows results of applying these tables for single row bolt
group with 2 to 12 bolts with an eccentricity of shear force equal to those calculated using above
Equations 2.2 and 2.4. The table is for bolts with 3 inches of spacing. First column shows number of
bolts on shear tab and Columns 2, 3 and 4 show eccentricity, e,, number of bolts to carry pure shear and
fraction of strength of bolts to carry pure shear for shear tabs with standard bolt holes. Values in Column
4 are obtained by dividing values in Column 3 by the corresponding values in Column 1. Values in
Columns 5,6 and 7 are values similar to Columns 2,3 and 4 but for short-slotted bolt holes. Columns 4
and 7 can be used as design guide in design of bolts in shear tabs instead of directly using the AISC
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Manual tables for bolts subjected to eccentric shear. Notice that in Table 2.1, value of “a”, the distance
from bolt line to weld line is assumed to be equal to 3 inches. Figure 2.12. shows values of R, given in
Table 2.1. In designing the bolts, the following simple equation can be used:

dyVy < (don ApFry)(Re) (2.18)

where, R, is a factor given in Column 4 or 7 of Table 2.1 below for standard or slotted-holes
respectively. Using the R, factor, the bolts can be designed for direct pure shear force of ¢,V /R,
instead of designing for a shear force of ¢,V, with eccentricity of e, For definition of other terms see
“Notations” in Page 4.

Notice that for shear tabs with 4 to 12 bolts, an average and approximate value of R, equal to 0.80
(for standard holes) and 0.90 (for short-slotted holes) can be used

Table 2.1. Reduced Shear Capacity of Bolt Group Due to Presence of Eccentricity

Type of Holes » Standard Holes Short-slotted Holes
€)) @) 3) 4) ®) (6) @)
Number of Bolts | Ecc. ¢, Bolts for R. Ecc. e, Bolts for R.
v (inches) Pure Shear (inches) Pure Shear
2 3 0.88 0.44 3 0.88 0.44
3 3 1.75 0.58 3 1.75 0.58
4 3 2.81 0.70 3 2.81 0.70
5 3 3.9 0.78 3 3.9 0.78
6 3 4.98 0.83 3 4.98 0.83
7 3 6.06 0.86 3 6.06 0.86
8 4 6.64 0.83 3 6.64 0.90
9 5 7.22 0.80 3 7.22 0.91
10 6 7.79 0.78 3 7.79 0.92
11 7 8.36 0.76 33 8.36 0.91
12 8 8.93 0.75 4 8.93 0.91

* : Notice that in calculating eccentricity, value of a, the distance from bolt line to weld line is assumed to be 3 inches.

Short-Slotted
Bolt Holes “\\

1.0

0.5 / /
Standard
Bolt Holes

Vi

0.0 ]

2 3 45 6 78 9 10 11 12

Number of Bolts

Figure 2.12. Reduction in Shear Capacity of bolt group due to presence of Eccentricity
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2.4.f. Fracture of Welds (Limit State 6)

As discussed earlier, the fillet welds connecting a shear tab to its support are subjected to a combination
of shear force V and bending moment Ve,, due to eccentricity of shear force from the weld line as shown
in Figure 2.13. To ensure that the shear tab connection has sufficient rotational ductility to accommodate
the end rotation demand of the beam, it is essential that the shear tab plate yields prior to yielding of the
welds as shown in Figure 2.13(a).

Fillet welds
are elastic Fillet welds

have yielded

Shear tab is
elastic

Shear tab
has yielded

(a) (b)

Figure 2.13. (a) Shear Tab Has Yielded Prior to the Welds; and
(b) Welds Have Yielded Prior to Shear Tab

When shear tab yields prior to the welds, as shown in Figure 2.13(a), the inelastic rotation of the
connection due to yielding of the shear tab plate in the area between the bolt line and weld line is:

0.= (£)(2)/(L/2) (2.19)

Considering length “a” to be typically about three inches, the length “L” to be at the most 30
inches (for a 10 bolted shear tab), and ¢, , the ultimate strain for steel plate to be 0.20, the above equation
indicates that by making the plate yield prior to weld, the connection plate will be able to provide a
rotational ductility of about 0.04 radians. Additional rotational ductility is also provided by the bolt
slippage, bolt hole elongation due to bearing, bolt shear deformation as well as the edge distance
deformations. The measurements during the tests of shear tabs by Astaneh-Asl, Call and McMullin (1989)
indicated that this additional rotation for A36 specimens was in the order of 0.01-0.03 radians with deeper
connections having smaller value of this rotation. Therefore, the total rotational ductility of connection, if
the plate yields prior to yielding of the weld, will be in the order of 0.05-0.07 radians. This amount of
rotational ductility is sufficient to accommodate the end rotation of the beam which is in the order of
0.03-0.04 radians (see Chapter 1).

If instead of plate yielding first, the welds yield prior to the plate, as shown in Figure 2.13(b), the
rotational ductility provided by the inelastic deformations of the welds is expected to be rather limited and
not as reliable as the ductility provided by yielding of a relatively large volume of the steel plate that
occurs when the steel plate yields prior to the welds. Therefore, in order to ensure that shear tabs are
ductile enough to yield and accommodate end rotation demand of the beam, the design of shear tab
should be based on designing welds such that the shear tab plate yields prior to yielding of the welds.
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In the late 1980’s, behavior of shear tabs were studied by the author and his research associates
(Astaneh-Asl, Call and McMullin, 1989) and new design procedures for design of shear tab connections
were developed (Astaneh-Asl, 1990). These design procedures, which are currently included in the AISC
Manuals (AISC, 1999 and AISC, 1989), were based on ensuring that welds are designed such that the
shear tab plate yields prior to yielding of the welds. Since welds as well as the shear tab plate are
subjected to combined shear and bending moment, a circular yield condition (i.e. interaction curve) was
considered for both in the form of:

(VIVy) HM/M,,)* =1.0 (2.20)
(V/Vy) HM/M,,)* =1.0 (2.21)
Where;

V= shear acting on the weld and plate

M= moment acting on the weld and plate = Ve,, .

V,, = shear yield capacity of plate = (t)(L) (0.6F,)

M,,, = plastic moment capacity of the plate= (t)(L? 14)(Fy)

V,w = shear yield capacity of welds = (2)(0.707w)(L)(1/2)(0.6Fgx)

M, = plastic moment capacity of the welds= (2)(0.707w)(L* /4)(1/2)(Frxy)

L= length of shear tab = (n)(3 inches)

n = number of bolts

w= size of welds

ey = eccentricity of point of inflection from the weld line = n inches

Fexx = Strength of weld electrode

(1/2)(0.6Fgxx )= shear yield stress of fillet welds based on test results reported in the literature
(1/2)(Fexx)= yield stress of transverse fillet welds based on test results reported in the literature

By eliminating V between Equations 2.20 and 2.21, the minimum weld size to ensure yielding of
plate prior to yielding of weld was obtained and reported in Astaneh-Asl (1990) as:

w>145tF, /F, (2.22)

The above equation for E70 electrode (F,, =70 ksi ) and A36 steel (Fy, =36 ksi) or A572 Grade 50
steel (Fy =50 ksi ) results in:

w > 075t (For A36 steel and E70 Electrodes) (2.23a)
w > 1.03t (For Grade 50 steel and E70 Electrodes) (2.23b)

Checking failure of the base metal, following the same approach, as was done for the welds in
above derivations, results in the following Equation 2.24 for minimum size of weld:

w2>0.65t (for any grade of steel for failure of base metal) (2.24)

The justification for use of circular interaction curve for yielding of steel and weld is shown in
Figure 2.14 by three curves. One curve shows interaction of shear and bending assuming a circular
interaction in the form of Equations 2.20 and 2.21 above. A second curve shows an interaction curve
where shear term is considered with power of 1.0 and the moment term is considered with power of 4.0 as
given by Equation 2.25 below. A third curve is also shown in Figure 2.14 which represents the
interaction of shear and bending in welds subjected to eccentric shear according to the AISC-LRFD
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Manual (AISC, 2000). The AISC-LRFD curve for welds subjected to eccentric shear is almost identical
to Equation 2.25 below.

VIV, HM/M,p)* =1.0 (2.25)

Where,

V = applied shear

Vy, = shear yield capacity of rectangular shape based on Von Mises criterion= [F y(V3)/3](tL)
M = applied bending moment

M,, = plastic moment capacity of rectangular cross section = F y(tL?)/4

As Figure 2.14 indicates, the use of circular interaction equation, compared to the AISC-LRFD
curves or Equation 2.25, will be slightly conservative for the region with high shear. For shear tabs, this is
the most applicable region.

VIVy +(M/M,)* =1.0

~
AISC Tables for \
Shearr, Welds Subjected to
(V/Vyp) 0.5 1 Eccentric Shear
1

(VIVy)? +(MIM,)? =1.0

0.0 :
0 0.5 1.0

Moment, (M)/ M yp
Figure 2.14. Interaction of Shear and Bending Moment Acting on Weld Lines

Since development of design procedures for shear tabs in late 1980’s (Astaneh-Asl, 1990), new
information on the actual properties of steel and performance of fillet welds have been generated. Since
the concept of ensuring yielding of the plate prior to yielding of the welds depends heavily on the
mechanical properties of the plate and welds, for this report, an attempt was made to reexamine the weld
design for shear tabs and the minimum weld size requirement. One of the important developments since
the release of shear tab design procedures was the 1994 Northridge earthquake and recognition of the
variability of the “specified yield stress” of steel. Considering this important item, in the following, an
attempt is made to establish minimum size of weld that will result in yielding of the shear tab plate prior
to failure of the welds.

Earlier, we used circular interaction curve with “specified” values of yield stress for the plate and
the “test” values of yield stress for the weld and obtained Equations 2.23(a) and (b) for minimum size of

weld. Now, let us again use circular interaction equation but this time use “expected” yield point for the
plate and “failure” strength for the welds.

(Ve /0,Vype)” (M. /0,M0)* =1.0 (2.26)

(Ve /(I)w\/vw)2 +(Me/¢w N[w)2 =1.0 (227)
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Where;

V.= expected shear acting on the weld and plate

M= expected moment acting on the weld and plate = V.e,, .

Vype = expected shear yield capacity of plate = (Ry)(C,,)(t)(L)(0.6Fy)

M, = expected plastic moment capacity of the plate= (Ry)(Cp )(t)(L? /4)(Fy)

V,, = shear capacity of welds = (2)(0.707w)(L)(0.6F,)

M,, = moment capacity of the welds = (2)(0.707w)(L* /4)(F,,)

Cp= strain-hardening factor= (F,+F,)/2F, (given by FEMA, 2000)

R, = a factor to be multiplied by the specified yield stress to obtain expected yield stress
R,F, = expected yield stress

For definitions of other terms in above equation, please see the “Notations” section on Page 4.

It should be mentioned that the use of parameter C,;in above procedures is necessary since as
shear tabs undergo relatively large yielding to accommodate rotation demand of the beam end, they
experience significant strain hardening as well. The strain hardening of a shear tab specimen is shown in
Figure 2.15 (Astaneh-Asl, Call and McMullin ,1989).

- V=0.577FyAg,

’ Pure Shear Yield gttt
- Capacity el TR

a Strain Hardening

Yielding of Shear Tab

NORMALIZED Under Combined V+M
SHEAR, LEGEND: l
V/Vmax 0.5+ Gage A
T Gage B V
.......... Gage C
’ Indicates Yielding Gage D | Rosette
- of Top Part of Shear Gage E | Strain
Tab Due to Bending Gages
0 - A A
0 0.01 0.02

VON MISES' EFFECTIVE STRAIN,
Figure 2.15. Von-Mises Strains versus Applied Shear in a Shear Tab
(Astaneh-Asl, Call and McMullin, 1989)

Therefore, considering the fact that shear tabs experience strain-hardening while undergoing
rotations, the welds connecting the plate to the support should be designed to resist not just the
“specified” yield stress of the plate but the strain hardened value of the yield stress. In order to establish a
strain hardened value of yield stress, we have followed the recommendations of FEMA-350 (FEMA,
2000) and have multiplied the specified yield stress, Fy, by the a strain hardening factor, Cp, given as
(Fy+F./2F,.)

By eliminating V in Equations 2.25 and 2.26, the minimum weld size to ensure continued
yielding of the plate prior to fracture of the welds is obtained as:
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W >0.73 t Ry Cpr by Fy / O Fy (2.28)

The above equation for E70 electrode (F,, =70 ksi ) and E36 steel (F, =36 ksi , R,=1.3, Cp=1.3)
or A572 Grade 50 steel (Fy =50 ksi , Ry=1.17, Cp~= 1.15) results in:

w > 0.76 t
w > 1.15¢

(For A36 steel and E70 Electrodes)
(For Gr 50 steel and E70 Electrodes)

(2.29a)
(2.29b)

The values of Ry used in above derivations for A36 steel and Grade 50 steel are 1.3 and 1.17
respectively. These values are based on the work of Brockenbrough (2001) and Liu et al (2005). The
above values of minimum weld size predicted using the latest available information on material properties
and latest version of the AISC-LRFD Manual (AISC, 2000) are very close to those predicted by
Equations 2.23 above in 1980’s (Astaneh-Asl, 1990). Therefore, the minimum size of E70 fillet welds for
shear tabs are recommended to be equal to 0.75t and 1.0t for A36 and grade 50 steels respectively.

2.5. Design Considerations for Shear Tabs on the Web Side of the Column

Shear tabs quite often are used to connect the beam end to the web side of wide flange columns, as shown
in Figure 2.16. In this case, the shear tab is widened to be welded to the web of the column while the bolt
holes remain on the extended portion of the shear tab and outside the column. The failure modes and
eccentricities for shear tabs discussed earlier in this chapter remain in effect for the extended portion

of the shear tab as shown in Figure 2.16. In this case, a relatively large moment is created in the
connection due to the relatively large eccentricity of the point of inflection from the column web. To
resist this moment, horizontal plates are welded to the top and bottom of the shear tab, and the ends of
these plates are welded to the column flange, Figure 2.16. Figure 2.17 shows a free body diagram of the
connection element for this connection with design forces acting on each element. The elements should be
designed for these forces.

‘V N
v
< ]
)
1
) 1 i
T h vV f' 4 ]
T + vV :
+ i Vi
.
Nl ! -..
A I ey N Area of Significant H/2
' ; > . Shear Yielding
< b ;i< €p > \
eCW »
@) (b) V = Design Shear Force = (0.6)F, A4
H=(Vew) L

Figure 2.16. (a) Shear Tabs Connected to the Web
Side of the Column and (b) Expected
Deformations

Figure 2.17. Free-Body Diagram of
Connection Elements
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2.6. Notes on Shear Tabs on the Web of the Girders

Quite often shear tabs are used to connect a beam to another beam or a girder. Figure 2.18 shows
examples of such applications. Behavior of shear tabs connected to the web of a beam was studied by
Shaw and Astaneh-Asl (1992). The studies included testing six full-size specimens of beams connected to
one side of girders using shear tabs. Shear tabs had either 4 or 6 bolts. Figure 2.18 shows a typical
specimen schematically. The tests indicated that behavior of connection and failure modes strongly
depends on h/t of the web of the girder. The location of point of inflection was established at a distance
of ey, from the weld line given by Equation 2.30:

ew =[40/(h/t)] n inches (2.30)

DATA ACQUISITION
CONTROL SYSTEMS

\

~ ACTUATOR"S"

ACTUATOR "R"

BEAM _/ &:
CONNECTION :
GIRDER

REACTION
BLOCK

Figure 2.18. Test Set-up and Typical Specimen of Beam-to-Girder Shear Tab Connection
(Shaw and Astaneh-Asl, 1992)

Failure modes that were observed included bolt shearing, weld fracture starting from the top of
the weld lines, deformation of girder web and torsional deformation of shear tabs. Figure 2.19 shows
sketches of these failure modes.

1. First
; ’ 2. All
Top of the

Bolts
Welds

Sheared
Fractured

off.

Figure 2.19. Failure of Specimen 12, a Beam-to-Girder Shear Tab Connection
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2.7. Double Plate Shear Tab Connection

In some applications, due to limitations of depth and the relatively large value of the shear force, use of
two plates instead of a single shear tab may be more economical. By using two plates, one on each side of
the beam web, the bolts will be subjected to double shear, and their shear strength will be twice as much
as the shear strength of similar bolts in a single-plate shear tab connection. Of course, when two plates are
used, the bottom or top flange of the beam needs to be coped to enable the erectors to place the beam web
between the two plates. Figure 2.15 shows a suggested detail for double-plate shear tabs. The welds on
both sides of the first shear tab to be welded are fillet welds. For the second plate, there is only one partial
penetration weld line on the exterior surface of the plate as shown in Figure 2.15.

One Round Standard Hole

Short-Slotted Holes
Fillet Weld yii
— Double Shear Tabs
/ x Fillet Weld All-around
Partial Pen. Weld ® = Doubler Plate
on Beam Web If
Plan Needed

Al
|

View

Beam Web Reinforcement

Figure 2.15. Double Shear Tab on Column Flange

Design of double shear tabs can follow the same procedures presented in earlier sections of this
chapter for the single-plate shear tab. The two shear tabs should be the same size and same material.
Special attention should be paid to checking the bearing and block shear failure modes of the beam web.
If necessary, the beam web can be reinforced with doubler-plate as shown in Figure 2.15. It should be
added that in all cases of connections, the limit states of the beam also should be checked. In this case,
since one flange of the connected beam is coped, it is necessary that, in addition to other beam failure
modes in the connection area, the block shear failure of the beam web also be checked.

It should be mentioned that, in the opinion of the author, the above “double-shear-tab” detail is
not a first choice for the shear tab connections and should not be used if a single-plate shear tab can be
used. It is included here because of its rare use in some cases, which prompted the author to provide some
information on it in this report.

2.7. Material Considerations in Design of Shear Tab Connections

Almost in all of the tests done on shear tabs, the steel for the shear tab plate has been A36 with specified
yield stress of 36 ksi. Considering design procedures established for shear tabs with failure modes set in a
hierarchical order, the use of a higher strength steel should not affect the behavior as long as the ductility
of the steel is similar to the ductility of A36 steel. Therefore, the use of A572-grade 50 steel plate in shear
tabs is expected to result in similar ductile behavior as the A36 shear tabs, as long as the hierarchical
design procedures of Section 2.4 are followed. As for the bolts, both A325 and A490 bolts have been
used in the tests, and shear tab specimens with these two types of bolts have performed satisfactorily.
Since no data is available on the behavior of shear tabs with large diameter bolts, it is suggested that the
diameter of the bolts used in shear tab connections not exceed 1-1/8 inch and preferably be less than 1
inch. These, or smaller bolt diameters, will be easier to install and tighten as well during the erection
process.
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3. DESIGN OF

SHEAR TABS FOR
SEISMIC EFFECTS

3.1. Introduction

The behavior of welded steel moment frame buildings in the Northridge earthquake suggested that the
contribution of shear connections, such as shear tabs, to the lateral load-resisting system was greater than
previously thought. Parts of frames designed solely for carrying the gravity loads using simple shear
connections might have contributed to the overall lateral stability of these buildings. Furthermore, it was
hypothesized that the presence of the floor slab must have had an impact on the moment-rotation behavior
of the simple connections.

In an effort to quantify the contribution of the simple connections to the lateral load resistance of
steel structures, as well as to define better the role of the floor slab, experimental studies were undertaken
at the University of California at Berkeley by Liu and Astaneh-Asl (2000a—d). The studies were part of a
greater multidisciplinary and coordinated research effort by the SAC Steel Joint Venture Project and were
funded by the Federal Emergency Management Agency.

3.2. Cyclic Behavior and Seismic Design of Shear Tabs (Liu and Astaneh-Asl 2000a—d)

As part of the SAC Joint Venture Steel Project, Liu and Astaneh-Asl (1998, 1999, and 2000a—d)
conducted a series of cyclic tests of shear connections including shear tab connections and developed data
on cyclic behavior of shear tab connections with or without floor slabs. In addition, Liu and Astaneh-Asl
(2004) proposed seismic design recommendations and models of behavior. In the following, a summary
of this work on shear tabs is presented. For more information on this study, the reader is referred to the
above references.

3.2.a. Cyclic Tests of Shear Tabs

In this study, ten full-size shear tab specimens were subjected to cyclic loading representing the effects of
earthquakes on shear tab connections of steel buildings. The cyclic loading that was applied to the
specimens was according to a protocol developed by the SAC Joint Venture (1997). The protocol later
became part of the AISC Seismic Provisions for Structural Steel Buildings as its Appendix S (AISC
2002).

In the test program, two specimens were tested without the floor slab, while the remaining eight
specimens had typical steel deck and concrete slab floors.
Figure 3.1 shows the test setup used in the cyclic testing of single-plate connections with a floor slab
(shown in the figure) or without a slab as well as two typical specimens. The gravity load, simulating
dead and live load, was applied first and kept constant throughout the tests. After application of constant
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gravity load, the horizontal “550 kN ACTUATOR” shown in Figure 3.1(a) was used to apply cyclic
lateral load at the midheight of the upper floor column.
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(b) Typical Specimen with the Shear Tab Connected to the Flange Side of the Column
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Figure 3.1. Test Setup and Two Typical Specimens of Shear Tab Assemblies
(Liu and Astaneh-Asl 2000d)
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Parameters that varied in the specimens included the number of bolts, type of concrete, and level
of reinforcement in the floor slab. As is the case in design offices, these connections were designed for
gravity loads only. Each specimen was constructed as if it were from a prototype building with W14x90
columns at 25-foot spacing, and W18x35 beams framing into W24x55 girders. The W-shapes were A572
Grade 50 steel with specified yield stress of 50 ksi; the connection plates were typically A36 steel with a
specified yield stress of 36 ksi. The welds were flux-cored arc welds with E70T-7 electrodes with a
specified strength of 70 ksi. In all shear tabs the weld design was based on making the size of weld equal
to 0.75 times the thickness of the A36 plate. The bolts were 7/8-inch diameter, A325N tension-control
high-strength bolts. The floor slab was a 6 “4-inch concrete slab on steel 20-gage decking with 2.5-inch
corrugation. The ribs of the deck were oriented perpendicular to the W18 beams. The concrete had a
specified compressive strength of 3,000 psi. Lightweight as well as normal weight concrete was used in
the floor slab to study the difference in behavior.

Reinforcement for the floor slab for most specimens was nominal, limited to welded wire mesh
for temperature and shrinkage control and nominal reinforcement across the girders for crack control.
This welded wire mesh was a 6-inch grid of nominal 1/8-inch wire. There was also nominal reinforcement
across the W24x55 girders for crack control under gravity loads. This consisted of D10 reinforcing bars at
12 inches spacing, with a concrete cover of % inch.

Welded shear studs connected the floor slab to the beams and girders. The number of shear studs
was nominal. Shear stud spacings of 24 inches and 12 inches were used for the W18x35 beams and
W24x55 girders, respectively. The shear studs were % inch diameter and were 5-3/8 inches long, made
from AISI Grade C-1015 steel with a nominal yield stress of 50 ksi. The floor beams were not designed as
composite. Shear studs were used to control deflection of the beams and to transfer seismic inertia forces
from the floor to the steel structure. By using the above-mentioned shear studs, the beams and girders
ended up being 20-30% partially composite.

The earlier research on shear tab connections under gravity load, as summarized in Chapter 2, had
indicated that the initial shear and rotation on the connection due to gravity loads would have a significant
effect on the response. While some load was present in the system due to the self-weight of the specimen,
it was necessary to apply additional load in order to represent the initial gravity load seen in typical
structures. The choice of gravity loads followed the philosophy of ATC-33 (NEHRP 1997), which states
that 25% of the unreduced live load, but not less than the real live load, can be used for the analysis of
buildings under seismic loads. As a best approximation, two actuators on each beam, each located at 5
feet, 6 inches from the centerline of the column, were used to create the appropriate shear and rotation at
the joint. The actuator loads were applied monotonically and held constant for the duration of the cyclic
test. Later analysis of the test results showed that the initial gravity moments in the connections averaged
20-25% of the maximum moment experienced during cyclic loading.

3.2.b. Results of Cyclic Tests
Cyclic tests of shear tabs indicated that:

1. The connections were very ductile and could tolerate cyclic rotations of at least 0.09 radians,
Figure 3.2, before fracture started. It should be mentioned that the connection rotations mentioned
here are actually interstory drifts measured by dividing the horizontal movement of the top of the
middle column (see Figure 3.1) relative to its base divided by the distance between its top and
bottom hinges. The large rotational ductility is the result of the design philosophy, discussed in
previous sections, that makes the yielding of the plate the governing failure mechanism. As the
load increases and yielding of the shear tab plate continues, due to strain-hardening, the gross
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area becomes stronger. At this time, the second failure mode, which is the bearing yielding of the
plate and yielding of the gross area of the beam web, becomes the governing failure mode and
yielding shifts to these areas of connection. The yielding provides further rotational ductility. The
very desirable yielding of the shear tab and beam web around the shear tab is evident in the close-
up photo in Figure 3.2.

Emy
Figure 3.2. Specimen without Slab at the End of the Test

2. When the gravity load, equal to DL+0.25LL, was applied, bending moments developed in the
connections were between 0.25-0.050 of the maximum moment developed in the connections
during later cyclic loading.

3. Under very large rotations (beyond 0.09 radians), cracks were initiated in the connection plate.
The cracks were either in the net section of the plate along the bolt lines or the gross area of the
plate at the heat affected zone adjacent to the welds as shown in Figure 3.3. In most specimens,
the cracks in the shear tab did not propagate throughout the depth and were stabilized after
propagating about 1/3 of the depth of the plate. The remaining uncracked cross section of the
plate was able to carry the gravity shear.

_SPECIMEN 3B

Figure 3.3. Fracture of Net Area under Very Large Rotations (Larger Than 0.09 Radians)

In one specimen, the entire depth of the shear tab cracked during the later large rotation cycles.
However, strange enough, the beam in this case, which had lost one of its end supports, did not
collapse. After further inspection of the specimen, we became convinced that after fracture of the
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shear tab, the reaction of the beam was transferred to the floor deck by shear studs and the steel
deck in a catenary action as shown in Figure 3.4. Notice that in Figure 3.4, the vertical separation
of the left span beam from the floor deck is significantly magnified. In reality, the separation of
the beam top flange and the steel deck was hardly noticeable.

Shear Studs-‘//v
Fractured Shear Tab

Figure 3.4. Beam Remaining in Place after Complete Fracture of Shear Tab

—

The beam remaining in place even after the complete fracture of the shear tab may not
seem important since the shear tab fractured under very large rotations that are almost impossible
to achieve under ordinary loading. However, this behavior was an indicator of the robustness of
the system where complete failure of a local element (the shear tab) did not result in any
significant change in gravity load carrying capacity of the system nor in progressive collapse.
Such robustness and redistribution of load to other elements without causing them to fail can
make all the difference between survival and catastrophic progressive collapse of the floor.

4. In specimens with a slab, the concrete around the column crushed during later cycles, as shown
in Figure 3.5, after specimens underwent rotations (that is, interstory drifts) in excess of 0.15

> Floor Slab D re—
Crushed

i

Figure 3.5. Damage to the Floor Slab during Cyclic Rotation of the Column
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Figure 3.6. Gap around the Steel Column Prevents Damage to the Floor Slab
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radians. In general, the crushing of concrete was limited to an area of the floor slab around the
column with a radius of about 3 feet (Figure 3.5, left). If one desires to prevent such damage to
the floor, which is expected only during very large earthquakes, one can provide a gap between
the floor slab and the steel column as shown in Figure 3.6. In this case, when the column rotates,
it cannot press against the slab and crush it; see Figure 3.6. A gap of % to 1 inch is suggested.

The tests’ results also yielded valuable information on the cyclic moment-rotation behavior of
shear connections. A typical example is shown in Figure 3.7. Three distinct zones can be identified on the
curves: (1) initial cycles where the moment rotation curve is almost elastic with relatively large moments
developed in the connection due to compression in the concrete slab; (2) the zone of ductile rotation with
relatively small moments in the connection where after crushing of the floor concrete, the only element
resisting the moment is the shear tab itself; and (3) the zone of increased moment and relatively large
rotational stiffness due to the bottom flange of the beam pressing against the column. These three stages
are shown in Figure 3.7.

»
-- Tension and
L Compression
o / in the Shear Tab
0
— Compression t =
Tension in . in the Floor
the Steel Slab
Deck 4-
<l_ __ = Tension in Compressi
Compression —\ { / Ell_1ebShear = o inpthe
H [o
in the Shear a e 3 Flange
Tab 0
[} {e]
¢ 3 Tension in
the Shear
G Tab
2000 \\
1000
Moment
(in-kips) 0
-1000
—2000 V
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Figure 3.7. Three Distinct Stages of Moment-Rotation Behavior
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During initial cycles, the connection showed large moment capacity almost equal to the plastic
moment strength of the connected beam. When rotation reached about 0.04 radians, the concrete in front
of the column was crushed and the moment started to drop. Development of this large moment is
important since, during small earthquakes and winds, this extra moment and rotational stiffness of the
shear connections can contribute to the overall lateral strength and stiffness of the structure and limit the
damage to nonstructural elements. However, this strength and stiffness may not be very reliable since
after exceeding rotations of about 0.04 radians and crushing of the floor slab concrete, this moment
strength rapidly drops. In fact the initial peak in the moment capacity and rotational stiffness may result in
development of large inertia forces in the structure and its elements such as columns supporting the shear
tab connections. By providing a gap around the column, as was suggested earlier and shown in Figure
3.6, development of the large initial moment and rotational stiffness in shear connections can be avoided.
The third zone of distinct behavior of connection occurs when, under large rotations, the horizontal flange
of the beam is pressed against the vertical flange of the column as shown in Figure 3.7. This results in
development of relatively large moment and rotational stiffness in the connection. During this stage, shear
tabs can be subjected to relatively large tension, which in turn can result in fracture of the net section.
This was observed in some specimens during the cyclic tests. To mitigate this undesirable behavior, one
can provide larger clearance between the end of the beam and the face of the column. A clearance of at
least % inch and preferably 1 inch is recommended. Such clearances also help erectors during the
construction phase.

3.2.c. Summary and Conclusions of Cyclic Tests of Shear Tabs

1. Slip and yielding of the bottom of the shear tab began at low levels of drift of about 0.005 for
connections with floor slabs.

2. Shear tabs behaved in a very ductile manner and were able to tolerate story drifts in excess of 8%.

3. Bending moment strength of typical shear tab connections with the slab were on the order of 30—
60% Mpy,

4. All shear tab specimens typically lost the composite action of the slab after reaching 4% story
drift, with a significant drop in the moment developed in the connection. After loss of composite
action, the moment in the connection dropped to the moment capacity of specimens without a
floor slab.

5. Rotational ductility of shear tabs was inversely proportional to the depth of the connection and
the gap between the end of the beam and the face of the column. When the end of the beam
rotated and the beam flange touched the column face, due to binding, large moments were
developed in the connection resulting in fracture of the shear tab.

3.3. Modeling of Cyclic Behavior of Shear Tabs and Their Seismic Design

During earthquakes shear tabs are expected to be subjected to shear, axial load, and bending moment as
shown in Figure 3.8. Currently, in seismic design of typical buildings, shear tab connections are
considered to act as pin connections and have shear and axial load strength and stiffness but no moment
capacity and rotational stiffness. It was shown in the previous section that deep shear tab connections with
more than 5 bolts can have considerable initial rotational stiffness and thus develop significant bending
moment in the connection especially when there is a floor slab present. Due to the advent of computer
analysis of structures in many cases of design, especially in cases of seismic retrofit, pushover, and time
history analyses, the designer is required to use more realistic models of connection behavior. This
section is devoted to establishing realistic axial, shear, and rotational stiffness and strength of the shear
tabs.
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Figure 3.8. Shear, Axial Force, and Bending Moment on a Shear Tab Connection

3.3.a. Realistic Models of Rotational Stiffness and Bending Strength of Shear Tabs

Figure 3.9 shows a simplified model of the moment-rotation behavior of typical shear tab connections.
The model was developed using the results of tests discussed in the preceding sections.

A
Moment Maximum Bending Moment Capacity
T
max ! Rotational Stiffness after Slip
: Bending Moment Capacity
! after Concrete Crushes
I\/I*-drop '
B AR %% Fracture
Iv|+sli - . b . . i
o _ B ! Initial Rotational Stiffness .
ult 0 max © slip ! o |
! i ' + — + + >
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* ______ i M_max
Fracture

Figure 3.9. Realistic Model of Moment-Rotation Behavior of Shear Tabs
(Liu and Astaneh-Asl, 2004)

The parameters governing the behavior are shown in Figure 3.9 and are as follows:

1. Initial rotational stiffness—is the stiffness of the composite connection with the floor slab
acting as a compression element and the shear tab acting as a tension element.

2. Slip moment—is the bending moment at which bolts in the connection slip.

3. Maximum bending moment capacity—is the bending moment reached before the concrete
floor slab is crushed in front of the column.
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4. Secondary rotational stiffness—is the rotational stiffness of the connection after the floor slab
has been crushed and the connection has been reduced to just the shear tab alone.

5. Secondary moment capacity—is the moment capacity after the floor slab has been crushed and
the bending capacity has been reduced to more or less that of the shear tab alone.

6. Maximum rotational ductility—is the final rotation at the fracture when the net section or gross
area of the shear tab partially fractures due to relatively large rotations.

Because of rotational stiffness, considerable bending moments can develop in deep shear tab
connections. Usually, the rotational stiffness of a shear tab connection and the bending moment in the
connection are relatively small compared to the corresponding values for the beam itself. However, even
small values of stiffness and bending moment developed in the shear connections can have beneficial as
well as harmful effects on the seismic behavior of the structure as a whole. The beneficial effects of shear
tab connections on seismic behavior are that the bending strength of shear tabs can add to the overall
lateral load resisting strength of the frame and the rotational stiffness of shear tabs can add to lateral
stiffness and help reduce interstory drift and P-3 effects. One of the harmful effects of rotational stiftness
and bending moment developed in the shear connections is that the moment can result in panel zone
yielding in the column or even buckling of the column under combined effects of axial load and this extra
moment developed in the shear tab connection, which usually is not considered in typical seismic design.
Another important parameter affecting seismic behavior of shear tabs is rotational ductility.

The research and development project done by Liu and Astaneh-Asl (2004) provides details of
how to establish a realistic moment-rotation model of a shear tab connection as shown in Figure 3.9. A
summary of the equations to establish various values of bending moments and rotations shown in Figure
3.9 is given in Table 3.1. The equation for rotation capacity, Oy, is defined as:

etotal = g/df (31)
Where:
g = gap between the beam flange and the column
d; = distance from the midheight of the shear tab to the furthest beam flange, or the largest of
d; and d,, Figure 3.10.

In the above equation, conservatively we can use the same 0., for both positive and negative
rotations.

Table 3.1 Values of Parameters for Moment-Rotation Curves
of Shear Tabs (from Liu and Astaneh-Asl 2004)

Quantity Average Value of Quantity
M i 0.25M"
0'gip 0.0042 radians
M grop 0.55 M oy o |
0" 4rop 0.04 radians |y | g
M ax Calculated using the procedure following this table o
0" max 0.03 radians o
0w g/de
M gip 0.50M ™ ax
0 s1ip 0.0042 radians e
M hax Calculated using the procedure below this table
0 max 0.02 radians 9
0w g/d¢
Figure 3.10
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Calculating M” ,s—The maximum positive moment capacity of a shear tab with the slab is established
by following the procedure given in Liu and Astaneh-Asl (2004). In this procedure it is assumed that:

1. Distribution of the forces acting on the cross section of the shear tab connection is plastic as
shown on the right side of Figure 3.11 for positive moment and on the left side of Figure 3.11 for
negative moment.

2. The necessary number of bolts near the neutral axis is responsible for carrying only shear while
the remaining bolts away from the neutral axis are responsible for carrying the tension force due
to the bending moment.

3. The concrete floor slab is responsible for carrying the compression force due to the bending
moment.

4. The axial force acting on the shear tab connection is negligible. For large axial loads, such as
those in “collector” beam connections, see later sections in this chapter.

The preceding assumptions are consistent with the observed behavior of shear tab connections
tested under cyclic loading by Liu and Astaneh-Asl (2004) as part of the SAC Joint Venture Steel project.

It should be mentioned that, in design of shear tabs for gravity alone, we ignore the effects of the
slab. This is a conservative assumption and may be justified since when the bulk of the dead load, the
weight of the wet concrete, is placed on the steel deck, the shear tab is the only structural element until the
floor concrete hardens.

G

M max

Figure 3.11. Forces Acting on Connection Elements

Following are the steps to be taken to calculate M ax and M pax.
a. Calculating M ay:
Step 1—Calculate the number of bolts, N, needed to resist shear force in the connection. Consider the
number of bolts from the top of the shear tab to be “shear bolts,” carrying only shear and not participating
in resisting bending moment. These bolts are shown in Figure 3.11 (on the right side connection) with
vertical shear forces acting on them. To find the number of shear bolts needed to carry shear, use the
following equations:

N=V/F 3.2)

Where force F, which is the shear strength of one bolt, is given in ASD and LRFD formats as:
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F= yF, (LRFD) (3.32)

Where ¢,=0.75 and Q=2.0.

For definitions of the other terms in the above equations, please see the “Notations” section on page
4.

Step 2—Identify the remaining bolts in the connection, below the “shear bolts,” as being bolts to resist
the tension component of the bending moment. This is shown in Figure 3.11 (on the right side
connection). Assign a force equal to F to each of these bolts, where F is shear capacity of each bolt
defined by Equations 3.3(a) and (b) above. Total tension force, T*, due to applied positive moment is
then:

T =F(N-N,) (3.4)

Where N is the total number of bolts and N, is the number of shear bolts established by Equation 3.2
above.

Step 3—Establish the compressive force capacity of the floor slab pressing against the column face using
the following equation:

C" =0.85f bera (3.5)
Where a is equal to r for the deck parallel to the beam and equal to 0.6 r for the deck

perpendicular to the beam. The term r is the total thickness of the floor slab as shown in Figure 3.11
above.

Step 4—If T is less than C”, then calculate the new value of “a” by making C* equal to T" given by
Equation 3.4. If T" is greater than C", then use T" equal to C".

Step 5—Calculate the distance d” between the tension and compression forces.
Step 6—Calculate M, as:

M e = (T)(d) (3.6)
b. Calculating M™pay:
Step 1—Calculate the number of bolts, Ny, needed to resist shear force in the connection. Consider the
number of bolts located adjacent to the neutral axis to be “shear bolts,” carrying only shear and not
participating in resisting bending moment. These bolts are shown in Figure 3.11 (on the left side
connection) with vertical shear forces acting on them. To find the number of shear bolts needed to carry
shear, use the following equations:

N,=V/F (3.7)

Where force F is defined by Equations 3.3(a) and (b) for ASD and LRFD formats respectively.

Step 2—Identify the remaining bolts in the connection, below and above the shear bolts, as being bolts to

resist tension and compression forces due to applied moment as shown in Figure 3.11 (left side
connection). Notice that in this case of negative moment, the floor slab is in tension and its resistance to

Design of Shear Tab Connections for Gravity and Seismic Loads, Copyright © Abolhassan Astaneh-Asl, June 1 2005 45



tension is ignored. Assign a force equal to F to each of these bolts where F is the shear capacity of each
bolt defined by Equations 3.3(a) and (b) above. Total tension and compression force, T~ and C™, as shown
in Figure 3.11 ( left side connection), is then:

T~ =F(N-N,)2 (3.8)

Where N is the total number of bolts and N, is the number of shear bolts established by Equation 3.2
above.

Step 5—Calculate distance d” between tension and compression forces (see Figure 3.11).
Step 6—Calculate M 5, as:

M ax = (T )(d") (3.9)
Collector Beam
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Figure 3.12. Shear Connectors of Collector Beams in Moment Frames and Braced Frames

3.4. Design of Shear Tabs for Combined Shear and Relatively Small Axial Force

In some applications shear connections are subjected to shear and axial load. The situation is very
common in shear connections of “collector” beams. The collector beams collect seismic forces of the
floor as axial force and transfer the axial force to the support through shear connections, Figure 3.12.

In designing shear tabs for combined shear and axial load, the following steps are suggested.

Step 1—Establish the shear and axial force acting on the connection. Make sure that live load reductions
permitted by the governing code are applied to live loads.

Step 2—Design the shear tab for pure shear following procedures described in earlier sections or use
tables for shear tab design in the AISC Manual (AISC 1989 and AISC 2000).

Step 3—Check all six failure modes of the shear tab for combined shear and axial load effects. The
failure modes were discussed in Section 2.4 and shown in Figure 2.5. In the following, the equations to be
used to check these six failure modes for combined axial load and shear are given for both ASD and
LRFD formats consistent with the proposed new AISC specification to be released in 2005.
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a. Yielding of the Plate under Combined Shear and Axial Load (Limit State 1)

For this failure mode, which involves yielding of the plate under tFy
combined shear and normal stresses, the Von Mises yield

criterion and a circular interaction curve is used. The maximum
factored axial force (in LRFD) and the maximum allowable axial
force (in ASD) can be obtained from the following interaction
equations: N. or N L
10N
2 2 V,orV
Vi | . Ne | .19  @RFD) (3.10)
¢V, o,N,
2 2 |
\'% N
+ =1.0 (ASD) (3.11) Figure 3.13
V. /Q y N, /Q v
Where:

¢, =0.90 (LRFD) and Q,=1.50 (ASD)
For definitions of the other terms in the above equation, see the “Notations” section on page 4.
b. Bearing Failure of the Shear Tab under Combined Shear and Axial Load (Limit State 2)

Similar to the yielding of gross area, the Von Mises yield t Fy

criterion is used for this failure mode as well. The maximum
factored axial force in LRFD and the maximum allowable axial |
force in ASD can be obtained from the following interaction d 41—
equations respectively: N, or N 6
2 2 — \‘ Lt Leo
( Vu j +( Nu J 10 Ruor:R I/
=1L (LRFD) (3.12a) v
¢brvbr ¢br N br 6
| T\‘\ Lc1
2 2
A Y _1o0 (ASD) (3.12v)
Vi /Q,, N, /Q,, [
Lc1
Where:
Figure 3.14

Vi = bearing capacity of bolt group in direction of shear
Ny = bearing capacity of bolt group in direction of axial force
O =0.75 (LRFD) and Qy, =2.00 (ASD)

For definitions of the terms in the above equations, please see the “Notations” section on page 4.

c. Edge Distance Failure in the Plate or in the Beam Web Due to Combined Shear and
Axial Load (Limit State 3)

This failure mode is the same as the edge distance failure

under pure shear discussed in Section 2.4 earlier. The
required minimum edge distances for the beam web are
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equal to those given in the AISC-LRFD specifications Bolt \
(AISC 2000) or two times the bolt diameter, whichever is
greater.

L~ Edge

V, or V B Ze AT Btrce
_,Ji._

Edge Distance — '
Figure 3.15

d. Net Area Fracture of the Plate under Combined Shear and Axial Force (Limit State 4)

Similar to the yielding of gross area, the Von Mises yield criterion is used for this failure mode as well.
The maximum factored axial force in LRFD and the maximum allowable axial force in ASD can be
obtained from the following interaction equations respectively:

2 2
Vu Nu
((p - j +((P N ] =10 (1 rrD) (3.13a) N

S

2 2
M + N -1.0 (ASD) (3.13b) N,or N L
V,./Q, N,./Q,

Where: VyorV
V.= 0.60F, A,,

N.=F, A,

Am= A, — 0.5n(dy + 1/8 inch)

A=A, —n(dy + 1/8 inch)

¢, =0.75 (LRFD) and Q, =2.00 (ASD)

Figure 3.16

For definitions of the terms in the above equations, please see the “Notations” section on page 4.
e. Fracture of the Bolt Group under Combined Shear and Axial Force (Limit State 5)

The maximum factored axial force (in LRFD) and the

maximum allowable axial force (in ASD) can be Bolt Group

obtained using the AISC Manual tables for bolt groups —\
subjected to eccentric shear combined with axial load. ~—
In order to use the tables, one needs to know the
eccentricity of the shear force from the bolt line. For
shear tabs, the eccentricity of the shear force was
discussed earlier in Chapter 2 and given by equations
2.2 and 2.4 for shear tabs with standard and short- V. or V ‘ -
slotted bolt holes respectively. ’

Ny or N

Figure 3.17
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f. Fracture of Welds under Combined Shear and Axial Load (Limit State 6)

As discussed in Chapter 2, welds in shear tabs are Welds
designed to be stronger than the plate to force the plate D,F, —

to yield and undergo inelastic deformations prior to
failure of the welds. The equation that was derived was

in the form of: NuyorN —

DF, >145tF, V. or V

(3.14) uor

The above equation can also be used for [—
combined Cw i
shear, bending, and axial load. tF, ' |

Figure 3.18

g. Block Shear Failure of the Shear Tab or Beam Web under Combined Shear and Axial Force
(Limit State 7)

This limit state was not considered in earlier discussion

. . Block Shear
of the design of shear tabs subjected to pure shear Failure in Beam
(Section 2.4). The reason is that under pure shear, Due to N+V

unless the beam is coped, block shear failure does not !
seem to become a governing failure mode. However, P
when axial load is present, it is possible that due to Nyor N r
combination of shear and axial force block shear

failure occurs in the beam web or even in the shear tab.

V,orV

To check this failure mode, Rafael Sabelli has
proposed

the following method (Sabelli 2004), which is included '
in the following section of this .
report with his kind permission. Figure 3.19
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Rafael Sabelli’s Method to Check Block Shear
Failure Under
Combined Shear and Axial Force (Sabelli 2004)

Figure 3.20 shows various shear and tension sections used in Sabelli’s method to check block shear
failure of plates subjected to shear and axial load. The cross sections subjected to shear and tension are
either parallel to the shear force or parallel or perpendicular to the resultant R as shown in Figure 3.20.
Using the Von Mises yield criterion and applying it to ultimate stress, Sabelli suggests the following
equations for block shear failure strength of shear tabs (and beam webs) subjected to simultaneous shear
V and axial force N.

The design strength ¢ R, in LRFD and the allowable shear strength R,,/Q in ASD of a plate
subjected to combined shear and axial load for LRFD and ASD, respectively, are as follows:

OnRi=0(Rjn + Ron + R3y ) (LRFD) (3.152)
Rn/Qn:(Rln + R2n + R3n ) /Qn (ASD) (315b)
Where:
Rin = Lesser of: (YAt Fu), (AirFu), and (0.6A,1Fy) (3.16)
Ron = YAvam Fuy (3.17)
R;, = Lesser of: (YA Fu), (AmsFy), and (0.6A\s Fy) (3.18)
¢n=0.75 (LRFD) and Q, =2.00 (ASD) (3.19)

Using the Von Mises criterion:

V(R, cos 6,)% +3(R, sin 6,)> = F A, (3.20)
Fracture occurs at: (3.21)
¢ F, A, (3.22)
R, > =¢ F,Ay (3.23)
\/cos >0, +3sin’ 0,
¢ F, A,
R, 2 =¢ F, Ay
\/cos >0, +3sin’ 6,
A

Avnt *:L ’(; Ayt

AvnT

AVnM

AtB

Figure 3.20. Cross Sections Identified in Sabelli’s Method for Block Shear Failure
under Combined Shear and Axial Force (Sabelli 2004)
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3.5. Design of Shear Tabs for Combined Shear and Relatively Large Axial Force

When the axial load applied to a shear connection is large, the standard shear tab with one row of bolts
may not be sufficient to transfer both shear and axial load. The situation arises when a collector beam is
bringing relatively large seismic force to the braced bay. In this case, instead of typical shear tabs with
one row of bolts, a special shear connection has to be designed that satisfies the following conditions as
required by the AISC specifications for shear connections:

Excerpts from the AISC Manual of Steel Construction, 2000:

(1) The connections and connected members shall be adequate to resist the
factored gravity loads as ““simple beams.”

(2) The connections and connected members shall be adequate to resist the
factored lateral loads.

(3) The connections shall have sufficient inelastic rotation capacity to avoid overload
of fasteners or welds under combined factored gravity and lateral loading.

In other words, the shear connection subjected to combined shear and axial load should be
designed to have sufficient strength to resist the combined effects of gravity and seismic loads and at the
same time the connection should be rotationally flexible enough and have sufficient rotational ductility to
be able to tolerate rotations that it will be subjected to. These seemingly competing requirements pose a
challenge to the designer. If the axial load applied to the connection is relatively large, a typical shear tab
with one row of bolts may not be sufficient to resist the combined shear and axial forces. In this case, it
may be necessary to use two or more rows of bolts on the shear tab and even connect the top flanges of
the beam to the support to transfer some of the axial force through the flange connection.

Figure 3.21 shows a suggested details for shear connection of collector beams with relatively
large axial load. This solution was suggested to the author by Mr. Mason T. Walters, SE, of
Forell/Elsesser Engineers, Inc. of San Francisco, California (2004). His kind permission to include his
solution in this report for other designers’ use is appreciated. The detail is a very practical and
economical way of transferring axial load of a simply-supported beam to the column.

Figure 3.22 shows two more suggested detail, dveloped using the concept of detail shown in
Figure 3.21. In developing these two additional suggested details, the author, in consultation with steel
fabricators and structural engineers, has tried to suggest details that can be economical and easy to
fabricate and erect. In addition, in these suggested details due to horizontal and vertical slots in the bolts,
a clearly identifiable load path exists to ensure that the assumptions made at the design level for transfer
of shear and axial force actually can materialize during a seismic event. The main reason for introducing
slotted holes was to facilitate rotation of the connection as much as possible yet be able to transfer the
axial force to the support.

The detail shown in Figure 3.22(a) is for a shear tab used in connecting a collector beam to its
supporting column. If the axial load in the beam is large, the shear tab can be extended to cover the flat
portion of the web and include as many bolts as possible. In addition, part of the axial load can be
transferred to the support using the top bolts in the shear tab as shown in Figure 3.22.

Design of Shear Tab Connections for Gravity and Seismic Loads, Copyright © Abolhassan Astaneh-Asl, June 1 2005 51



The detail shown in Figure 3.22(b) is similar to the one shown in Figure 3.22(a) but has two rows
of bolt lines on the shear tab to enable the connection to transfer larger axial loads to the support. In both
connections shown in Figure 3.22, the detailing is done such that rotational flexibility of the connection is
not compromised and yet relatively large axial loads are transferred to the support.

ALTERNATIVE COLLECTOR-TO-COLUMN
CONNECTION - OPPOSITE THE BRACE GUSSET
(WORK POINT AT TOP FLANGE)

\ _WORK POINT
SHOP-WELDED ' ‘| -
SINGLE PLATE FLANGE ,
CONNECTIBN—— — —|— [— [+ — -
N ’ GUSSET SIDE OF
""" = 7 COLUMN
L ¢ /
‘,_/' | -{7
an
| =
SHEAR TAB WITH [N
LSL HOLES \

Detail by Mason T. Walters of ForeII/EIsessef Engineers, Inc. San Francisco, California
(printed with kind permission)

Figure 3.21. A Detail for Shear Connections Subjected to Combined Shear and Axial Load
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Note1: The weld on the flange
plate can be replaced with
bolts.

Note 2: The bolts on the
flange plate can be replaced
with welds.

Figure 3.22. Suggested Details for Shear Connections Subjected to Combined Shear and Large Axial Load
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APPENDIX: Numerical Examples

Example 1—Design of a Shear Tab for Direct Shear Due to Gravity Loads

Design a shear tab connection for a W24x94 beam to a W14x120 column flange connection.

Given:

W24x94, A992 beam properties:
ty = 0.515 in., d=24.3 in., T=20.75 in.,
Fy=50 ksi, F,= 65 ksi

Shear tab plate properties:
Fy=36 ksi, F,= 58 ksi

Bolts: A490N with Fy,= 60 ksi
Welds: E70xx with F,= 70 ksi
Service (nominal) Loads:

Shear due to dead load= 75 kips
Shear due to live load= 55 kips

Solutions:

LRFD Solution

ASD Solution

Determine loads:
Establish total factored shear force, V,:
Vo=1.2Vp+1.6Vy = 1.2x75+1.6x55=178 kips.

a. Determine shear tab size:

Cross-sectional area of shear tab is established by
checking yield failure mode:

A, =V/[($)(0.60F,)]-

178/[(0.9)(0.6x36)]=9.15 in*

Try PL 57x1/27x1°-7” (A=9.5 in’)

Notice that the depth of shear tab should be less than
the flat portion of the web of the beam given as “T”
dimension in the AISC Cross Section Tables. In this
case, dimension T for a W24x94 is 20.75”>19” , O.K.
Use PL 57x1/2”x1°-7”

Establish yield strength of the shear tab:

V= Ap(0.6xFy)=19"x0.5"x(0.6x36 ksi)=205 kips.
Use ¢V, as the design shear force in the remainder of
this LRFD solution for design of bolts and welds and
for checking bearing and net section failure modes.

Determine loads:
Establish total un-factored shear force, V:
V:VDL+VLL: 75+55=130 klpS

a. Determine shear tab size:

Cross-sectional area of the shear tab is established by
checking yield failure mode:

A, =V/[(1/€2)(0.60F,)]=

130/[(1/1.5)(0.6x36)]=9.1 in”

Try PL 57x1/27x1°-7” (A=9.5 in’)

Notice that the depth of shear tab should be less than
the flat portion of the web of the beam given as “T”
dimension in the AISC Cross Section Tables. In this
case, dimension T for a W24x94 is 20.757>19” , O.K.
Use PL 57x1/27x1°-7”

Establish yield strength of the shear tab:

V= A, (0.6xFy)= 197x0.5"x(0.6x36 ksi)=205 kips.
Use V, /Q, as the design shear force in the remainder
of this ASD solution for design of bolts and welds and
for checking bearing and net section failure modes.

LRFD Solution

ASD Solution
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LRFD Solution

ASD Solution

b. Design of bolts:

First, design bolts for pure shear, ¢V, to obtain an
estimate of the required number of bolts. Then, check
the bolt group for combined effects of direct shear,
¢,Vy, and shear due to torque as a result of
eccentricity, e,. Let us use 1-1/8 inch diameter A490N
bolts.

Number of bolts= ¢,V /[(R)( ($5)(AcFin)] =
(0.9)(205)/[(0.80)(0.75)(3.1425x1.125%/4)(60)]= 5.2
Try six 1-1/8”diameter A490N bolts.

Ecc. of shear force from bolt line =N —-a—1>ainch
=6 1n.-3 in.—1 in.=2 in.> 3 inch Use e,=3"

The bolts need to be checked for combined effects of
shear force ¢,V applied at a distance of e, from the
bolt line. The check can be done using Table 7-17 (p.
7-38) of the AISC-LRFD Manual (AISC 2000).

For shear force applied to six bolts with an
eccentricity of e,=3 inches the table gives a value of
Creq. = 4.98. The shear capacity ¢,V of the bolts is:

$5Vn=0bC req. Ap Fpy =(0.75)(4.98)(0.994in2)(60ks1)
=223k >0.9x205k. O.X.
Use 6 1-1/8 inch diameter A490N bolts.

c. Check bearing failure mode:

The bolts need to be checked for shear force ¢, V,.
Calculate Lc,, the clear edge distance:
Le;=2"—(1.125+1/16)/2=1.41”

Calculate Lc,, the clear bolt spacing:

Le, =3 —(1.125+1/16)=1.81"

Bearing strength of the bolt group in LRFD is:

O Vor =0[Z(1.2 Le; t Fy<2.4d tF) ]

Since in this case, for all bolts, 1.2Lc;tF, < 2.4dtF,,
then;

o Vi =0.75(1.2x1.417+5x1.2x1.817)(1/2”)(58 ksi)=
273 kips. > 0.9x205 kips OK.

d. Check edge distance:

Edge distance= larger of the AISC Spec. values and
1.5 times diameter of bolt.

Edge distance for 1-1/8” bolt= larger of 2”’and
1.5x1.125” =1.7"; Use edge distance=2"

With the edge distance of 2 inches, the total depth of
shear tab is 2”+5x37+2”7=19” which is the depth
selected in Part “a” above.

b. Design of bolts:

First, design bolts for pure shear, V,/Q,, to obtain an
estimate of the required number of bolts. Then, check
the bolt group for combined effects of direct shear,
V,/Q,, and shear due to torque as a result of
eccentricity, e,. Let us use 1-1/8 inch diameter A490N
bolts.

Number of bolts= (Vy /€2y )/[(Re)( ApFy/€2)] ==
(205/1.5)/[(0.80)(3.1425x1.125%/4)(60)/2]= 5.7

Try six 1-1/8”diameter A490N bolts.

Ecc. of shear force from bolt line =N —a — 1>a inch
=6 1n.—3 in.—1 in.=2 in.> 3 inch Use e,=3"

The bolts need to be checked for combined effects of
shear force V, /Q, applied at a distance of e, from the
bolt line. The check can be done using Table XI (p. 4-
62) of the AISC-ASD Manual (AISC 1989).

For shear force applied to six bolts with an
eccentricity of e,=3 inches the table gives a value of
Creq. =4.99. The allowable shear V,, /€, of the bolts is:

Vi /Qp =[C 1eq. Ap Froy J/Qp =(4.99)(0.994in2)(60ks1)/2
=148k >V, /Q,=205/1.5=136.8k. O.K .
Use 6 1-1/8 inch diameter A490N bolts.

c. Check bearing failure mode:

The bolts need to be checked for shear force V,/Q,
Calculate Lc, the clear edge distance:
Lc;=2"—(1.125+1/16)/2=1.41”

Calculate Lc,, the clear bolt spacing:

Lcy, =3 —(1.125+1/16)=1.81"

Allowable bearing of the bolt group in ASD is:

Vi /Qp =[2(1.2 Le; t Fy<2.4d tFy) ]/2.0

Since in this case, for all bolts, 1.2Lc;tF, < 2.4dtF,,
then;

Vior /Qur =[(1.2x1.417+5x1.2x1.817)(1/27)(58 ksi)]/2=
182 kips. > V,/Q, = 205/1.5=136.8 kips OK.

d. Check edge distance:

Edge distance= larger of the AISC Spec. values and
1.5 times diameter of bolt.

Edge distance for 1-1/8” bolt= larger of 2”and
1.5x1.125” = 1.7”; Use edge distance= 2"

With the edge distance of 2 inches, the total depth of
shear tab is 2”+5x37+27=19" which is the depth
selected in Part “a” above.

LRFD Solution

ASD Solution
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LRFD Solution

ASD Solution

e. Check net areas:

The net area needs to be checked for shear force ¢, V.
OVn=0A, Fu= ¢ [A; — (0/2)(dn + 1/16”)(O](Fy)
=0.75[19"—(6/2)(1.125”+1/16”+1/16)](0.5”)(58)
=331 kips > 0.9x205.2 kips OK.

By inspection, net section of the beam is OK.

f. Design welds:

For A36 steel and E70 electrode;
D= (0.75)t=0.75x0.5"=3/8”

Use D=3/8" E70 fillet welds.

g. Check rotational ductility:

0,=0.03 radians

s=0.03d=0.03x18"=1/2”

Use a gap greater than '2” between the end of the
beam and face of column.

The designed connection is shown below.

e. Check net areas:

The net area needs to be checked for shear V,/Q,
Vi /Qu=AF,/Q, =[A; — (0/2)(dy+ 1/167)(1)](F,)]/2
=[19"—(6/2)(1.125”+1/16”+1/16)](0.5”)(58)]/2
=221 kips > 0.9x205.2 kips OK.

By inspection, net section of the beam is OK.

f. Design welds:

For A36 steel and E70 electrode;
D= (0.75)t=0.75x0.5"= 3/8”

Use D=3/8” E70 fillet welds.

g. Check rotational ductility:

0,=0.03 radians

s=0.03d=0.03x18"=1/2”

Use a gap greater than 42” between the end of the
beam and face of column.

The designed connection is shown below.

LRFD Solution

ASD Solution
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Final Design of Shear Tab in Example 1
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Example 2—Design of a Shear Tab for Combined Shear Force and Axial Load

Check the shear tab designed in Example 1 above for the shear and axial loads given below. The shear
tab connects a W24x94 beam to a W14x120 column flange. Other properties are as before and given

below:

Given:

W24x94, A992 beam properties:
ty=0.5151in.,d=24.3 in., T=20.75 in. ,
Fy =50 ksi, F, = 65 ksi

Shear tab plate properties:

Fy =36 ksi, F, = 58 ksi

Bolts: A490N with Fy, = 60 ksi

Welds: E70xx with F,, = 70 ksi

Applied Service (nominal) Loads:

Shear due to dead load = 75 kips

Shear due to live load = 55 kips

Axial force in the beam due to earthquake = 160 kips

Solutions:

LRFD Solution

ASD Solution

Determine loads:

Total factored combined shear force, V,, and axial
force N, using the ASCE-7 load combination is:
V=1.2Vp +V tVE =1.2x75+55 =145 kips.

Ny= Ng= 160 kips.

a. Check yielding of shear tab under V, +N,:
(Vu/§yVy)*+ (Nu/dhy Ny’ < 1.0

V.~=145k, N~=160 k

¢, V,=0.9x0.5"x19"x0.6x36 ksi= 185 kips
¢,Ny =0.9x0.5"x197x36 ksi =308 kips
(145k/185Kk)* +(160k/308k)* =0.78+0.52*
=0.94 < 1.0 OK.

b. Check bearing failure mode under V +N,:

The equation to be used is:

(Vu/ ¢brvbr)2 + (Nu/ ¢brNbr) ? <1.0

Where V,= 145 and N,= 160 k,

OorVir=0[2(1.2 Lei t Fy< 2.4 dtFy) ]

Since in this case, for all bolts, 1.2Lc;tF, < 2.4dtF,,
then;

Oor Vor =0.75(1.2x1.417+5x1.2x1.817)(1/27)(58)=273k.
ObeNpr =0.75(6x1.2x1.417°)(1/27)(58)=220Kk, therefore;
(145/273)*+ (160/220)* = 0.81 < 1.0 O.K.

Determine loads:

Total un-factored shear force, V, using ASCE-7 load
combination is:

V=VptV1+VE =75+.75x55+.75(.7x0.0) =116 kips.
N=0.75(0.7Ng )=(0.75x0.7x160)= 84 kips.

a. Check yielding of shear tab under V+N:
[V/(V,/Q) ]+ [N)/(N/Q )] < 1.0

V=116 k, N=84 k

V,/Q, =(0.5x19x0.6x36 ksi)/1.5=137 k

N, /Q, = (0.5x19x36 ksi)/1.5=228 k
(116/137)*+(84/228)* = 0.84°+0.36°
=0.91<1.0 OK.

b. Check bearing failure mode under V+N:

The equation to be used is:

[V/(Vir/Q ) HIN/(Np/ Q)< 1.0

Where V=116 and N= 84 k,

Vir/Qup=[Z2(1.2 Le; t Fy<2.4d tFy) [ /Qy,

Since in this case, for all bolts, 1.2L¢;tF, < 2.4dtF,,
then;
Vir/Qp=(1.2x1.917+5x1.2x1.817)(1/27)(58)/2=182k.
N/ =(6x1.2%1.417°)(1/2)(58)/2=147k, therefore;
(116/182)*+ (84/147)* =0.76 < 1.0 O.K.

LRFD Solution |

ASD Solution
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LRFD Solution

ASD Solution

¢. Check edge distance:

Edge distance= larger of the AISC Spec. values and
1.5 times diameter of bolt.

Edge distance for 1-1/8” bolt= larger of 2”and
1.5x1.125” =1.7"; Use edge distance= 2"

With the edge distance of 2 inches, the total depth of
shear tab is 2”+5x37+2”7=19" which is the depth
selected in Part “b” above.

d. Check net area fracture under V +N,:

The equation to be used is:

(Vo/0a Vi)’ + (N/§uNa)* < 1.0

$n Vo= 0.75[0.5x19-(6/2)(1.125+0.125)(0.5)](0.6x58)]
=199 kips

0uaNy= 0.75[0.5x19-(6)(1.125+0.125)(0.5)](58)
=250 kips

(154/199)*+(160/250)*=0.77*+0.64* =1.001~1.00 K.

By inspection, net section of beam is OK.

e. Check bolt failure under V,+N,:

Check the bolt group for the combined effects of
direct shear V, =145 kips located at a distance of ey,
from the bolt line and axial force N, =160 kips acting
through the center of the bolt group.

Eccentricity of shear force from the bolt line as

calculated in Example 1 above=N—-a— 1 inch >ain.

=61in.—31in.— 1 in. =2” >3 in. Use e, =3 inches
The angle between vertical load V, and resultant R, is
0 where:
Tan 6 =N/V=160/145 = 1.1, 6 = 48 degrees.
Using Table 7-17 (pp. 7-40 and 7-41) of the AISC—
LRFD Manual (2000):
For shear force applied at an eccentricity of e,=3
inches and above 0, the tables give a value of C,q =
4.89. The capacity ¢P, of the bolt group is:
OP,=0¢C 1eq Ap Fpy=0.75x4.89x0.994x60

=219 kips
The combined resultant of shear and axial force is:
P, = (Vu2 4 Nuz )0.5
P,= (1457 + 160*)™ =216 kips. < 219 kips O.K.
Use 6 1-1/8 inch diameter A490N bolts.

¢. Check edge distance:

Edge distance= larger of the AISC Spec. values and
1.5 times diameter of bolt.

Edge distance for 1-1/8” bolt= larger of 2”’and
1.5x1.125” =1.7"; Use edge distance= 2"

With the edge distance of 2 inches, the total depth of
shear tab is 2”+5x37+2”7=19" which is the depth
selected in Part “a” above.

d. Check net area fracture under V+N:

The equation to be used is:

[V/(Vy/Q )P HN/(NY/Q P < 1.0

Vo/Q = [0.5x19-(6/2)(1.125+0.125)(0.5)](0.6x58)]/2
=133 kips

NW/Q = [0.5x19-(6)(1.125+0.125)(0.57)](58)/2
=167 kips

(116/133)*+(84/167)* =0.87*+0.50* =1.003~1.00 K.

By inspection, net section of beam is OK.

e. Check bolt failure under V+N:
Check the bolt group for the combined effects of
direct shear V =116 kips located at a distance of ey,
from the bolt line and axial force N =84 kips acting
through the center of the bolt group.
Eccentricity of shear force from the bolt line as
calculated in Example 1 above =N —a— 1 inch > a in.
=6in.—31in.—11in.=2” >3 in. Use e, =3 inches
The angle between vertical load V and resultant R is 0
where:
Tan 0 = V/N=116/84 = 1.38, 0 = 54 degrees.
Using “Alternate Method 2 of the ASD Manual (p. 4-
57), you can establish the allowable axial force:
For shear force applied at an eccentricity of e,=2
inches, Table XI (p. 4-62) of the AISC-ASD Manual
gives a value of C, as
C,=4.99, Then, A= C,,,x/C,=6/4.99=1.2, and;
C.=C,A/(sin © +A cos 6 ) > C,

=4.99x1.2/(sin 54+1.2xcos 54)=3.95, Use C,=4.99
Value of allowable resultant P, on the connection is:
P,=4.99x0.994in*x60ksi/2= 149
The combined resultant of shear and axial force is:
P, =(VZ+ N =(116*+ 84*)" =143 <149 O.K.
Use 6 1-1/8 inch diameter A490N bolts.

LRFD Solution

| ASD Solution
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f. Design welds:

For A36 steel and E70 electrode;
D= (5/8)t =5/8x0.5"=5/16

Use D=3/8" E70 fillet weld.

g. Check block shear failure:

Since thickness of web of beam is 0.515” and greater
than thick ness of shear tab which is 0.5 and beam is
grade 50 compared to shear tab which is A36 steel,
only shear tab will be checked for block shear failure.
The method used in this solution is the Sabelli’s
method which was explained in the body of this report
in Chapter 2.

¢an:¢(Rln + R2n + R3n )

where;

Ry, = Lesser of: (YAt Fu), (A Fy), and (0.6ArF,)
R2n = yAvnM Fu

Rj3, = Lesser of: (yAysFy), (AwFy), and (0.6AzF,)
o, =0.75

0y =tan” (V, / Ny)=tan" (154 / 160)=43.9 degrees

y =1/(cos’ 0, +3 sin® 0 ,)"° =1/(0.72* +3 x0.69%)*
=0.72

1.41”

Avt

6On

Ny

Ru Vu

f. Design welds:

For A36 steel and E70 electrode;
D= (5/8)t=5/8x0.5"=5/16

Use D=3/8” E70 fillet weld.

g. Check block shear failure:

Since thickness of web of beam is 0.515” and greater
than thick ness of shear tab which is 0.5 and beam is
grade 50 compared to shear tab which is A36 steel,
only shear tab will be checked for block shear failure.
The method used in this solution is the Sabelli’s
method which was explained in the body of this report
in Chapter 2.

Rn/Qn :(Rln + R2n + R3n ) /Qn

where;

Ry, = Lesser of: (YAt Fu), (AirFu), and (0.6A 1 Fy)
RZn = 'YAVnM F u

R, = Lesser of: (yYAusFu), (AgF,), and (0.6AgF,)
Q,=0.75

0, = tan! (Vu/Ny)= tan™! (84/116)=36 degrees
y=1/(cos® 0, +3 sin®0,)"°=1/(0.81* +3 x0.59%)"°
=0.77

1.41”
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YAt Fu=0.72x(1.41"/cos 0)(58ksi)= 81 kips
A Fy=(1.417")(58ksi)= 82 kips
0.6A,1 F,=0.6x(1.41"/cos 0)(58ksi)=68 kips
Therefore, Ry, = 68 kips
Ron = yAvam= 0.72x4x1.81x58ksi=302 kips
Rj3, = Lesser of: (yAysFy), (AwFy), and (0.6A5F,)
Due to symmetry of the connection, Rz, =Ry,
R3, = 68 kips.
OR,=d(R, + Ry, + Rz, ) =0.75(68+302+68)
=438 k> 226 kips O.K.

YA Fu=0.77x(1.41”/cos 0)(58ksi)= 87 kips
A Fy= (1.417)(58ksi)= 82 kips
0.6A,1 F,=0.6x(1.41”/cos 0)(58ksi)=68 kips
Therefore, Ry, = 68 kips
Ron = YAy = 0.77x4x1.81x58ksi=323 kips
R, = Lesser of: (YAwsFu), (AsF.), and (0.6AsF,)
Due to symmetry of the connection, R3, =Ry,
R3, = 68 kips.
R/ = Ry, + Ry, + Ry, ) /Q=(68+323+68)
=459 k> 226 kips O.K.

LRFD Solution

ASD Solution
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